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Merve Özyurt, M. Ziya Kırmacı, Ihsan Al-Aasm, Cathy Hollis, Kemal Taslı 
and Raif Kandemir

REE Characteristics of Lower Cretaceous Limestone Succession in G ̈um ̈uşhane, NE Turkey: 
Implications for Ocean Paleoredox Conditions and Diagenetic Alteration
Reprinted from: Minerals 2020, 10, 683, doi:10.3390/min10080683 . . . . . . . . . . . . . . . . . . 165

Leilei Yang, Linjiao Yu, Donghua Chen, Keyu Liu, Peng Yang and Xinwei Li

Effects of Dolomitization on Porosity during Various Sedimentation-Diagenesis Processes in
Carbonate Reservoirs
Reprinted from: Minerals 2020, 10, 574, doi:10.3390/min10060574 . . . . . . . . . . . . . . . . . . 191

v





About the Editors

Ihsan Al-Aasm earned his B.Sc. and M.Sc. degrees from the University of Baghdad and his

Ph.D. from the University of Ottawa. He worked at the Geological Survey of Iraq from 1978 to 1980,

as a postdoctoral fellow at the University of Ottawa from 1984 to 1986, and then as an assistant

professor (1986–1988) at the University of Ottawa. He joined the University of Windsor in 1988,

and he is now a full professor at the School of the Environment. His principal area of research

is petrologic and chemical attributes of carbonate and siliciclastic diagenesis, dolomitization,

reservoir characterization, and environmental geochemistry. He has acted as an associate editor

for Journal of Sedimentary Research, Marine and Petroleum Geology, Canadian Journal of Earth Science,

Journal of Paleogeography, Arabian J. of Geosciences, and Minerals, and he holds memberships in

AAPG, GAC, SEPM, and IAS. He has published over 140 papers in peer-reviewed national and

international journals.

Howri Mansurbeg is a sedimentary geologist with expertise in diagenesis of siliciclastic and

carbonate reservoirs. He obtained his Ph.D. from Uppsala University, Sweden, in 2007. His current

research deals with hydrocarbon exploration in carbonate reservoirs in the Middle East and

siliciclastic deposits in the North Sea, utilizing an integrated multidisciplinary approach. Howri has

worked for several international oil companies in Europe and the US and has produced many

confidential technical reports and research articles in the past 15 years. He is currently a professor

at the General Directorate of Scientific Research Center, Salahaddin University, Erbil, the Kurdistan

Region of Iraq. He is also an adjunct professor at the School of the Environment, University of

Windsor, Windsor, Canada.

vii





minerals

Editorial

Editorial for Special Issue “Chemical, Mineralogical
and Isotopic Studies of Diagenesis of Carbonate and
Clastic Sediments”

Ihsan S. Al-Aasm 1,* and Howri Mansurbeg 1,2

1 School of the Environment, University of Windsor, Windsor, ON N9B 3P4, Canada;
Howri.Mansurbeg@uwindsor.ca

2 General Directorate of Scientific Research Center, Salahaddin University-Erbil, Erbil 44002,
The Kurdistan Region of Iraq, Iraq

* Correspondence: alaasm@uwindsor.ca

Received: 10 November 2020; Accepted: 18 November 2020; Published: 20 November 2020

Diagenesis of carbonates and clastic sediments encompasses the biochemical, mechanical and
chemical changes that occur in sediments after deposition and prior to low-grade metamorphism.
Parameters which, to a large extent, control diagenesis in carbonate and clastic sediments include
primary composition of the sediments, depositional facies, pore water chemistry, burial-thermal and
tectonic evolution of the basin, and paleo-climatic conditions [1–6].

Diagenetic processes involve a widespread chemical, mineralogical and isotopic modifications
affected by original mineralogy of carbonate and clastic sediments. These diagenetic alterations will
impose a major control on porosity and permeability and hence on hydrocarbon reservoirs, water
aquifers as well as the presence of other important economic minerals [7–10].

This Special Issue “Chemical, Mineralogical and Isotopic Studies of Diagenesis of Carbonate and
Clastic Sediments”, is a collection of eight selected papers that show up to date detailed geochemical,
geological and sedimentological data on the diagenesis.

The paper by Cantarero et al. [11], entitled “Fracturing and near-surface diagenesis of a silicified
Miocene deltaic sequence: the Montjuic Hill (Barcelona)” provided petrographic and geochemical
evidence for the diagenetic overprints within the deltaic sequence investigated. These diagenetic
modifications were affected by fracturing and cementation of a variety of minerals, such as barite
and silicates. The authors also discussed the sources and nature of the diagenetic fluids that affected
these rocks.

Studies by Yang et al. [12], entitled “Effect of dolomitization on porosity during various
sedimentation-diagenesis processes in carbonate reservoirs”, present how complex diagenetic processes,
such as dolomitization, can affect porosity development in carbonate reservoirs. Multiphase fluid flow
and solute transport simulation was employed to investigate dolomitization and its effect on porosity
evolution from deep carbonates in Tarim Basin, northwest China. The numerical modeling applied in
this study quantified dolomitization and other diagenetic processes and their relationships to fluid
composition and hydrodynamic characteristics in the basin.

Tortola et al. [13], in their paper entitled “Diagenetic pore fluid evolution and dolomitization
of the Silurian and Devonian carbonates, Huron Domain of southwestern Ontario: petrographic,
geochemical and fluid inclusion evidence”, investigated the nature of diagenetic fluids in part of
Michigan Basin using sedimentologic and geochemical tracers. In both age groups, the authors
identified three types of dolomite replacement matrix: RD1 (precipitated at shallow burial conditions),
RD2 and RD3 (formed at intermediate burial conditions). In addition, a coarse crystalline ferroan
saddle dolomite cement (formed at intermediate burial conditions) filling fractures and vugs has been
documented in the Silurian successions. Early- and late-stage calcite cement have been distinguished

Minerals 2020, 10, 1035; doi:10.3390/min10111035 www.mdpi.com/journal/minerals1
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in both groups of formations including isopachous, syntaxial overgrowth, dogtooth, drusy and blocky
calcite. The authors linked the different types of cements to the fluid-rock interactions, which are
associated to the tectonic evolution of the basin.

A unique presence of diagenetic bipyramidal quartz and aragonite was discussed thoroughly by
Herrero et al. [14], in their paper entitled “Diagenetic origin of bipyramidal quartz and hydrothermal
aragonites within the Upper Triassic Saline succession of the Iberian Basin: implications for interpreting
the burial-thermal evolution of the basin”. The authors applied several analytical techniques to
investigate the nature of these minerals, such as petrography, SEM, Raman and fluid inclusions.
They were able to relate the formation of these minerals to tectonic and thermal evolution of the
Iberian Basin. Fluid composition and timing of migration were suggested based on mineralogical and
geochemical evidence.

Sun et al. [15], in their paper entitled “Clay minerals and element geochemistry of clastic reservoirs
in the Xiaganchaigou Formation of the Lenghuqi area, northern Qaidam Basin, China”, discussed the
formation of clay minerals and their diagenetic modification in Oligocene sandstones deposited in the
Qaidam Basin in China. They used mineralogical and geochemical techniques to characterize the clay
minerals and assigned depositional, paleoclimatic and diagenetic environments to their formation.

In a paper by Ozyurat et al. [16], entitled “REE characteristics of Lower Cretaceous limestone
succession in Gumushane, NE Turkey: implications for ocean paleoredox conditions and diagenetic
alteration”, the effect of paleoredox conditions on diagenetic alteration of carbonates was investigated
using REE and other geochemical proxies. Water–rock interactions between seawater and the
surrounding basaltic rocks have an important role on the distribution and behavior of REE in the
studied limestones. This paper provided an excellent example on the validity of using REE and other
geochemical tracers to investigate paleoocean redox conditions.

Diagenetic alteration of the Paleogene sandstone of the Lulehe Formation in northern Qaidam
Basin in China was the subject of detailed mineralogical and geochemical investigation by Chen et
al. [17], in their paper entitled “Origin and sources of minerals and their impact on the hydrocarbon
reservoir quality of the Paleogene Lulehe Formation in the Eboliang area, northern Qaidam Basin,
China”. The effects of diagenetic processes, such as cementation, dissolution and compaction on
reservoir quality were discussed in this paper. These processes resulted in heterogeneity of the reservoir.

Hydrothermal fluid flow and resultant diagenetic alteration of Mesozoic successions from Maritime
Alps, SE France was the focus of a paper by Salih et al. [18], entitled “Geochemical and dynamic model
of repeated hydrothermal injections in two Mesozoic successions, Provencal Domain, Maritime Alps,
SE-France”. The authors used field, petrographic and geochemical evidence to evaluate dolomitization
in the studied stratigraphic sections. They attributed the formation of these dolomites to episodic
fracturing related to the flow of multiple fluxes of hydrothermal fluids.

The papers in this Special Issue demonstrate the interplay between mineralogical and chemical
changes in carbonates and clastic sediments and diagenetic processes, fluid flow, tectonics, mineral
reactions at variable scales and environments from a variety of sedimentary basins. Quantitative
analyses of diagenetic reactions in these sediments, using a multitude of techniques, are essential for
understanding pathways of in different diagenetic environments. These papers offer exciting new
analytical and modeling techniques for understanding diagenesis of sedimentary rocks in a variety of
sedimentary basins under different tectonic and hydrodynamic regimes.
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Abstract: Near-surface diagenesis has been studied in the Langhian siliciclastic rocks of the Montjuïc
Hill (Barcelona Plain) by means of petrographical (optical and cathodoluminescence) and geochemical
(electron microprobe, δ18O, δ13C, δ34S and 87Sr/86Sr) analyses. In the hill, these rocks are affected
by strong silicification, but the same unit remains non-silicified at depth. The results reveal that
fracturing took place after lithification and during uplift. Fracture cementation is clearly controlled
by the previous diagenesis of the host rock. In non-silicified areas, cementation is dominated by
calcite, which precipitated from meteoric waters. In silicified areas, fractures show multiepisodic
cementation produced firstly by barite and secondly by silica, following the sequence opal, lussatite,
chalcedony, and quartz. Barite precipitated only in fractures from the mixing of upflowing seawater
and percolating meteoric fluids. The presence of silica stalactites, illuviation, and geopetal structures,
and δ18O values indicate that silica precipitation occurred in the vadose regime from low-temperature
percolating meteoric fluids, probably during a glacial period. Moreover, the presence of alunite
suggests that silica cement formed under acidic conditions. Karst features (vugs and caverns), formed
by arenisation, reveal that silica was derived from the dissolution of surrounding silicified host rocks.

Keywords: silicification; meteoric diagenesis; fractures; deltaic sequence; karst; glacial period

1. Introduction

Depending on the depositional environment, interstitial waters in deltaic depositional systems can
be of meteoric or marine origin, or a mixture of both [1] but can be modified due to relative sea-level
fluctuations [1–5]. However, other external factors not related to the depositional system, such as
fracturing, can also control the type and distribution of fluids. Fractures can act as conduits for fluids,
which can be external fluids with different chemical and/or thermal properties or as barriers, causing
compartmentalization of the system. Thus, the quality and heterogeneity of deltaic reservoirs depend
on the depositional facies, diagenesis, and the presence of fractures [6–11]. Accordingly, the systematic
study of cements, in both host rocks and fractures, can provide valuable information about the origin
of fluids, the degree of fluid-rock interaction, the paleofluid flow paths, and the role of fractures for
fluid transport [12–18].

Minerals 2020, 10, 135; doi:10.3390/min10020135 www.mdpi.com/journal/minerals5
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Common early diagenetic processes in sandstones are burrowing and boring, cementation, often
as concretions (typically of carbonate minerals, iron oxides, and phosphates), and soil formation [5,19].
Quartz and silica minerals are some of the most abundant cements in sandstones. Despite that,
silicification processes are usually related to burial diagenesis and hydrothermalism [18,20–22],
silicification can also develop in the form of chert or silcrete in near-surface conditions at relatively low
temperatures [23–26]. Recent studies have demonstrated that different silicification events, starting
with low temperature and followed by high-temperature silicification, had strongly modified the
petrophysical properties of pre-salt carbonate reservoirs of the Campos and Santos Basin (offshore
Brazil) and in the Kwanza Basin (offshore Angola) [27,28].

In the Catalan Coastal Ranges (NE Spain), previous studies show that the main diagenetic
processes linked to Cenozoic and Mesozoic deformation events are calcite cementation and
dolomitization ([15,29–37]). Only two locations have been found to show extensive silicification,
both related to the Neogene extension: the Camp dels Ninots (Caldes de Malavella) and the Montjuïc
Hill (in the city of Barcelona). In the Camp dels Ninots, silicification is represented by opaline chert
nodules developed in maar-diatreme lake sediments, that is, in Pliocene sediments deposited in a lake
that formed in a volcanic crater caused by a phreatomagmatic eruption. This silicification was produced
by hydrothermal fluids associated with Neogene NW–SE normal faults and Pliocene volcanism [38].
On the contrary, the Montjuïc hill is a horst delimited by Neogene NE–SW normal faults and the
silicification of its deltaic sequence has been attributed to low-temperature meteoric fluids [39–42].

In this contribution, we focus on the complex fracture diagenesis developed in previously
silicified sandstones of a Miocene deltaic sequence in the Montjuïc Hill. Specifically, the aims of this
study are fivefold: (i) to petrologically and geochemically characterize the successive generations of
fracture-filling cements; (ii) to determine the composition and origin of fluids that circulated along the
faults; (iii) to unravel the paleofluid pathways; (iv) to infer possible paleoclimatic implications from
silica cements in fractures; and, (v) to determine the source of silica in fractures.

2. Geological Setting

The Catalan Coastal Ranges (CCR) in the NE of Spain, constitutes the northwestern edge of the
Valencia Trough, which opened during the Neogene extensional event (Oligocene–Middle Miocene, [43])
(Figure 1A). During this extension, the CCR acquired a well-developed horst and graben structure
limited by listric faults striking NE–SW and NNE–SSW with a detachment level at 12–16 km [44,45]
(Figure 1B). This structure was also segmented by later faults trending NW–SE to NNW–SSE.
The Neogene extensional event has been divided into a syn-rift stage (Aquitanian–Late Burdigalian),
an early post-rift stage (Langhian–Serravallian), and a late post-rift stage (late Serravallian–Pliocene) [46].
Two small compressional episodes are recognized during the Neogene extension: one between the late
Langhian–Serravalian (early post-rift) and the other during the Messinian (late post-rift) [45].

One of the grabens that formed at this time is the Barcelona Plain, a ~40 km long and ~2–10 km wide
graben situated in the central sector of the CCR, and mainly filled with Miocene continental-transitional
siliciclastic deposits and Quaternary fluvio-deltaic deposits. Its northern boundary is limited
by the Collserola-Montnegre Horst, which is mainly formed by Paleozoic rocks consisting of
Cambro-Ordovician shales and phyllites, Silurian black shales and phyllites, Devonian carbonates,
Carboniferous Culm facies, and late Hercynian leucogranites, tonalites, and granodiorites [47].
The Montjuïc Hill is a tilted horst formed within the Miocene sediments filling the Barcelona Plain.
It is bounded to the SE by the Morrot fault, a NE–SW normal fault that dips to the SE with a minimum
vertical throw of 215 m [41] (Figure 2). It has been postulated that this block is also bounded to the NW
by another NE–SW normal fault that dips to the NW [48,49].
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Figure 1. Geological setting. (A) Location and schematic map of the Catalan Coastal Ranges and
magnification of the Littoral Chain around the study area. The Montjuïc Hill is marked with a black
square. (B) Cross-section of the CCR indicated in (A) [45].

The Montjuïc block is formed by alternating sandstones and conglomerates units and minor
lutitic beds interpreted as a prograding deltaic sequence of Serravallian age [40,41]. However, recent
biostratigraphy studies place the planktonic zonations N9 and N10 of [50] in the Langhian [51].
Four lithostratigraphic units from base to top have been defined [40] (Figure 2): (1) The basal Morrot
unit, formed by 80 m of conglomerates and sandstones, interpreted as delta plain deposits; (2) The
Castell unit, represented by 100 m of siltstones and mudstones and well-cemented conglomerates
and sandstones, interpreted as delta-front deposits; (3) The Miramar unit, defined by 15 m of marls,
interpreted as prodelta deposits, and finally, (4) The Mirador unit, formed by 20 m of massive
conglomerates and sandstones, interpreted as proximal delta-front deposits. The uplift of the hill took
place between the Pliocene and the Quaternary, according to the presence of faulted Pliocene rocks [52].

Host Rock Petrology and Diagenesis

The petrology and diagenesis of sandstones and conglomerates of Montjuïc have been studied in
detail before [39–42]. A brief summary is given in this subsection.

Siliciclastic rocks range from lithic to arkosic arenites/rudites to greywackes. Detrital grains
are well-rounded and are composed of quartz (35%), potassium feldspar (9%), rock fragments (20%,
mainly quartzites and schists) and minor muscovite, zircon, tourmaline, and biotite. The shale matrix,
composed of illite-mica, is frequently transformed into opal and microquartz with variable amounts of
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remaining clay minerals. Porosity is low (1–3%), primary as intergranular or secondary due to the
dissolution of altered feldspar and shale matrix. Detrital fragments indicate that the source area most
probably was the Collserola Massif (Figure 1), where Paleozoic rocks crop out.

Lithification of the Montjuïc sandstones was mostly due to the authigenesis of silica minerals.
Silicification of these sandstones only occurred on high ground, as demonstrated by numerous
boreholes around the mountain where these units appear non-silicified. On high ground, specifically
in the Morrot area, the presence of some lenticular remnants of non-silicified rocks allows the
observation that silicification fronts preferentially used coarse-grained sediments and fractures.
Consequently, two main diagenetic facies with characteristic associations of authigenic minerals
are identified: (i) the non-silicified and (ii) silicified facies. Non-silicified facies are constituted by
ochre-colored fine-grained sandstones. In these facies, cementation is scarce and generally forms
minor feldspar overgrowths around detrital k-feldspar as well as layers or nodules of calcite spar
cement mainly filling interparticle porosity. Additionally, they present moldic porosity filled with
calcite cement. Silicified facies are characterized by red to purple-colored coarse-grained sandstones
containing opal, microquartz and quartz overgrowths as well as other minor authigenic minerals
such as Ti and Fe oxides and alunite. Sparitic calcite cement filling residual porosity of silicified
sandstones has also been described. Alunite and opal often appear at the boundary between silicified
and non-silicified facies.

According to the aforementioned authors [39–42], the geological setting and the lack of compaction
suggest that cementation occurred at shallow conditions by oxidizing groundwaters.

 
Figure 2. (A) General stratigraphic section of Montjuïc Hill [40]. (B) Arrangement of the
lithostratigraphic units in the Montjuïc Hill [41] and Schmidt lower-hemisphere stereoplot projections
of the different generations of fractures found in the study area. The three generations of fractures are
indicated with different colors: set 1 (black), set 2 (blue), and set 3 (red).
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3. Methodology

Five outcrops (Far, Sot del Migdia, La Foixarda, Ferrocarrils, and Grec) were chosen because
of the good exposure of Miocene rocks affected by fracturing to study the fluid flow events related
to fracturing occurring in previously silicified rocks of the Montjuïc Hill. Moreover, access to four
boreholes (L2-29, Castell, Mirador, and TCB16) allowed us to have a more representative lateral and
vertical distribution of fracture-filling cements. Fractures were measured in the field and crosscutting
relationships were established. Structural data were plotted and analyzed in lower hemisphere Schmidt
stereoplots (Figure 2B). The different fracture-filling minerals developed in the different fracture systems
were sampled in outcrops and boreholes for petrographic observations and geochemical analyses.

Thirty samples were collected from the outcrops and forty-eight samples were obtained from
the four different boreholes. Thin sections were studied using optical and cathodoluminescence
microscopes. A Technosyn Cold Cathodoluminescence Model 8200 MkII (Technosyn Limited,
Cambridge, UK) operating at 16–19 kV and 350 μA gun current were used to establish the different
calcite cement generations. Some thin sections were also examined under ESEM Quanta 200 FEI, XTE
325/D8395 scanning electronic microscope (FEI Europe B.V., Eindhoven, The Netherlands).

X-ray diffraction of bulk rock and oriented aggregates have been performed with a Bragg-Brentano
PAnalytical X’Pert PRO MPD alpha 1(PANalytical B.V., Almelo, The Netherlands) operating at 1.5406 Å,
45 kV, and 40 mA in order to establish the mineralogy of fine-grained fracture fillings.

After the petrographic study, geochemical analysis of the different fracture-filling cements and
host rock intergranular and moldic cements (elemental geochemistry, stable isotopes, and 87Sr/86Sr
ratios) were carried out to characterize the different fluids (i.e., origin, pathways, fluid-rock
interaction, temperature).

Carbon-coated thin sections were used for elemental analyses of carbonate and barite cements with a
CAMECA model SX-50 microprobe (CAMECA SAS, Gennevilliers, France). It was operated using 15 nA
of current intensity, 20 kV of acceleration voltage, and a beam diameter of 10 μm. The detection limits
for carbonates are 99 ppm for Na, 554 ppm for Ca, 491 ppm for Mg, 223 ppm for Fe, 158 ppm for Mn,
and 141 ppm for Sr. Detection limits (d.l.) for barites are 105 pp for Ca, 298 ppm for Co, 793 ppm for Sr,
1516 ppm for Ba, and 805 ppm for Pb. The precision of major elements is about 0.64% (at 2σ level).

Microsamples for oxygen, carbon, sulfur, and strontium isotope analysis were powdered with a
4 mm-diameter micro drill.

Collected samples for carbon and oxygen stable isotopes in carbonates were reacted with 100%
phosphoric acid at 70 ◦C for two minutes in an automated Kiel Carbonate Device attached to a Thermal
Ionization Mass Spectrometer Thermo Electron MAT-252 (Thermo Fisher Scientific, Bremen, Germany).
The International Standard NBS-18 and the internal standard RC-1, traceable to the International
Standard NBS-19, were used for calibration [53,54]. The results are expressed in δ%� VPDB standard
(Vienna Pee Dee Belemnite). Standard deviation is ±0.02%� for δ13C and ±0.05%� for δ18O.

Oxygen isotopes were analyzed in ten samples of chalcedony and quartz cement and speleothems.
The CO2 to be analyzed was obtained by laser fluorination, using a CO2 laser of 25 W and ClF3 as a
reactant, following the method of [55]. The obtained CO2 was analyzed in a Dual Inlet SIRA-II mass
spectrometer (VG-Isotech, Cheshire, UK). The results are expressed in δ%� VSMOW standard (Vienna
Standard Mean Ocean Water). These analyses were performed at the stable isotopic service of the
Universidad de Salamanca.

Sulphur and oxygen isotopes were analyzed in ten barite samples to establish the origin of
the precipitating fluid. The CO and SO2 gases produced from the barites were analyzed on a
continuous-flow elemental analyzer Thermo Delta Plus XP mass spectrometer (Thermo, Bremen,
Germany), with a TC/EA pyrolyser for oxygen and a Finnigan MAT CHNS 1108 analyzer (Finnigan,
Bremen, Germany) for sulfur. Results were calibrated with NBS-127, SO-5, and SO-6 international
standards [56] and the internal standard YCEM (+12.78%� CDT). The analytical error is ±0.4%� CDT
(Canyon Diablo Troilite) for δ34S and ±0.5%� VSMOW for δ18O.
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The 87Sr/86Sr ratios of three barite samples were obtained. The Sr contained in the powder was
obtained by means of chromatography using a SrResinTM (Triskem International). After evaporation,
samples were loaded onto a Re filament with 1 μL of 1M phosphoric acid and 2 μL of Ta2O5.
Isotopic ratio measurements were carried out in a TIMS-Phoenix mass spectrometer (Isotopx, Cheshire,
UK) with a dynamic multicollector during 10 blocks of 16 sweeps each, with an 88Sr beam intensity of
3V. Isotopic ratios were corrected from 87Rb interferences and normalized using a value of 88Sr/86Sr
= 0.1194 to correct the possible mass fractionation during loading and analysis of the sample.
During sample analysis, the isotopic standard NBS-987 was measured seven times obtaining a media
of 0.710247 and a standard deviation 2σ of 0.000008. These values have been used for the correction
of the analyzed values in the samples. Analytical error in the 87Sr/86Sr ratio is 0.01%. The standard
deviation is 0.000003. These analyses were performed at the CAI (Centro de Apoyo a la Investigación)
of Geochronology and Isotopic Geochemistry from the Universidad Complutense de Madrid.

4. Results

4.1. Fracturing

The Montjuïc Hill is affected by intense fracturing produced during the Neogene post-rift period
(Langhian to present). Fractures are well-developed within the silicified areas whereas they disappear
into the non-silicified areas. Three fracture sets have been distinguished according to their orientations,
kinematics, and crosscutting relationships (Figures 2B and 3).

 
Figure 3. Outcrop photographs of the different fracture sets. (A) Interpreted outcrop view of the
subsidiary fault zone of the Morrot fault in the far outcrop. Red areas highlight main fault planes and
black arrows indicate the orientation and displacement direction of slickenlines. Rock hammer for
scale. (B) Outcrop view perpendicular to the image shown in A. Sigmoidal shapes and alteration halos
produced by iron oxides are observed. (C) Outcrop view of the second fracture set characterized by
straight and discrete planes coated by orange and purple iron oxides. Ferrocarrils outcrop. (D) Horsetail
ending of a fault from the third fracture set partially filled with silica. Pen for scale. Ferrocarrils outcrop.
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The first set of fractures is represented by NE–SW to NNE–SSW trending joints and normal and
strike-slip faults with highly variable dips (Figure 2B). This array has been mainly observed in the
southeastern part of the hill. In the far outcrop, a 20 m thick fault zone parallel and subsidiary to
the Morrot fault is observed (Figure 3A,B). Individual planes are discrete and undulating, forming
an arrangement of sigmoidal shapes that indicate dip-slip movement of the fault zone (Figure 3A,B).
Fault planes show both dip-slip and strike-slip slickenlines, the latter being probably the result of the
re-activation of the previous normal faults during the Messinian. Fault planes are cemented by silica
and are surrounded by red to purple alteration halos towards the host rocks caused by the precipitation
of iron oxides (Figure 3B). The second set of fractures is defined by E–W to WNW–ESE trending normal
faults and joints dipping between 60 and 85◦ to both N and S (Figure 2B). They are characterized by
straight to slightly undulating discrete planes (Figure 3C). Finally, the third set is constituted by N–S
to NNW–SSE trending normal faults and joints with high dips (80–90◦) to the E and W (Figure 2B).
Commonly, these faults show horsetail endings (Figure 3D). Some fault planes of the second and
third sets appear enlarged by dissolution and are cemented by silica minerals or filled with breccias
cemented by silica, whereas other planes are coated by orange to purple iron oxides (Figure 3C,D).

4.2. Fracture Fillings

The fractures of the Montjuïc Hill contain different fillings depending on whether they are located
in the non-silicified area, silicification front or in the silicified area.

Fractures in the non-silicified area are cemented by euhedral equant calcite crystals, ranging from
90 μm to 1 mm in size, that display a drusy texture (Figure 4A,B). Two calcite cement generations have
been recognized. The first one, Cc1, shows a zoned bright orange to brown cathodoluminescence,
similar to host rock intergranular cement, whereas the second generation, Cc2, has a uniform bright
orange luminescence similar to that of cement filling molds (Figure 4B,C). The change between the two
calcite cement generations in fractures is gradual.

Fractures within the silicification front are filled with clays with isolated grains of quartz and
feldspar from the host rock (Figure 4D). This clayey filling has white or yellow to brownish color and it
consists of sericite, kaolinite, goethite, and minor smectite and alunite.

In the silicified area, fractures display multi-episodic cementation produced by: (1) barite and (2)
several silica varieties.

Barite cementation has been only identified in core L2-29 (Figure 2B) and in the Sot del Migdia
outcrop (Figure 2B). Specifically, it is found along the uppermost 40 m below the present-day surface.
It usually forms crusts up to 1 cm thick but in the L2-29 core, it completely fills a 30 cm-wide fracture.
Barite cementation is characterized by the first stage of up to 300 μm-long prismatic crystals that
grow decussated from the fracture wall and the second stage of up to 1 mm-long prismatic crystals
that grow perpendicular to the fracture wall (Figure 5A). In some samples, in addition to barite,
millimeter-sized cubic pyrite crystals and 20 to 50 μm long prismatic jarosite crystals are present.
Pyrite crystallized either before the first barite generation or coevally during the last growth stage
of this barite. Barite crystals of the second generation commonly have their margins replaced by
chalcedony (Figure 5B). The presence of prismatic crystals with low relief next to quartz grains implies
the complete replacement of barite by quartz.

With regard to silica cementation, the sequence opal → lussatite → chalcedony →quartz is
recognized (Figure 5C), representing an increase in crystallinity and purity towards the inner part of
fractures. Purity is defined by the presence of cations other than silica (mostly in low crystallinity
silica varieties) but also by the presence of clay-sized particles of other minerals coming from the
sandstone matrix. Three successive phases of opal precipitation have been identified according to the
amount of lithic fragments, the content in titanium oxides, and the different degree of recrystallization
to microquartz (Figure 5C,D). In some of the thickest veins, opal shows millimeter-scale cracks and
the silicic clasts develop both quartz rims and corrosion pits (Figure 5D,E). Lussatite has a fibrous
texture, arranged in pseudospherulites, and usually forms single 20 to 35 μm-thick bands (Figure 5C,F).
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Chalcedony shows multiple precipitation episodes defined by 30 to 600 μm-thick bands constituted
by fibers with radial disposition, spherulites or semispherulites (Figure 5F). It presents two varieties,
chessboard chalcedony and chalcedonite. Finally, quartz precipitates in the remaining porosity as
euhedral crystals (Figure 5F). Quartz crystals normally range between 20–70 μm in size but in some
moldic porosity of the Castell cores (Figure 2B), they can reach 2 mm. This silica precipitation sequence
locally alternates with precipitation of goethite (Figure 5G,H).

Breccias and internal sediment, cemented by the mineralogical sequence described above, are also
present filling the fractures in the silicified area. Breccias are made of angular to subrounded clasts up
to 3 cm in size. Sediments show a brownish color and were deposited as fine laminae at the base of
fractures and on top of breccia clasts (Figure 6A,B). Geopetal structures are usually present (Figure 6C).
These sediments comprise opal, smectite, iron oxides, barite, alunite and K-feldspar, and variable
contents of host rock grains (0–60%).

In La Foixarda, Grec and Sot del Migdia outcrops, silica crusts, and stalactites are observed coating
the fault planes (Figures 2B and 6D,G). Moreover, in the Grec outcrop flowstone speleothems are
also present (Figure 6D). At least three generations of crusts are present and consist of 1 mm thick
wavy layers of opal and chalcedony with different amounts of iron oxides inclusions (Figure 6E).
Most stalactites are small (up to 7 mm long) and present several morphologies. Some of them are
cylindrical, up to 2 mm in diameter, and formed by several concentric layers (Figure 6F). They do
not show a drip-water channel through their length. Other stalactites display discontinuous and thin
wavy “curtains” (Figure 6G), whilst some fracture planes are coated with mammillary microstalactites.
The color of stalactites varies between grey, yellow and orange, probably due to the influence of small
amounts of iron compounds.

 
Figure 4. Fracture fillings from the non-silicified area and silicification front. (A) Fracture from the
non-silicified area cemented by a drusy mosaic of equant calcite crystals (XPL). (B,C) Cross-polarized
and cathodoluminescence images of a fracture from the non-silicified area filled with two generations of
calcite cement. The fracture wall is marked with a white thick dashed-line. Note the gradual transition
from the bright orange-brown zoned luminescence (Cc1) to the uniform bright orange luminescence
(Cc2). The white thin dashed-line shows the limit between the two calcite generations. (D) Fracture
from the silicification front, affecting reddish fine-grained sandstones due to the presence of iron oxide
cement, filled with brownish clays and grains from the host rock (white arrows) (PPL). The limit
between the host rock and the clayey filling has been marked with a red dashed-line.
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Figure 5. Cements in the fractures in the silicified area of the Castell Unit. (A) Fracture cemented by
two generations of barite (Ba1 and Ba2) and a later generation of chalcedony (Ch) (XPL). Fracture walls
are marked with a white dashed-line. (B) Detail of the replacement of barite (Ba2) by chalcedony
(Ch) (XPL). (C) Silica varieties cementing a fracture according to their purity and crystallinity: two
opal generations (Op1 and Op2), lussatite (Lu) and chalcedony (Ch) (XPL). (D) Fracture filled by two
generations of opal affected by millimeter-scale cracks (white arrows). (E) Quartzite clast contained
in a fracture cemented by opal that has developed a quartz rim (Qtz). (F) Fracture cemented by the
silica sequence, lussatite, three generations of chalcedony and quartz (XPL). (G) Fracture filled by
goethite (Gt) (and minor barite), alternation of goethite and chalcedony and finally pure chalcedony.
The sequence is later cut by a fracture (yellow dashed- line) cemented by iron oxides (Gt2) (XPL).
(H) Fracture cemented by several episodes of chalcedony and later goethite botryoids (PPL).

13



Minerals 2020, 10, 135

 

Figure 6. (A) Fracture filled with sediment (Sed) (deposited at the fracture bottom) and a microbreccia
cemented by opal and lussatite (PPL). (B) Fracture filled with sediment and a microbreccia cemented
by chalcedony. Some of the clasts contain earlier sediment fragments. V: void (PPL). (C) Geopetal
structure filled with sediment at the base and chalcedony cement (Ch) at the top developed after opal
cementation (Op) (PPL). (D) Cascade speleothems on a fault plane of the Grec outcrop. (E) Hand
sample of several crust generations that pre-date stalactite formation. (F) Hand sample of cylindrical
microstalactites. (G) Hand sample of small silica curtains.

4.3. Geochemistry

4.3.1. Elemental and Isotopic Composition of Barite

EPMA analyses revealed a large variation in barite composition, with Ba contents varying between
58.2% and 60.24%, Sr contents between 800 ppm and 1.36%, Ca contents between 100 and 700 ppm and
Pb contents from below the detection limit to 700 ppm. Strontium and barium show a good negative
correlation (R2 = 0.832, n = 16), which reflects the isomorphous substitution of these elements in the
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barite-celestite solid solution (Figure 7A). Barites from the second generation that were replaced by
silica show lower Sr contents than those that were not replaced.

 

Figure 7. (A) Barite compositions plotted in a %Sr vs %Ba binary diagram. (B) δ34S vs δ18O binary
diagram. Grey boxes represent the isotopic composition of seawater for the Late Miocene and from
Pliocene to present according to [57].

Barite cement has δ34S values ranging between +19.4%� to +24.7%� CDT in the core L2-29, whereas
more δ34S-enriched values, from+28.2%� to+42%�CDT, have been measured in the Sot del Migdia outcrop
(Table 1). These values do not show covariation with δ18O data, which ranges in both areas from +12.5%�
to +16.8%� SMOW (Figure 7B). Barite has 87Sr/86Sr ratios varying between 0.712446 and 0.715218 (Table 1).

Table 1. Sulphur, oxygen, and strontium isotopes of barite cement.

Sample δ34S (%�CDT) δ18O (%�SMOW) 87Sr/86Sr Location and Description

S29-12 A 23.8 13.4 L2-29 core at 35.20 m (±jarosite)
S29-12 B 22.6 12.5 L2-29 core at 35.20 m (+iron oxides)

S29-1 19.4 13 0.712446 L2-29 core at 37.85 m (+chalcedony)
S29-2 21.1 13.3 L2-29 core at 37.85 m (+chalcedony)

S29-14 B 22.7 15.4 L2-29 core at 39 m (+chalcedony)
S29-20 A 24.7 14.8 L2-29 core at 47 m. Next to fracture wall (+ch)
S29-20 B 13.1 13.2 L2-29 core at 47 m. Far from fracture wall (+ch)

MTJ-32 A 42 16.8 0.712939 Sot del Migdia. Next to fracture wall
MTJ-32 B 28.2 12.6 Sot del Migdia. Central part of the fracture
MTJ-32 C 34.2 13.8 0.715218 Sot del Migdia. Far from fracture wall
FMP-21a 30.7 12.9 Sot del Migdia
FMP-21b 41.9 15.2 Sot del Migdia

4.3.2. Elemental and Isotopic Composition of Calcite Cements

Calcite cement Cc1, characterized by zoned cathodoluminescence, has Mg contents from below
the detection limit to 2584 ppm, Mn and Fe from below the detection limit up to 7079 and 2028 ppm,
respectively, and low Sr content (from below the detection limit to 665 ppm) (Table 2). The elemental
composition of this calcite cement in fractures and intergranular porosity prior to silicification is very
similar, although the latter reaches higher Fe contents (up to 24,189 ppm). Calcite cement Cc1 is
characterized by δ18O values between −10.5%� and −6.7%�VPDB and δ13C values between −5.8%� and
−1.7%�VPDB (Figure 8). Calcite Cc2, which cements fractures and molds, has higher Mn contents,
from 1300 to 14,272 ppm, than cement Cc1. It has low Mg contents (average below the detection limit),
Fe from below the detection limit to 3100 ppm, and very low Sr contents. Na is below the detection
limit in both cement generations. Cement Cc2 has δ18O values between −18.2%� and −12.1%�VPDB
and δ13C values between −5.5%� and −3.5%�VPDB (Figure 8).
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Table 2. Elemental composition of calcite cements (<d.l.: below detection limit).

Cement Generation Statistics ppm Mg ppm Ca ppm Mn ppm Fe ppm Sr ppm Na

min <d.l. 382,700 <d.l. <d.l. <d.l. <d.l.
Cc1 Fractures max 2584 403,564 7079 2028 665 <d.l.

n = 23 average 712 392,395 3452 645 285 <d.l.

min <d.l. 383,978 1300 <d.l. <d.l. <d.l.
Cc2 Fractures max 2500 392,893 14,272 3100 400 <d.l.

n = 12 average <d.l. 388,025 8288 669 228 <d.l.

Cc1 Intergranular min <d.l. 377,236 277 <d.l. <d.l. <d.l.
cement max 1269 398,220 5885 24,189 1060 <d.l.
n = 17 average 611 390,352 3124 4263 351 <d.l.

 

Figure 8. δ18O vs δ13C plot of calcite cements in fractures, molds and intergranular positions in the
different stratigraphic units of the Montjuïc Hill.

4.3.3. Isotopic Composition of Silica Cements

Oxygen isotope measurements for chalcedony and quartz cements and speleothems yield similar
values regardless of mineralogy. δ18O values range from +9.2%� to +25.2%� SMOW (Table 3).
The heaviest values are from speleothems of La Foixarda and El Far outcrops, which show a progressive
enrichment in δ18O (up to 11 units) towards the outer layers.

Table 3. Oxygen isotope values of silica cements and speleothems.

Sample δ18O (%�SMOW) Location and Description

MTJ-31-1 16.4 Ferrocarrils. Chalcedony botryoids in fracture
MTJ-37-1 12.4 La Foixarda. Chalcedony stalactite nucleus
MTJ-37-2 23.4 La Foixarda. Chalcedony stalactite cover
MTJ-38-1 25.2 La Foixarda. Outer stalactitic layer
MTJ-38-2 22.3 La Foixarda. Inner stalactitic layer
MTJ-3A 18.8 El Far. Chessboard and fibrous chalcedony crosscut by iron oxides
S29-14A 9.2 L2-29 core. Chalcedony associated with barite in fracture
S29-17A 10.3 L2-29 core. Radial fibrous chalcedony

SR9B-03A 10 Castell core. Quartz in a vug
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5. Discussion

The petrological study presented here has allowed us to establish the cementation sequence within
the fractures of the Montjuïc Hill. In the silicified areas, the assemblage is barite followed by silica ±
iron oxides, whereas in the non-silicified areas, cementation consists solely of calcite precipitation.

5.1. Origin of Calcite Cements

Calcite cements within the host rock and fractures record the diagenetic history previous
to silicification.

Calcite cement Cc1 fills intergranular porosity, usually as nodules, moldic porosity, and fractures.
The exclusive presence of this cement in the Morrot and Castell units probably indicates that its
precipitation was prior to the sedimentation of the upper units and thus, formed relatively early.
This is consistent with the formation of the calcite nodules, a feature most frequently associated with
early diagenesis [2,58]. The oxygen isotope signature of this calcite cement, which ranges between
−10.5%� and −6.7%� VPDB, is consistent with precipitation from meteoric water [59,60]. The zoned
CL pattern may reflect variations in the oxidation state produced by oscillations of the water table
level [61,62]. Several authors have proposed that carbonate shells are the main source of calcite cement
in the concretions [63,64]. In this study, this observation is supported by the presence of shell molds
and δ13C values, which are consistent with a mixture of light carbon from soil-derived CO2 [65] and
heavier carbon derived from Miocene marine shells [66].

Calcite cement Cc2 has been identified in the Morrot, Castell, and Mirador units and yields more
δ18O-depleted values, thus reflecting a variation in precipitation temperature or in water composition
with respect to Cc1. If we consider that this oxygen depletion is due to burial, assuming a Miocene
meteoric water composition of −7%� SMOW [31] and applying the equation of [67], the precipitation
temperature of this cement would be between 40 and 78 ◦C. With a regional geothermal gradient of 30
◦C/km [68], these temperatures would imply a burial depth between 800 and 2100 m, which does not
match the regional geology because late Miocene deposits do not exceed 500 m in thickness [43,69]
and Plio-Pleistocene sediments were never deposited on top of the Montjuïc Hill [52]. The mechanical
compaction of only the ductile clasts and the lack of chemical compaction [39–42] also support the
hypothesis of the shallow burial of these rocks. Precipitation of calcite Cc2 from brine or from mixed
meteoric and marine waters, both characterized by more δ18O-enriched values than meteoric water,
would imply higher precipitation temperatures [67]. This leaves two options to explain the low δ18O
values at such shallow burial depths. Firstly, cement Cc2 precipitated from hydrothermal fluids,
which have already been reported in several locations along the Catalan Coastal Ranges related to the
Neogene extension [37,70,71], or secondly, the geothermal gradient may have been locally higher due
to an increase of the lithospheric thinning towards the offshore, a fact that has been also suggested
before [43,72,73].

5.2. Origin of Barite Formation in Fractures

Barite is only found in the fractures of the uppermost 40 m below the present-day surface,
indicating their precipitation from at least one superficial fluid. Barites from the L2-29 core have
δ18O and δ34S values consistent with the isotopic composition of seawater from the Late Miocene to
present (from +12.2%� to +14.9%� SMOW and from +20.8%� to +23.1%� VCDT, according to [57]).
However, barites from the Sot del Migdia outcrop show heavier δ34S values than Late Miocene to
present seawater. δ34S-enriched values indicate that the sulfate anion resulted from the microbial
sulfate-reduction of seawater [74]. Such processes induced by microbial activity normally take place
near the sediment-water interface but bioturbation, or fractures in our case, generate pathways for
downward sulfate penetration [75–77]. In fact, the heaviest values have been obtained from outcrop
rather than borehole samples (Table 1). Sulfate-reduction modifies both the sulfur and the oxygen
signature, which could account for the oxygen values lying outside the range for seawater [78,79].
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According to [79], the δ34S/δ18O ratio can vary at different sites between 3.5 and 1.4 due to kinetic
isotope effects during sulfate reduction. In Figure 7B, barite samples from Sot del Migdia outcrop show
a strong covariant trend (R = 0.9) with a slope of 3.4. The presence of jarosite in close association with
barite and pyrite may indicate local H2S reoxidation, which would lower the pH in order to precipitate
this mineral. However, seawater could not be the superficial fluid controlling barite precipitation close
to the surface. After the marine-transitional deposition of the Montjuïc sediments during the Langhian,
host rock diagenesis occurred under meteoric conditions [42]. The ensuing marine transgression,
recorded in the marine sediments within the Barcelona Plain, occurred during the Pliocene and did not
affect these rocks as the uplift of the mountain commenced at this time [52]. Thus, as barite precipitation
is limited to the fractures, seawater seemingly had to flow up through the faults. As observed by [80],
seawater is not enough to precipitate barite and an external Ba-rich, sulfate-depleted fluid is also
required. This fluid had to control the precipitation of barite close to the surface. Taking into account
the uplift of the block and the proposed silicification model of the host rocks by means of meteoric
groundwaters moving from the horst to the basin [39–42], such meteoric water is the most probable
external fluid. The high 87Sr/86Sr ratios of barite (0.712446–0.715218), which are more radiogenic than
those obtained from bivalves of the Morrot unit (0.708965) and seawater (0.709000, according to [66]),
supports the meteoric character of these fluids [81]. K-feldspars and K-micas are the most common
source of barium in sedimentary basins [80] and also of radiogenic strontium [82], and are important
components within the basement granodiorites and phyllites and the Miocene siliciclastics filling
the basin.

5.3. Origin and Age of Silicification in Fractures

The change from sulfate to silica precipitation indicates a change in water chemistry as the
concentration of silica is low in sulfate-supersaturated waters [83,84]. Thus, considering the model of
host rock silicification and barite precipitation, either the entrance of silica-rich meteoric groundwaters
had to increase or the upflow through fractures of sulfate-rich waters had to stop in order to decrease
silica solubility and start the process of fracture silicification [85].

The presence of stalactites demonstrates that these silica-rich fluids percolated downwards
through the vadose regime. In addition, illuviation structures, as capping structures on top of
breccia clasts formed by laminated and sorted sediment, and geopetal structures are indicative of
water percolation near the surface. The presence of several generations of stalactites, illuviation
structures together with the silica sequence, from opal to quartz, and corrosion gulfs indicates
successive episodes of precipitation, dissolution, and redeposition of silica [86–88]. The cracks in
opal cements can be interpreted as shrinkage cracks formed during such episodes. Both shrinkage
cracks and quartz rims between host rock grains and the opaline matrix reveal initial precipitation
of opal as a hydrated silica gel [85,87,89]. All these features and processes are very similar to
those described in pedogenic silcretes [85,89–92], thus suggesting a shallow and low-temperature
precipitation environment. The oxygen isotopic values of the outer layers of stalactites, which range
between +22.3%� and +25.2%�VSMOW, are in agreement with precipitation from low-temperature
meteoric waters. Nevertheless, more depleted values as those registered in the nucleus, the first layers
of stalactites and minor fractures in boreholes, which all vary between +9.2%� and +16.4%�VSMOW,
are not consistent with such an origin. One possible explanation is that contamination by other
mineral phases could have occurred in samples collected close to the host rock or in very thin fractures,
resulting in a different final isotopic signature. These can be silicate grains from the host rock, internal
sediment deposited at the base of fractures or barite crystals, which grow close to the fracture wall and
are disseminated between quartz and chalcedony crystals. Another option is that prior to meteoric
percolation, an episode of hydrothermal fluids ascending through faults took place. However, this
origin is difficult to reconcile with geotropic indications of a vadose environment. A third option is
that the more depleted δ18O values were linked to the depletion of meteoric waters during glacial
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periods [93] with the concomitant increase of the relative elevation and distance of the Montjuïc Hill to
the coast.

The alternation between silica and iron oxides (Figure 5G) may reflect small fluctuations
from reducing to oxidizing conditions, which favored the precipitation of iron derived from the
weathering of iron-rich minerals [94]. Such physico-chemical fluctuations were probably related
to oscillations of the water table level produced by episodic rainfall/evaporation or seasonality
(wet and dry periods) [87,95]. These climatic variations have in turn been proposed to explain the
dissolution-precipitation cycles [85,87]. Thus, the model of fracture silicification would be the same
as that proposed for silcretes by [87]: during dry periods, silica dissolution occurs due to alkaline
conditions, whereas from the onset of the wet season, the entry of the acid rainwater lows the pH
producing silica precipitation. Moreover, the precipitation of alunite, in the fractures of the silicification
front and in capping sediments of the silicified area, required acidic conditions. The coexistence of opal,
alunite, and kaolinite in the sediments and in the silicification front points to a pH between 3.5 and
5.5 [96]. Such a low pH would have been caused by the oxidation of iron sulfides during the onset of
the wet season, resulting in the formation of H2SO4 that reacted with kaolinite, smectite, and illite
to form alunite [87,97]. Iron sulfide oxidation is inferred from the presence of pyrite pseudomorphs
transformed to iron oxides within the host sandstones.

Silica speleothems in the Montjuïc area formed in the meteoric vadose environment from the
Pliocene, when uplift of the hill commenced, to recent (Quaternary) times, whereas present-day
speleothems in Montjuïc are composed of calcite. It was suggested by [25,26] that, in some cases,
low-temperature silica cements formed during cold periods due to the decrease of silica solubility
at low temperatures. Particularly, [98] report the case of Fontainebleau sandstone diagenesis
where silica cements precipitated during glacial periods. Alternate precipitation of quartz and
low-crystallinity silica varieties depending on the temperature gradients of meteoric waters was found
by [95]. Although silicification driven by glacial climates has been primarily linked to groundwater
silicifications [26,98], a decrease of silica solubility in vadose meteoric waters during cold periods may
have contributed to silica precipitation in fractures within silicified sandstones in the Montjuïc Hill.
This linkage with glacial periods would support the third option proposed for the interpretation of
δ18O signatures and can explain why silica speleothems do not form nowadays. In fact, colder periods
have been identified in post-Tortonian calcite speleothems in the Barcelona Plain [99] and in Pleistocene
calcite speleothems in Mallorca [100] and southern Spain [101].

5.4. Karst Evidence: Silica Dissolution

Silica dissolution occurs at the micro-scale, as vug porosity (Figure 9A), and at the macroscale,
as irregular caverns, both within the silicified host rock. The caverns, up to 60 cm in size, are formed at the
intersection between discontinuity surfaces such as bedding planes and fractures (Figure 9B), confirming
that such discontinuities act as important pathways for fluids causing preferential dissolution [102,103].
Thus, most silica precipitating within fractures is provided by the surrounding sandstones and
conglomerates. At the micro-scale, dissolution preferentially affects the sandstone matrix constituted by
opal and clays, feldspar and mica grains, and syntaxial feldspar overgrowths (Figure 9A,C). At fracture
walls, dissolution normally starts along crystal borders so that sand grains are finally removed
and included in the fracture by flowing water (Figure 9C,D). This process of dissolution, erosion,
and winnowing of loose material by flowing waters has been described as “arenisation” [102,104–108].
In the Montjuïc Hill, arenisation is clearly triggered by dissolution, which is the dominant process,
and therefore vugs and caverns are real karst forms and not pseudokarst features, which would imply
a minor role of dissolution in their formation [102,109].
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Figure 9. Evidence of in situ dissolution and arenisation. (A) Vuggy porosity. (B) Cavern porosity
developed at the intersection between faulting and bedding. (C) Vuggy porosity (V) produced by the
matrix (Mx) and altered feldspar (aFd) dissolutions in a sandstone sample. Note how the feldspar
grain in the center of the image is about to be included in the fracture by dissolution around its borders.
(D) Feldspar grain removed from the host rock and included in the fracture infilling by a process of
dissolution around the grain boundaries (red arrows) and erosion (arenisation).

6. Conclusions

The fractures affecting the deltaic sequence of the Montjuïc Hill, formed after lithification and
during the Montjuïc block uplift, show a complex diagenetic evolution controlled by the previous
diagenesis of their host rocks.

Non-silicified areas are characterized by calcite cementation. Calcite cement Cc1 formed very
early, prior to the sedimentation of the Miramar and Mirador units, and precipitated in molds,
intergranular porosity (calcite nodules), and fractures from meteoric waters. Calcite cement Cc2, found
in fractures and some molds, shows more δ18O-depleted values, which are interpreted as a result of a
temperature increase linked to a higher geothermal gradient during the Neogene extension, rather
than to overburden.

Fractures within the silicification front are filled by clays (sericite, kaolinite, goethite and minor
smectite, and alunite) with isolated grains of quartz and feldspar from the host rock.

In silicified areas, fractures show multiepisodic cementation produced by barite and silica. Barite is
only found in fractures along the uppermost 40 m below the present-day surface and precipitated
from the mixing of upflowing marine fluids, as suggested by δ18O and δ34S values, and percolating
meteoric waters, which supplied barium and more radiogenic 87Sr/86Sr ratios. δ34S values heavier
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than those of Late Miocene seawater in a covariant trend with δ18O indicate that microbial sulfate
reduction occurred in outcrop samples. Silica cements follow the sequence opal, lussatite, chalcedony,
and quartz, all precipitated in the vadose zone from low-temperature percolating meteoric fluids as
indicated by the presence of silica stalactites, illuviation, and geopetal structures and δ18O values
between +22.3%� and +25.2%�VSMOW. Silica precipitation occurred in acidic conditions and under
fluctuating redox conditions. A model of fracture silicification, similar to that of silcretes, and based on
the alternation of dry and wet periods is proposed here. However, a decrease of silica solubility due to
cold periods may also have contributed to silica precipitation, as indicated by δ18O values between
+9.2%� and +16.4 %�VSMOW and the present-day development of calcite speleothems and calcretes.

Dissolution occurs as vug porosity and caverns, which are generated by an arenisation process.
Thus, silica precipitating within fractures was from the surrounding sandstones and conglomerates.
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Abstract: Within the Upper Triassic successions in the Iberian Basin (Spain), the occurrence of
both idiomorphic bipyramidal quartz crystals as well as pseudohexagonal aragonite crystals are
related to mudstone and evaporite bearing sequences. Bipyramidal-euhedral quartz crystals occur
commonly at widespread locations and similar idiomorphic crystals have been described in other
formations and ages from Europe, America, Pakistan, and Africa. Similarly, pseudohexagonal
aragonite crystals are located at three main sites in the Iberian Range and are common constituents of
deposits of this age in France, Italy, and Morocco. This study presents a detailed description of the
geochemical and mineralogical characteristics of the bipyramidal quartz crystals to decipher their
time of formation in relation to the diagenetic evolution of the sedimentary succession in which they
formed. Petrographic and scanning electron microscopy (SEM) analyses permit the separation of an
inner part of quartz crystals with abundant anhydrite and organic-rich inclusions. This inner part
resulted from near-surface recrystallization (silicification) of an anhydrite nodule, at temperatures
that were <40 ◦C. Raman spectra reveal the existence of moganite and polyhalite, which reinforces the
evaporitic character of the original depositional environment. The external zone of the quartz contains
no anhydrite or organic inclusions and no signs of evaporites in the Raman spectra, being interpreted
as quartz overgrowths formed during burial, at temperatures between 80 to 90 ◦C. Meanwhile, the
aragonite that appears in the same Keuper deposits was precipitated during the Callovian, resulting
from the mixing of hydrothermal fluids with infiltrated waters of marine origin, at temperatures
ranging between 160 and 260 ◦C based on fluids inclusion analyses. Although both pseudohexagonal
aragonite crystals and bipyramidal quartz appear within the same succession, they formed at different
phases of the diagenetic and tectonic evolution of the basin: bipyramidal quartz crystals formed in
eo-to mesodiagenetic environments during a rifting period at Upper Triassic times, while aragonite
formed 40 Ma later as a result of hydrothermal fluids circulating through normal faults.

Keywords: bipyramidal quartz; pseudohexagonal aragonite; Iberian Range; Upper Triassic;
diagenesis; hydrothermal circulation
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1. Introduction

Within the Upper Triassic sequences in the Iberian Basin, Spain (Figure 1a), and in other European
countries, the occurrence of both bipyramidal quartz crystals (Figure 1b) and pseudohexagonal
aragonite crystals (Figure 1c) is common within mudstone, evaporites, and marls that represent saline
mudflats and salt pond facies. The aragonite crystals occur associated with outcrops of pre-Hettangian
alkaline magmatism and related to normal faults dated as Middle-to-Upper Jurassic. Their formation
resulted from the mixing of infiltrated marine waters with hydrothermal fluids that circulated synrift
faults [1]. The quartz crystals, on the contrary, appear in a wider range of locations (Figure 1a) with no
close relation to major faults or volcanic deposits. Instead, they appear to be related to facies rich in
organic matter and have numerous saline mineral inclusions, indicating that the original sediments
formed in environments under strong evaporitic conditions.

Figure 1. (a) Location of the bipyramidal quartz and aragonite crystals in the Iberian Range (Spain); (b)
Bipyramidal quartz crystals that commonly are red-colored; (c) Pseudohexagonal aragonite prisms and
rosettes, which show a wider color variation.
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Euhedral quartz crystals, also named megaquartz crystals [2], have been described in the geological
record within carbonate strata [3], normally as minor constituents [2,4–8]. They commonly appear
related to sequences formed under evaporitic conditions [5,9–11] in dolomitic and salty sediments. It
is, therefore, necessary to include the associated lithologies in the study. In the Iberian Peninsula, the
occurrences of bipyramidal quartz are taken as indicators of the evaporitic Keuper (Upper Triassic)
facies [12]. These are commonly known in Spain as “Jacintos de Compostela” [13].

Megaquartz crystals appear in Pleistocene and ancient sabkha dolomite accumulations from
the Arabian Gulf, and their origin has been determined as resulting from dolomite and evaporite
precursors replaced by silica in near-surface environments [5] during early diagenesis [2,14]. Such
types of megaquartz crystals are found as well in Ukraine, Norway, Pakistan, and China [15]. The
Herkimer diamonds [16], formed in a shallow marine Cambro–Ordovician succession, were interpreted
as cements within cavities formed by dissolution produced from the flow of acidic water. Hexagonal
crystals grew in the cavities very slowly, resulting in doubly terminated quartz crystals of exceptional
clarity. The main factor controlling the carbonates silicification has been interpreted as fluctuations
in pH around a value of 9, due to the inverse solubility relationship of silica and calcite [17,18].
Other factors are salinity changes in the pore fluids as well as the amount of host rock porosity and
groundwater circulation [17].

Therefore, considering that authigenic quartz crystals and pseudohexagonal aragonites both
appear within the same Keuper facies, the comparison of time, genesis, and factors controlling their
formation should indicate variations in the tectonic evolution, i.e., rise and subsidence, and hence, in
the thermal history of the basin.

2. Geological Setting

The Permo–Triassic Iberian Basin is a NW–SE trending rift transect that has been generally
considered to be related to two main rifting cycles followed by post-rift periods of thermal
subsidence [19–22]. The first rifting stage (Figure 2) occurred during the break-up of Pangea [23]
between the early Permian and the Middle Triassic [24]. The second main cycle (Figure 2) spanned the
late Jurassic to early Cretaceous and has been linked to the separation of Africa from Europe, and the
simultaneous anticlockwise rotation of the Iberian Plate [25,26].

The current Iberian Range (Figure 1a) resulted from the tectonic inversion of the Iberian Basin and
the up thrusting of basement rocks during the Pyrenean orogeny [27]. Basement uplifts, 5 to 30 km
wide, are bounded by major NW–SE striking steeply dipping reverse faults, which were reactivated
Variscan normal faults [28]. The Keuper succession (late Ladinian–early Carnian to Norian–Rhaetian)
was formed during a post-rifting subsidence stage with minor tectonic activity [29]. The sedimentary
sequence resulted from marine incursions during a transgressive period [30], first into narrow corridors
and later surrounding the highest areas of the flanks [27]. The Keuper succession crops out with
variable thicknesses and shows strong deformation due to its ductile character [31].

Five sequences (K1 to K5) compose the Spanish Keuper succession. K1, known as the “Lower
Evaporitic Series”, is a 40 to 380 m thick alternation of laminated gypsum and mudstone beds, with
layers of sandstone, marl, and carbonates that represent lagoons and shallow coastal salinas [33,34].
K2 consists of ca 15 m of red and yellow mudstones with interbedded dolomite beds formed within
fluvial and lacustrine environments. The third sequence, K3, consists of a ca 45 m succession of red
mudstone that accumulated in a muddy intertidal setting [35]. Finally, the K4 and K5 units compose
the “Upper Evaporitic Series”, being K4 a 60 to 150 m-thick red mudstone sequence with abundant
nodular gypsum deposited in coastal sabkhas, and K5 (up to 50 m thick) is mostly white-bedded
gypsum, with interbedded mudstones deposited in evaporitic lagoons [36]. In the Iberian Peninsula,
these saline deposits are the most abundant, covering 4394 km2 [37,38]. The studied bipyramidal
quartz and aragonite crystals are found in the topmost part of the evaporite-mudstone deposits of the
K4 unit.
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Figure 2. Upper Permian to Lower Cretaceous stratigraphic section in the Iberian Basin (lithology,
thickness, and ages) and position of the occurrences of aragonite (Ar) and authigenic quartz (Q).
Dates of the pre-Hettangian volcanism and the 1st and 2nd Rifting periods are indicated [32] (T-1:
Buntsandstein; T-2: Muschelkalk; T-3: Keuper; Modified from [1].

The overlying Imón Formation represents an epicontinental carbonate platform [39] of
pre-Hettangian age. Different magmatic episodes occurred from the Middle and Upper Triassic
to Jurassic times [23]. The magmas were of tholeiitic and alkaline affinities, being pre-Hettangian
volcanism commonly associated with the Imón Formation (Figure 2), characterized by sub-volcanic
tabular bodies (sills) that intruded into the K4 and K5 units of the Keuper [40].

3. Materials and Methods

Analyses of 30 representative bipyramidal quartz crystals from selected outcrops located in the
Iberian Range in the K4 unit of the Keuper Facies (Figure 2) were performed. Thin sections were
prepared to distinguish between quartz and inclusions of different minerals. Sequential relationships
were established between different phases. For petrographic studies, samples were cut with an
oil-cooled diamond disc saw (Struers Discoplan-TS; Struers ApS, Ballerup, Denmark).

Bulk mineralogy of the powdered quartz crystals was determined by powder X-ray diffraction
(XRD), employing a Philips PW 1720 diffractometer with Cu (Kα) radiation and a Bruker D8 Advance
diffractometer equipped with a Sol-X detector and Cu (Kα) radiation (Bruker, Billerica, MA, USA). The
mineralogical composition of crystalline phases was estimated following the Chuns [41] method and
using Bruker software (EVA) at CAI de Técnicas Geológicas, Universidad Complutense de Madrid
(UCM).

The occurrence and the textural relationship between quartz crystals and their inclusions were
studied using a scanning electron microscope (SEM) coupled with energy-dispersive spectrometry
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(EDS). For the SEM analyses, it has been used the model JEOL JSM 6400 equipped with an Oxford
energy–dispersive X-ray micro analyzer (JEOL Limited, Tokyo, Japan) both in secondary electron (SE)
and backscattered electron modes (BSE) was used. SEM-cathodoluminescence microscopy has been
used to distinguish between (1) quartz (as several phases of quartz overgrowths), and (2) inclusions
within quartz crystals [42]. SEM-cathodoluminescence (SEM-CL) colors in quartz have been related to
the presence of activator trace elements, lattice order, and crystallization temperature [42,43]. SEM-CL
observations were done on carbon-coated polished thin sections using a JEOL JSM-840 electron
microscope equipped with a Gatan ChromaCL2 housed at the CAI de Técnicas Geológicas, UCM.

Microprobe mineral analyses on polished quartz crystal surfaces were performed to obtain
additional data to determine the geochemical composition and decipher diagenetic processes. The
chemical composition of inclusions in quartz crystals was analyzed by ion microprobe analyses (EPMA)
using a JEOL JXA–8900 model. Operating conditions were characterized by voltage 15 kV, current
intensity 20 nA, and electron beam diameter 5 μm. Detection limits were ca 150 ppm for Ca, 100 ppm
for Mg, 250 ppm for Mn, 300 ppm for Fe, and 250 for Sr and Ba. Analytical totals were normalized
to 100% moles of CaCO3, SO3, MgCO3, FeCO3, TiO2, BaO, Al2O3, and MnO for comparison. These
analyses were performed at the Centro Nacional de Microscopía electrónica (CNME).

Raman spectral analysis of samples was performed on an XRD confocal Raman Thermo Fischer
Microscope at the Spectroscopy CAI, UCM. Excitation was provided by the 532 nm line of a diode laser.

4. Results

4.1. Petrographic Analyses

The quartz crystals appear as individual euhedral crystals or as clusters of crystals. Detailed
petrographic analyses were used to characterize their textures.

Single crystals were either double terminated or had a well-developed single termination and
well-defined crystal faces. Single crystals ranged from 0.0625 mm to 2.6 cm lengths (Figure 1b),
while cluster appeared as groupings of quartz crystals that converged in a nucleus (Figure 1b).
Petrographic analyses revealed that the center of the crystal had numerous evaporate mineral inclusions
(Figure 3a) resembling anhydrite laths (Figure 3b,c) and radial-pattern inclusion filled by organic matter
(Figure 3d,e). These inclusions appeared in a circular distribution (Figure 3c). Towards the edges, the
crystal was zoned and free of inclusions (Figure 3a,f–h). Generally, all the inclusions with prismatic
or needle shapes appeared to be filled by anhydrite, and all of them had the same extinction which
appeared to be originated by the replacement of one single anhydrite crystal. Variations in the number
of inclusions permitted the determination of a discontinuous zoning that formed bands (Figure 3a,d).
There were at least 5 bands of zonation (Figure 3a), considered as potential crystal overgrowths.

Optical images (Figure 3c,d) showed subangular to round quartz grains (red line) in the center of
the quartz crystals. Clusters of crystals embedded in a carbonate (calcite) poikilotopic cement occurred
as well. There were also dispersed crystals of pyrite and chalcopyrite.

4.2. Geochemical Analyses

Microprobe analyses (Table 1) showed that the composition of quartz crystals was almost totally
SiO2, with a mean value of 98.14% (n = 53). The second highest component was Al2O3 with average
percentages of 0.11%. Minor contents of Fe2O3, MnO, CaO, and MgO were present. Microprobe
measurements of Al2O3 along a transect from the center to the edges of the quart generally varied
from lower contents in the inner part of the crystal (Figure 4a–d) and a progressive rising towards the
outer part (Figure 4b). Geochemical analysis performed within the inclusions (n = 15) indicated that
they were dominantly composed of ca 52.81% of CaO and ca 0.8% of SO3, with minor amounts of FeO
(0.39%), MgO (0.2%), and SiO2 (0.36%). Other inclusions near the detection limit appeared filled by
anhydrite and organic matter.
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Figure 3. Euhedral quartz with hexagonal crystal shapes: (a) Cross-polarized light of a quartz crystal
with abundant inclusions in the center and idiomorphic overgrowth towards the edges of the crystal;
(b) Cross-polarized image of the quartz crystals, with crystal triple junctions (in red) that are clear
and free of inclusions; (c) Cross-polarized image of another crystal where the pattern of the inclusion
can be observed; (d) Cross-polarized image of the center of the crystal with abundant inclusions that
change to bands free of inclusions towards the outer part; (e) Detail of the center of the crystal and
the texture of the organic-rich inclusion; (f) Patches of elongate inclusions filled with organic matter
and anhydrite laths in the central part of the crystal; (g) Plane-polarized light where the concretional
morphology of the interior of the quartz marked by lineation of the organic matter inclusions. The
external part of the crystal is free of inclusion; (h) Quartz appeared as idiomorphic crystals, although
the inclusions-rich inner part revealed a dissolution surface in the interior of the crystal. To avoid
the destruction of inclusions, thin sections were kept thicker and consequently changed the quartz
interference colors in polarized light.
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Table 1. Microprobe analyses of quartz crystals (the values are in wt%). Numbers of measurement
points are valid for Figure 4.

Point SiO2 Al2O3 FeO MnO MgO CaO Na2O K2O TiO2 SO3 BaO

BO17 1 99.52 0.29 0.12 0 0.01 0 0 0.02 0.01 0.03 0

BO17 2 99.67 0.24 0.04 0 0 0.01 0 0.01 0 0.01 0.02

BO17 3 99.72 0.27 0.01 0 0 0 0 0 0 0 0

BO17 4 99.78 0.05 0 0.06 0.02 0 0 0.02 0 0 0.07

BO17 5 99.92 0 0 0 0 0 0 0.02 0.01 0.04 0.01

BO17 6 99.83 0.02 0 0.02 0 0.03 0 0.01 0 0.01 0.08

BO17 7 99.89 0.02 0 0.01 0.01 0.03 0 0.01 0.02 0.01 0

BO17 8 99.68 0.10 0.07 0 0 0.03 0 0 0.03 0 0.09

BO17 9 99.85 0.04 0.03 0.03 0 0 0.02 0.01 0 0.02 0

BO17 10 99.84 0.04 0.02 0 0.01 0.01 0.01 0.01 0 0.03 0.03

BO17 11 99.88 0.04 0 0 0 0.03 0.01 0.02 0.01 0.01 0

BO17 12 99.78 0.04 0.05 0 0 0 0.01 0.01 0.01 0 0.10

BO17 13 99.89 0.04 0.03 0 0 0 0.01 0 0.02 0.01 0

BO17 14 99.8 0.10 0.02 0 0.01 0.01 0 0.02 0.02 0.02 0

BO17 15 99.8 0.11 0.01 0.02 0 0 0.01 0 0 0 0.05

BO17 16 99.87 0.07 0 0 0 0.01 0 0 0 0 0.05

BO17 17 99.74 0.11 0.02 0 0.02 0 0.01 0 0.01 0.04 0.05

BO17 18 99.58 0.25 0.05 0.03 0.01 0.02 0 0.01 0 0.01 0.04

BO17 19 99.5 0.49 0 0 0.01 0 0 0 0 0 0

BO17 20 99.4 0.48 0.07 0 0 0.02 0 0 0 0 0.03

BO17-1 25 99.9 0.05 0.01 0 0.01 0.02 0 0.01 0 0 0

BO17-1 26 99.81 0.09 0.01 0 0 0.01 0.02 0.01 0 0 0.05

BO17-1 27 99.92 0.02 0.03 0 0 0 0 0 0.03 0 0

BO17-1 28 99.88 0 0.05 0.03 0 0 0 0 0 0 0.04

BO17-1 31 99.84 0.06 0 0 0 0.01 0 0 0 0.02 0.07

BO17-1 32 99.67 0.17 0 0 0.01 0 0.02 0.01 0 0 0.12

BO17-1 33 99.7 0.14 0 0 0 0 0 0 0.01 0 0.15

BO17-1 34 99.82 0.09 0.04 0.01 0 0.01 0.01 0 0.02 0 0

BO17-1 35 99.87 0.08 0 0 0.03 0 0 0.01 0.01 0 0

BO15 36 99.78 0.07 0.06 0 0 0.01 0.01 0 0 0 0.06

BO15 37 99.55 0.15 0.06 0 0.16 0.03 0 0.01 0.01 0 0.02

BO15 38 99.85 0.04 0.07 0.01 0 0 0 0.02 0 0 0

BO15 39 99.69 0.02 0.14 0 0 0.01 0.01 0.02 0.03 0.02 0.05

BO15 40 99.84 0.10 0.01 0 0.01 0 0.01 0.02 0 0 0.01

BO15 41 99.89 0 0 0 0 0 0 0.02 0 0.02 0.06

BO15 42 99.77 0.11 0.04 0 0 0.01 0 0.01 0 0 0.06

BO15 43 99.71 0.08 0.02 0 0.01 0.02 0.01 0 0 0 0.15

BO15 44 99.72 0.09 0.04 0.02 0 0.01 0 0 0 0 0.11

BO15 45 99.68 0.15 0.06 0 0.01 0.02 0 0.01 0 0.03 0.03

BO15 46 99.82 0.03 0.11 0.02 0 0 0 0.01 0 0.01 0

BO18 47 99.7 0.04 0.07 0 0 0 0 0.10 0 0.09 0

BO18 48 99.81 0.05 0.06 0 0.03 0 0 0.02 0.02 0.01 0

BO18 49 99.85 0.07 0.03 0 0 0 0 0.01 0.04 0 0

BO18 50 99.77 0.02 0.07 0 0 0 0.01 0 0.01 0.02 0.10

BO18 51 99.8 0.07 0 0.02 0.02 0 0 0.01 0.04 0.04 0

BO18 52 99.68 0.16 0.12 0 0 0.02 0.02 0 0 0 0

BO18 53 99.73 0.16 0.05 0 0 0.02 0.02 0.01 0 0.01 0

Mean 99.77 0.1 0.04 0.01 0.01 0.01 0 0.01 0.01 0.01 0.04

Std. Dev. 0.12 0.11 0.04 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.04
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Figure 4. Electron backscatter images of the quartz samples: they were mostly composed of silica
(88%). (a) Sample BO17; (b) Sample BO17-1; and (c) Sample BO18. Al2O3 appeared as ca 0.11%, but
slight variations were detected from lower values in the center towards higher values to the edges of
the crystals; (d) Al2O3 values represented in the three a,b,c lines of the figure (for microprobe data see
Table 1).

4.3. Scanning Electron Microscope Analyses

SEM analyses of the quartz crystals showed clearly a lack of abrasion caused by transportation
(Figure 5a). No sign of dissolution processes was indicated by sharp crystal terminations and edges.
There were anhydrite inclusions (Figure 5b) and lath patterns in the center of the quartz crystals
(Figure 5c).
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Figure 5. Scanning electron photomicrographs of Quartz (Q) crystals: (a) Idiomorphic edge of a
bipyramidal quartz crystal with no signals of transport or dissolution; (b) High-resolution secondary
electron images of quartz surface with abundant anhydrite laths (Anl); (c) Detail of the quartz central
area of the quartz crystal with anhydrite laths, coated by quartz spherules (Sp); (d) Detail of the silica
spherules (composed of Si, Fe, and Al) and microbial filaments (Mf) indicating the formation of the
quartz within a saline environment rich in organic matter.

SEM observations led as well to the identification of a layer of micron-sized quartz spherules (Sp
in Figure 5c). These were coating surfaces of the siliceous nodule (Figure 5d) and were associated with
organic filaments (Mf).

4.4. Cathodoluminescence and Raman Spectra Analyses

Cathodoluminiscence analyses highlighted the presence of concentric layers or bands around a
nucleus (Figure 6a). The inner part of the crystal (silica nodule) had abundant inclusions and smooth
shape. The center of the crystal under CL appeared as evaporitic minerals that had been replaced by
silica (Figure 6b,c) [44]. Other pseudomorphs appeared as needle, laths (Figure. 6b,c), or nodule form.
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Figure 6. SEM-Cathodoluminescence (SEM-CL) analysis: (a) Light blue characterizes the luminescence
response of the quartz crystals. Variation in the texture and color reveal changes between the center and
the edges, separating the center, named silica nucleus (1) and five bands of quartz overgrowths (2–6);
(b) The texture of the crystal reveal an irregular pattern in the center and a second phase of formation
characterized by a regular overgrowth; (c) Detail of the center of the crystal (silica nucleus) showing
quartz pseudomorphs after evaporite minerals (determined by SEM and microprobe analyses); the
pseudomorphs appear either randomly oriented or subparallel to bedding; (d) The edges of the crystal
appear as various bands, with variations in luminescence suggesting quartz overgrowth. To better
distinguish textures, SEM-CL images are included in grey-scale colors.

Several thinner dark bands alternated with thicker lighter bands of quartz overgrowth over the
silica nodule. (Figure 6b,d). Each lighter band followed the same pattern and direction as the previous
darker band (Figure 6a,b,d). Laser Raman spectra of the center and outer part of bipyramidal quartz
were obtained from different spots (Figure 7). The Raman spectra from three points of the central part
of the crystal (Figure 7a,b) revealed the existence of quartz (Q), moganite (Mog), anhydrite (Anh), and
polyhalite (Pol). Quartz and moganite both had similar Raman spectra which reflect they shared many
structural elements [45]. The most intense quartz band appeared at 465 cm–1 while that of moganite
was at 501 cm–1. Rodgers and Cressey [46] discriminated the two phases by the use of broad, low
frequency, vibrational band present in the spectrum of quartz at 205 cm–1 and at a slightly higher
frequency of moganite at 220 cm–1. The Raman spectra of four points from the external part of the
crystal (Figure 7c,d) showed that there were only quartz and no moganite. The crystallinity in this
part was higher, indicated by the sharper character of the Raman spectra picks towards the edges of
the crystal.
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Figure 7. (a) Microphotograph showing the spots of measurement of Raman Spectrometry in the
central part of euhedral quartz; (b) Image of Raman Spectra of micro-sampled spots d, l and m. Quartz
(Q) appears together with moganite (Mog), anhydrite (Anh) and polyhalite (Pol); (c) Microphotograph
showing the spots of measurement of Raman Spectrometry in the external part of a euhedral quartz;
(d) Image of Raman Spectra of micro-sampled spots f, e, c and d. Quartz, in this case, was pure and
more crystalline (X-axis represents Raman Shift /cm−1).

5. Discussion

5.1. Relationship between Doubly Terminated Quartz Crystals, Evaporites, Organic Matter, and Silica Sources

The K4 facies of the Upper Triassic succession of the Iberian Basin [33] represents a saline
mudflat in a clayey coastal plain environment with abundant shallow restricted Cl-rich brine salt
ponds [47]. Salt pond deposits were composed of interlayered halite and mudstone beds with associated
nodular anhydrite that formed a laterally extensive facies mosaic of sabkha and salinas across an
evaporitic mudflat.

In the Iberian Basin, the authigenic bipyramidal quartz appears in scattered locations throughout
the K4 facies of the Keuper succession (Figure 1) and does not show any concentration in a single layer
or stratigraphic horizons indicating that they were not transported into the site of accumulation by
aqueous currents. Euhedral quartz generally appears as crystals red or transparent, hyalines, doubly
terminated crystals, and embedded in organic matter-rich crystals of white and black gypsum with
abundant Fe-oxide and -hydroxides contents. Likewise, these quartz crystals also appear within
mudstones and marls rich in chlorite, chlorite-smectite mixed layers, illite and scarce kaolinite [12].
The lithofacies where they appear are Mg-rich and poor in Ca, interpreted as caused by the algal
community present in the environment of sedimentation [48].

Euhedral quartz crystals, which were not corroded (Figures 3 and 5), had a central part composed
of various crystals with undulose extinction and sutured boundaries. This central part had a large
number of anhydrite and prismatic inclusions filled with organic matter, homogeneously spread in the
crystals, although they disappeared towards the edges (Figures 3, 5 and 6). The ubiquitous presence
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of anhydrite inclusions (Figure 5b) and laths patterns, together with the organic matter inclusion in
the center of the quartz crystals (Figure 5c), indicated a replacement of an anhydrite precursor with
abundant organic matter in the environment. Some of the original mineral matter had been incorporated
during this process. Moganite clearly showed up in the Raman spectra analysis (Figure 7a,b). This
mineral was a metastable silica polymorph that was structurally similar to quartz [49], and commonly
appeared associated with it in chert deposits formed in evaporitic environments [17]. Petrographic
analyses also revealed the existence of silica phases filling voids in the center of the quartz crystal. This
silica crystal must have grown in the dissolution cavities of the primary evaporite. The anhydrite
nodules were probably partially dissolved by the interaction with meteoric water during a sea-level
low-stand that occurred during the Upper Triassic [50]. As a result of sea level fluctuations, the waters
in contact with the sediments changed from marine-derived evaporative/sabkha waters to meteoric in
composition, and at some point, they became undersaturated with respect to anhydrite. This led to
the evaporites’ dissolution, which typically starts in the shallow subsurface, as salt beds are flushed
by meteoric or marine waters and then continue deeper in the subsurface [15]. The most saline salts
(typically halite and carnallite) undergo partial dissolution and are flushed, leaving behind residues of
the less saline salts (typically gypsum–anhydrite). Pyrite and chalcopyrite crystals appeared associated
with the replacive quartz and their presence was related to the metabolic activity of sulfate-reducing
bacteria [51]. The environment of deposition was organic-rich and, in contact with the organic carbon,
the sulfates (gypsum and anhydrite) would have been reduced to sulfides and, subsequently, oxidized
in the near-surface environment of the sabkha. Oxidation of sulfides to sulfates would have decreased
the pH of the waters and could have contributed to the precipitation of the available silica. The
main factor controlling silica precipitation is the pH variations around 9 [52]. The solubility of silica
dramatically increases when pH exceeds 9, and silica precipitates when pH falls to a lower value [17]
when silica is available. Sources of silica could include the release of silica by clay transformations [53]
and even silica introduced by springs and seeps [54,55] which are common in continental rift basins
and volcanic regions, such as the Iberian Basin during the Upper Triassic [1,56].

The dissolution of sulfate crystals and precipitation of quartz occurred at a very shallow burial
and low pH conditions during early diagenesis [57]. The quartz crystals started growing in void
spaces created by the dissolution of evaporite minerals. Probably, the original quartz phase was
the amorphous silica phase opal-A [58]. Miliken [11] determined that the anhydrite replacement by
quartz in sabkhas takes place at temperatures that were <40 ◦C. During burial diagenesis, opaline
phases age by undergoing successive dissolution–precipitation–recrystallization reactions, including
the opal A-opal CT to quartz transition [58,59]. Quartz and lutecite (chalcedony) are common silica
phases that typically replace previous anhydrite/gypsum nodules [60–62]. SEM observations led to the
identification of micron-sized silica spherules (Figure 5c,d) partially coating the surfaces of the internal
quartz nodule. Amorphous silica coated the surfaces of many detrital grains and appeared related
to organic matter content [63]. They have been described as resulting from the volume for volume
replacement of anhydrite nodules by microcrystalline quartz and quartz spherulites [11].

5.2. Second Phase of Quartz Formation: Quartz Overgrowth

Subsequent to silicification, these deposits were affected by diagenesis due to the downward
percolation of meteoric waters and burial, generating dissolution of the nucleus and a phase of
silica overgrowth.

Cathodoluminescence and petrographic analysis revealed that the silica nodule (that resulted from
the replacement of an anhydrite nodule) appeared to have an irregular contour and an overgrowth
composed of several layers, which appeared in the Raman spectrum as a more crystalline quartz
phase with no moganite or evaporite mineral relicts (Figure 7c,d). The luminescence of the quartz
crystals was blue (Figure 5a) and showed variations of texture: 1) the silica nucleus which showed
pseudomorphs of the anhydrite precursor (the center); 2) a first band on top of the replacing silica
(80 μm in thickness), which was bright in CL; 3) a thin CL dark band (ca 20 μm thick); 4) another
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bright CL band, (150 μm thick); 5) a second dark band with ca 2–5 μm thickness; 6) the last phase of
overgrowth which was light in CL color and had a thickness of less than 60 μm. CL emissions in quartz
indicated the specific physicochemical conditions of crystal growth and can be used as a signature of
genetic conditions of mineral formation. The most common CL emission bands in natural quartz were
the 450 and 650 nm [64,65], which resulted in bluish-violet CL colors and were detectable in quartz
crystals from igneous, volcanic, and metamorphic rocks as well as authigenic quartz from sedimentary
environments. The resulting CL analysis (Figure 5a) appeared similar to the authigenic quartz found
in the Zechstein salt deposit of the Triassic of Germany [66].

These bands appeared as quartz overgrowths (syntaxial quartz cements). During the formation of
quartz overgrowths in sandstones, relatively large quartz crystals (50–100 mm) grew into pore spaces
after burial, inheriting the exact crystallographic orientation of the detrital host grain upon which they
have grown [67]. The silica needed to form the idiomorphic external part of the bipyramidal quartz in
the Keuper facies could have resulted from the dissolution during the burial of part of the silicified
anhydrite nodule. Organic acids, resulting from burial transformation of the organic matter present,
could produce an increase in the solubility of quartz by bonding with silicic acids [68]. This organically
mobilized silica precipitated as overgrowth around the siliceous nodule. Because silica is more soluble
at high temperatures, the movement of silica-saturated solutions might be expected to be accompanied
by growth variations. The temperature of formation of quartz overgrowths rarely takes place below
80 ◦C [69] and commonly appears in sandstones buried to depths where temperatures exceed 100
◦C [68,70]. Therefore, the initial temperature of the formation of the phase of quartz as overgrowth
would be at a minimum of ca 80 ◦C. Microprobe measurements of Al2O3 showed lower contents in the
inner part of the crystals (Figure 4a–d) and a progressive rising towards the outer parts (Figure 4b). In
the present study, the slight change in Al2O3 content in the quartz is considered to be indicative of
variation in the temperature of formation, rising towards the edges [71]. Among temperature, other
factors controlling silica formation include pH higher than 5 and changes in the chemistry of the
pore-water, which could lead to variations of composition reflected in the CL bands [70].

5.3. Relation of the Bipyramidal Quartz with the Aragonite Presence in the Keuper Facies

In this work, the origin of bipyramidal quartz in the K4 unit of the Keuper facies in the Iberian
Basin is described [33]. In these same facies, pseudohexagonal crystals of aragonite appear at some
locations as well. The presence of aragonite seems to be related to saline pond environments where
Mg-rich clay minerals originated [72]. Around 80% of the aragonite crystals outcrops are concentrated
in three areas and their occurrence defines an NW to SE lineation [1] from north-central Spain to the
Eastern Iberian Peninsula (Figure 10 in Reference [1]). These three areas coincide with the location of
volcanic materials that correspond to a pre-Hettangian magmatic episode [56,73] coeval to the second
period of intense synrift magmatic activity in the Iberian Basin [56].

The occurrence of aragonite is as well coincident with a set of normal faults of Middle-to-Upper
Jurassic age (154–144 Ma) [74]. These faults resulted from a tectonic extensional episode which occurred
at the same time interval as an important hydrothermal event (150 Ma) defined in the Eastern Iberian
Central System, just west of the Iberian Basin. This hydrothermal event was caused by fluids that
circulated within regional-scale convective cells. The fluids flowed along the Middle-to-Upper Jurassic
faults, and they mixed with downwards percolating brines [75]. The mixing of these fluids through the
K4 unit of the Keuper produced the transformation of the Mg-rich smectite into corrensite and lead to
the precipitation of the aragonite [1]. Fluid inclusions analyses led to determine the temperatures of
formation ranging between 160 and 260 ◦C [1].

The aragonite crystals were commonly engulfing corrensite but also euhedral quartz crystals,
suggesting a temporal relationship [1]. Therefore, the bipyramidal quartz resulted from an early
diagenetic evaporitic mineral replacement by silica, at temperatures of less than 40 ◦C and lately,
mesodiagenetic quartz overgrowths formed at temperatures between 80 and 100 ◦C. Both quartz
phases were formed during the rifting period of the Upper Triassic. On the other hand, aragonite was
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precipitated 40 Ma later during Callovian times, resulting from the mixing of hydrothermal fluids with
infiltrated marine waters at temperatures ranging between 160 and 260 ◦C [1].

6. Conclusions

Euhedral quartz, in the form of individual doubly terminated crystals, appear throughout Upper
Triassic evaporite-bearing sabkha deposits (K4) in the Iberian Basin.

Optical microscopy, SEM, microprobe, SEM-CL, XRD, and Raman spectra analyses performed in
the bipyramidal quartz crystals revealed differences in formation between the inner and outer part of
the crystals.

The inner part of the quartz crystals resulted from a replacement of anhydrite nodules that formed
in a sabkha environment. Meteoric waters repeatedly flushed the sabkha deposits and dissolved some
of the evaporitic minerals, producing relatively large pore spaces into which silica precipitated. Organic
rich contents and the action of sulfate-reducing bacteria that transformed part of the sulfates into
sulfides produced variations of pH that promoted silica precipitation. The replacement of evaporites
by quartz occurred at a very shallow burial, low pH, and temperatures of less than 40 ◦C, soon
after deposition.

The organic matter left in the inclusions was transformed with burial and generated organic acids
that produced the dissolution of the siliceous nodule. This organically mobilized silica eventually
precipitated as overgrowths, at temperatures between 80 and 100 ◦C, indicating that quartz overgrowth
was generated during the mesodiagenesis. The slight change in Al2O3 content from the center to the
outer part of the crystal also indicates the rising of the temperature of formation.

The Upper Triassic succession was affected by the reactivation of alpine NW–SE trending fractures
during the Callovian, 40 Ma later. These fractures served as conduits for hydrothermal fluid that
mixed with infiltrated marine waters and produced important transformations of Mg-rich smectite
into corrensite and lead to the precipitation of the aragonite at temperatures between 160 and 260 ◦C.

Hence, crystals of compositions as different as quartz and aragonite, occurring within the same
sedimentary succession and depositional environment, indicate different formation fluids, temperature
regimes, and diagenetic, tectonic, and thermal stages within the geological history of the Iberian Basin.

This study demonstrates a great example of how a detailed establishment of the origin of different
mineral phases within a sedimentary succession permits unraveling an accurate reconstruction of a
basin’s evolution.
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Abstract: We performed mineralogical and geochemical analyses of core samples from the Lenghuqi area
in the northern marginal tectonic belt of the Qaidam Basin. The clay mineralogy of the Xiaganchaigou
Formation sandstone is dominated by I + I/S + C types and characterized by high illite, a higher
mixed-layer illite/smectite and chlorite, lesser smectite, and an absence of kaolinite. The clay minerals
reflect that the Oligocene sedimentary basin formed in an arid-semi-arid climate with weak leaching
and chemical weathering, and that diagenesis occurred in a K+- and Mg2+-rich alkaline environment.
Measured major oxide concentrations show clear correlations. The lower Xiaganchaigou Formation
is representative of a dry and cold freshwater sedimentary environment, whereas the upper
Xiaganchaigou Formation is warmer and more humid. Trace element and rare earth element variations
indicate that the paleoclimate conditions of the lower Xiaganchaigou Formation sedimentary period
were relatively cold and dry, while the upper Xiaganchaigou Formation formed under warmer and
more humid climate conditions. These findings reflect a global climate of a cold and dry period from
the late Eocene to early Oligocene, and a short warming period in the late Oligocene.

Keywords: clay minerals; major elements; trace elements; sedimentary environment; diagenetic
Environment; Qaidam Basin

1. Introduction

Clay minerals are widely distributed in sediments and are the products of sedimentation and
diagenesis under certain conditions related to climate, water media, and provenance, which have
important implications for interpreting the paleoenvironment, climate, and diagenesis processes.
The study of clay mineralogy therefore provides important information regarding the characteristics of
provenance, paleoclimate, and sedimentary and diagenetic environments, which shed insight on the
sedimentary-diagenesis process [1–4]. The volatile elemental contents within sediments are commonly
studied to extract information regarding environmental evolution. Particular environmental conditions
influence the behavior of various elements differently during decomposition and migration, which
affects their enrichment in different environments. Changes in element contents within sediments
therefore often reflect a change in the environmental conditions during deposition [5–8]. Common
major oxides (CaO, MgO, K2O, Na2O, SiO2, Al2O3, Fe2O3, and TiO2) [9,10] and trace elements (Sr, Ba,
Ti, Fe, P, Mn, U, V, and Ni) [11,12] are sensitive to paleoenvironmental conditions with clear and
observable indications [13–15]. The sedimentary-diagenetic environment and paleoclimate conditions
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of sedimentary rock formations can therefore be analyzed on the basis of major and trace elements in
sedimentary rocks and changes in their ratios.

The increasing difficulty of shallow oil and gas extraction in China has led to a shift towards deep
exploration and development [16,17]. Primary pores in reservoirs with a depth >3000 m are nearly
absent owing to strong compaction and cementation [18], and deposits are dominated by secondary
pores. However, recent studies [19–22] have shown that primary pores in a clastic reservoir can be
preserved under specific geological conditions at about 3500–4500 m and form a high-quality reservoir.
The Lenghuqi area is located in the center of the northern margin of the Qaidam Basin. Previous
studies have summarized the characteristics and controlling factors of deep reservoirs in detail [23,24]
and suggested that the sedimentary environment and deep ultra-high pressure layer are the main
controlling factors of deep high-quality clastic reservoirs in the region. Carbonate cement also has a
substantial impact on reservoir properties. However, few studies have addressed the paleoclimate
conditions and diagenetic environments that existed during the formation of these reservoir rocks.
The diagenesis process and diagenetic environment are critical factors required to clarify the evolution
process of the reservoir rocks [25]. Further study on the sedimentary-diagenetic environment of the
high-quality clastic reservoirs in the Xiaganchaigou Formation of the Oligocene can therefore provide
a geological basis for the prediction of high-quality reservoir distribution laws.

2. Geological Setting

The Qaidam Basin located in northwest China is the largest continental basin in the northeastern
Tibetan Plateau with a total area of 120,000 km2 [26]. The basin has undergone compressional tectonic
settings throughout the Cenozoic [26] and is bound by the Eastern Kunlun fault zone to the southwest,
the South Qilian fault zone to the northeast, and the Altyn Tagh fault zone to the northwest [27]
(Figure 1). The basin developed an exceptionally thick Tertiary sedimentary succession, of which the
average thickness is up to 6 km and the maximum thickness is >10 km [28]. The basin is divided into
four first-order structural units: the Western Qaidam Basin Uplift, the Yilingping Sag, the Sanhu Sag,
and the Northern Qaidam Basin Uplift [29]. The Northern Qaidam Basin Uplift lies in front of the
South Qilian Mountains and the Lenghuqi area is located in the center of the uplift.

Figure 1. Structural location of the Lenghuqi area in the northern margin of the Qaidam Basin.

The ancient lake basin of the Qaidam Basin underwent three evolution stages from Paleogene
to Neogene: the lake basin first appeared in the Paleocene and early Eocene, the paleolake then
continuously expanded from late Eocene to Oligocene, and reached its maximum extent in the
subsidence stage of the Oligocene. The paleolake then gradually shrank during the Early Miocene to
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Pliocene [30,31]. The Paleogene and Neogene strata can be divided into six units on the basis of previous
stratigraphic results from the northern Qaidam Basin. These six stratigraphic units (in ascending
order) are the Lulehe Formation (E1+2, Paleocene to early Eocene, ~65–~45 Ma), Xiaganchaigou
Formation (E3, middle to late Eocene, ~45–~35.5 Ma), ShangGanchaigou Formation (N1, late Eocene to
Oligocene, ~35.5–~22 Ma), XiaYoushashan Formation (N2

1, early to middle Miocene, ~22–~15 Ma),
ShangYoushashan Formation (N2

2, middle to late Miocene, ~15–~8 Ma), and Shizigou Formation
(N2

3, late Miocene to Pliocene, ~8–2.8 Ma) [32–35]. In recent years, abundant oil and gas reservoirs in
Paleogene strata have been found in the central area of the northern Qaidam Basin, which indicates
abundant oil and gas resources in this area [36,37].

3. Materials and Methods

The Xiaganchaigou Formation (E3) in the Lenghuqi area is deeply buried with an average depth
of >4000 m. Samples were collected from drill core of the Xx1 well (Figure 1). The Xx1 well is located at
93◦52′41”E, 38◦7′34”N. It is 5500 m deep and its wellhead is 2829 m above sea level. One 5.64-m drill
core was obtained between 4111.34 and 4117.09 m with a harvest rate of 98.1% (Figure 2a), and another
drill core of 8.72 m was obtained between 4847.00 and 4855.82 m with a harvest rate of 98.9% (Figure 2b).
The lithology and logging characteristics of the core section of the Xx1 well are shown in Figure 2.
Whole rock and clay mineral compositions are listed in Table 1. X-ray diffraction (XRD) was performed
following techniques outlined by the Qinghai Oilfield Exploration and Development Research Institute
of PetroChina (SY/T5163-2010 X-ray Diffraction Analysis Method for Clay Minerals and Common
Non-clay Minerals in Sedimentary Rocks). Twenty-five whole rock and clay mineral components
were determined (Table 1). We use the XRD results in combination with microscopic observations,
scanning electron microscopy, and electron probe analysis of the rock flakes to identify the clay mineral
development characteristics in the Xiaganchaigou Formation from the Oligocene mudstones and
sandstones in the Lenghuqi area of the Qaidam Basin.

Figure 2. Sedimentological and petrophysical characteristics of the Xx1 well. (a): Upper-Xiaganchaigou
Formation; (b): Lower-Xiaganchaigou Formation.
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Table 1. X-ray Diffraction Results of Whole Rock and Clay Mineralogy of the Xiaganchaigou Formation.

Buried
Depth

Formation

Mineral Type and Content (%) Total
Amount
of Clay

(%)

Relative Content of Clay
Minerals (%)

Mixed Layer
Ratio (%)

Quartz
Potassium
Feldspar

Sodium
Feldspar

Calcite Anhydrite S I/S I K C I/S

4111.51

Upper Xia
Ganchaigou

Fm.

68.2 6 9.4 3.8 / 12.6 / 32 44 / 24 6

4111.75 47.6 6 16.2 20.3 / 9.9 / 19 47 / 34 10

4112.11 47.4 9.5 10.3 11.4 / 21.3 / 11 72 / 17 12

4112.64 69.9 2.2 7.1 7.9 0.8 12.1 / 26 54 / 20 5

4112.99 45.1 3.9 12.1 16.6 / 22.4 / 7 80 / 13 9

4113.65 49.7 9.9 9.9 14.5 / 16.0 / 15 69 / 16 10

4114.16 46.7 9.9 9.9 14.3 1.1 18.1 / 30 61 / 9 10

4114.82 42.8 9.5 17.1 6.4 / 21.8 / 32 42 / 26 12

4115.27 70.2 3.6 8.4 5.2 / 12.7 / 25 58 / 17 8

4115.60 60.7 10.3 14.1 4.1 / 10.8 / 22 51 / 27 5

4115.72 64.7 5.2 11.9 2.9 / 15.4 / 11 62 / 27 7

4116.04 68.1 3.6 10 5.1 / 13.3 / 51 31 / 18 14

4116.34 53.9 14.9 12.6 6.4 / 12.3 / 38 41 / 21 15

Average 56.72 7.27 11.46 9.15 0.16 15.28 / 24.54 54.77 / 20.69 9.46

4847.08

Lower Xia
Ganchaigou

Fm.

49.1 11.9 20.9 11.5 / 6.6 / 9 84 / 7 11

4849.23 65.6 4.5 11.8 2.1 / 15.9 / 5 72 / 23 12

4850.46 57.7 10.5 23 1.4 / 7.4 / 4 78 / 18 13

4851.00 68.6 5 11.9 2.3 1.5 10.7 / 16 73 / 11 9

4851.39 59.9 17 13.7 1.8 / 7.7 / 24 53 / 23 7

4851.68 54.9 5.5 13 17.6 / 9.2 / 4 64 / 32 10

4852.40 42.6 21.7 7.3 24.2 / 4.1 / 18 69 / 13 13

4853.37 56.7 5.8 7.4 20.1 / 10.0 / 2 80 / 18 10

4853.91 62.5 5.7 12.9 6 / 13.0 / 3 79 / 18 11

4854.38 49 12.5 15.2 6.7 / 16.6 / 11 82 / 7 10

4854.62 59.7 5.5 10.6 7.5 1.5 15.2 / 5 69 / 12 14

4855.30 49 7.3 13.4 14.4 / 15.9 / 6 76 / 13 5

Average 56.28 9.41 13.43 9.63 0.27 11.03 / 8.92 73.25 / 16.25 10.42

Standard: SY/T 5163-1995. The reason that S + I/S + I +K +C + C/S = 101 or 99 is rounded numbers rather than data
bias. The clay mineral with a mixed-layer ratio > 70% is smectite. S is smectite, I/S is mixed-layer illite/smectite, I is
illite, K is kaolinite, and C is chlorite. The mixed layer ratio (e.g., 20%) indicates that the smectite content in the
mixed layer illite/smectite is 20%.

Samples were observed microscopically prior to chemical analysis to monitor potential alteration,
mineralization, or secondary weathering. All samples were ground with a non-contaminating crusher,
screened in a 200-mesh sieve, and heated in an oven at 80 ◦C for 3 h to remove moisture. Major
element measurements were performed using a fluorescence spectrometer 3080E3X (Rishi Electric
Corporation, Japan). We used HF + HNO3 to seal and dissolve samples during trace element analysis
using laser coupled plasma mass spectrometry (ICP-MS). Analyses were completed in the Lanzhou Oil
and Gas Resources Research Key Laboratory in the Institute of Geology and Geophysics at the Chinese
Academy of Sciences.

4. Results

4.1. Clay Minerals

The test results show that illite is the most abundant mineral in all samples, followed by chlorite
and the mixed layer illite/smectite. Smectite and kaolinite were not detected. The quartz content in
the lower Xiaganchaigou Formation ranges from 42.6% to 68.6% with an average of 56.28%. The clay
mineral content ranges from 4.1% to 16.6% with an average of 11.03%. The illite content in the clay
minerals ranges from 53% to 84% with an average of 73.25%. The chlorite content ranges from 7% to
23% with an average of 16.25%. The mixed layer illite/smectite content ranges from 6.6% to 16.6% with
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an average of 8.92% and average smectite content in the mixed layer illite/smectite of 10.42%. In the
Upper Xiaganchaigou Formation, the quartz content ranges from 42.8% to 70.2% with an average of
56.72%. The clay mineral content ranges from 9.9% to 22.4% with an average of 15.28%. The illite
content in the clay minerals is substantially lower than that in the lower Xiaganchaigou Formation;
ranging from 31% to 80% with an average of 54.77%. The mixed layer illite/smectite content ranges
from 7% and 51% with an average of 24.54% with an average smectite content in the mixed layer
illite/smectite of 9.46%. The chlorite content is also somewhat higher, ranging from 9% to 34% with an
average of 20.69%.

The illite in the upper member sandstone of the Xiaganchaigou Formation is mostly filamentous
or bridging between particles (Figure 3a). The mixed layer illite/smectite is more developed, usually
on particle surfaces or filled between particles (Figure 3a–d). The illite in the lower member sandstone
of the Xiaganchaigou Formation is filled with curved leaves or scales between particles (Figure 3e).
The mixed layer illite/smectite is less common, and flaky chlorite is visible on the particle surfaces
(Figure 3f).

Figure 3. Scanning electron micrograph of sandstone from the Xiaganchaigou Formation (Xx 1 well).
(a) 4111.51 m, upper Xiaganchaigou Formation, filamentous illite, mixed layer illite/smectite, and other
clay minerals filled between particles and particle surfaces; (b) 4115.37 m, upper Xiaganchaigou
Formation, mixed layer illite/smectite filled between particles and particles surfaces; (c) 4209.77 m,
upper Xiaganchaigou Formation, interstitial calcite, self-generated and enlarged quartz. Particle surfaces
develop a mixed layer illite/smectite clay mineral; (d) 4122.14 m, upper Xiaganchaigou Formation,
interstitial calcite. Particle surfaces develop a mixed layer illite/smectite clay mineral; (e) 4850.00 m,
lower Xiaganchaigou Formation, curved leaf-like illite clay completely filled in intergranular pores;
(f) 4853.05 m, lower Xiaganchaigou Formation, intergranular pores are developed, self-generated and
enlarged quartz. Chlorite is developed on the particle surfaces.

The illite content in the lower member is substantially higher than that in the upper member and
the mixed layer illite/smectite content also reduces downwards. This indicates that the clay minerals
in the sandstone are mainly self-generated. Their combined characteristics reflect their formation
conditions, including the climate and sedimentary and diagenetic environments. Kaolinite is mostly
distributed in moist tropical or subtropical regions [4,26] and mainly forms from feldspar leaching
and weathering [27], as well as weathering and low-temperature hydrothermal metasomatism [28].
In contrast to the kaolinite formation environment, chlorite can only be preserved in areas with weak
chemical weathering [1]. Smectite is associated with a warm–humid–cold climate, pervasive within
sediments in temperate and semi-humid regions [26], and its contents tend to decrease with warmer
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temperatures [29]. Illite mainly forms in dry and cold climates [30,31] and the combination of clay
minerals dominated by illite reflects an arid–semi-arid climate [26]. The clay mineral combination of
the Xiaganchaigou Formation sandstone in the Lenghuqi area is dominated by the I + I/S + C type,
which displays distribution characteristics of high illite content, higher mixed layer illite/smectite and
chlorite content, low smectite, and missing kaolinite. This suggests that the sedimentary basin in the
Oligocene (i.e., the Xiaganchaigou Formation sedimentary period) was generally in an arid–semi-arid
climate with weak leaching and chemical weathering.

Authigenic kaolinite mainly forms by feldspar leaching in an acidic medium followed by the
direct formation of pore water during diagenesis [26,32,33]. Kaolinite is therefore an indicator mineral
for weakly acidic environments with leaching and strong chemical weathering [28,29]. Authigenic
smectite usually forms in alkaline media that is depleted in K+ but enriched in Na+ and Ca2+ [4,34].
Illite mainly forms by the weathering of potassium feldspar, mica, and other aluminosilicate minerals
in a hydrous K+-rich alkaline medium under weak leaching [4,26,35,36]. Fe2+ and Mg2+ in smectite are
replaced by Al3+ and K+ during dehydration [32]. Smectite may also form from the precipitation of
pore water in an alkaline medium [37]. Chlorite forms by the precipitation of pore water rich in Mg2+

in a relatively high-temperature and more strongly-alkaline environment [26]. Illite is more stable in a
water environment with a high K+/H+ ratio. The presence of the mixed layer illite/smectite reflects
the gradual transition of smectite to illite in a K+-rich alkaline environment, and chlorite forms in a
Mg2+-rich alkaline environment [26,32]. The clay mineralogical characteristics of the Xiaganchaigou
Formation sandstone in the Lenghuqi area reflect a diagenetic and primarily alkaline environment rich
in K+ and Mg2+.

4.2. Major Element Analysis

Environmental conditions influence the behavioral characteristics of elements and compounds,
including decomposition, migration, and the enrichment of various elements with different properties.
A change of sediment chemistry can reflect a change in environmental conditions during deposition.
Common major oxides (CaO, MgO, K2O, Na2O, SiO2, Al2O3, Fe2O3, and TiO2) are sensitive to
paleoenvironmental conditions and have clear environmental indications [9,10]. The major oxide
compositions measured from samples from the Lenghuqi area are listed in Table 2. The results
(Figure 4) show a clear correlation between the oxides. The overall change of oxide content in the
lower Xiaganchaigou Formation is small, and the oxide content in the upper member varies greatly.
This indicates that climate change in the lower member was not substantial during the sedimentary
period. On the other hand, paleoclimatic change in the upper member occurred relatively frequently
during the sedimentary period, and the climate fluctuated considerably.

High CaCO3 levels in a closed or semi-enclosed inland lake during the early stages of chemical
deposition represent an arid climate, whereas low CaCO3 levels represent a relatively humid
climate [38–40]. Ca2+ and Mg2+ commonly exchange for one another but the large ionic radius of
Ca2+ enhances its migration. Thus, an environment enriched in Ca2+ was likely drier than an environment
enriched in Mg2+ [10]. The average CaO and MgO contents from the upper Xiaganchaigou Formation
samples are 3.23% and 1.26%, respectively, whereas those of the lower Xiaganchaigou Formation are
6.14% and 0.78%. Compared with the upper Xiaganchaigou Formation, the lower Xiaganchaigou
Formation is characterized by high CaO and Na2O and low K2O, MgO, and TiO2 (Figure 5). This
supports that the lower Xiaganchaigou Formation formed in a relatively dry climate with strong
evaporation, while the upper member formed in a relatively warm and humid environment with less
evaporation [41,42]. The change of Ti content and other elements reflects the extent of the addition
of terrigenous materials. Higher Ti values are associated with richer terrigenous material contents,
indicating a warm and humid climate background [43,44]. The paleoclimate characteristics of the
sedimentary period of the Xiaganchaigou Formation therefore gradually became humid from early to
late in the deposition sequence.
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Table 2. Major oxide contents of the Xiaganchaigou Formation in the Lenghuqi structural belt.

Formation
Buried
Depth

Lithology
Na2O
(%)

MgO
(%)

Al2O3

(%)
SiO2

(%)
K2O
(%)

CaO
(%)

TiO
(%)

Fe2O3

(%)
P2O5

(%)
MnO
(%)

Upper Xia
Ganchaigou

Fm.

4111.49 Dark gray medium sandstone 2.15 0.51 7.90 79.75 1.66 1.97 0.09 2.26 0.05 0.12
4111.64 Dark gray fine sandstone 2.00 0.77 8.88 76.77 1.80 2.47 0.13 3.13 0.05 0.11
4112.24 Reddish-brown mud-bearing fine sandstone 1.52 2.98 16.69 64.37 4.05 0.54 0.32 5.90 0.13 0.07
4113.54 Dark gray fine sandstone 2.04 1.05 10.07 68.64 2.03 5.18 0.24 2.96 0.09 0.09
4114.04 Gray-white mud-bearing medium sandstone 1.93 0.98 9.68 68.78 1.94 6.87 0.26 2.76 0.09 0.13
4114.50 Gray-white mud-bearing medium sandstone 1.86 1.39 11.99 71.18 2.53 3.15 0.26 3.49 0.10 0.10
4115.44 Gray-white medium sandstone 2.19 0.44 7.91 80.38 1.76 2.01 0.08 2.05 0.04 0.12
4116.24 Gray-white coarse sandstone 2.15 0.31 7.08 78.63 1.61 2.31 0.08 1.70 0.04 0.13
4116.99 Gray-white mud-bearing medium sandstone 1.60 2.87 15.37 57.87 3.46 4.53 0.44 6.25 0.13 0.09

Average 1.94 1.26 10.62 71.82 2.32 3.23 0.21 3.39 0.08 0.11

Lower Xia
Ganchaigou

Fm.

4847.45 Brown red fine sandstone 1.86 1.12 9.15 67.38 2.49 7.02 0.19 2.55 0.03 0.09
4847.75 Brown red fine sandstone 2.07 1.22 9.90 73.81 2.54 2.98 0.20 3.30 0.02 0.15
4848.30 Brown red fine sandstone 1.89 0.84 8.34 68.70 2.29 7.23 0.18 2.47 0.01 0.11
4849.00 Gray-green medium sandstone 2.15 1.88 10.73 70.86 2.65 2.87 0.20 3.63 0.05 0.13
4849.50 Brown red fine sandstone 1.88 0.62 7.45 69.66 2.10 7.76 0.13 2.11 0.02 0.12
4850.00 Brown red fine sandstone 2.40 0.67 8.20 77.81 2.08 2.70 0.14 2.49 0.02 0.14
4850.30 Brown red fine sandstone 2.63 0.49 8.03 83.31 1.91 0.74 0.12 2.16 0.02 0.12
4851.00 Brown red fine sandstone 2.04 0.68 7.80 69.97 2.07 7.22 0.16 2.23 0.02 0.10
4852.00 Gray-brown fine sandstone 3.14 0.29 7.22 83.19 1.81 0.69 0.08 1.90 0.01 0.13
4852.70 Gray-brown fine sandstone 2.92 0.46 7.37 79.06 1.86 2.48 0.09 1.99 0.01 0.12
4853.50 Gray-brown fine sandstone 2.02 0.30 6.09 68.05 1.73 9.94 0.10 1.76 0.01 0.13
4853.90 Brown red fine sandstone 1.20 0.27 5.16 58.51 1.82 15.94 0.09 1.58 0.01 0.10
4854.30 Brown red fine-silt sandstone 1.64 0.33 6.08 62.06 1.82 12.91 0.13 1.75 0.01 0.10
4855.00 Brown red fine-silt sandstone 2.12 1.71 9.88 68.59 2.31 5.50 0.21 2.45 0.02 0.09

Average 2.14 0.78 7.96 71.50 2.11 6.14 0.15 2.31 0.02 0.12

Figure 4. Major oxide content of the Xiaganchaigou Formation in the Lenghuqi structural belt.
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Figure 5. Comparison of major oxides measured in samples and those of the average shale [40].
(EF (enrichment factor) = Csediment/Cstandard rock). E3

2 = Upper Xiaganchaigou Formation.
E3

1 = Lower Xiaganchaigou Formation.

4.3. Trace Element Analysis

The chemical distribution in a rock layer depends on the physical and chemical properties of the
elements themselves, which are also substantially affected by paleoclimate and paleoenvironment.
The distribution of trace elements and ratio changes are therefore also indicative of the paleoclimate
evolution [11,12,14,45,46]. For example, the compositions of Sr, Ba, Ti, Fe, P, Mn, and the Mg/Ca and
Sr/Cu ratios are sensitive geochemical indicators and parameters for identifying changes in sedimentary
environment [15].

In lacustrine sediments without seawater intrusion, Sr/Ba > 1 typically indicates the onset of lake
alkalization, whereas Sr/Ba < 1 typically indicates freshwater deposition [9,46]. Sr/Cu ratios between
1 and 10 indicate a warm and humid climate, and values > 10 represent arid climatic conditions [15].
The Sr/Ba values of all the samples in the Xiaganchaigou Formation are less than 1 (Table 3) and
the average values of the upper and lower members are not substantially different: 0.29 and 0.22,
respectively. All Sr/Cu values in the upper Xiaganchaigou Formation aside from one data point are
<10 with an average value of 8.58. All Sr/Ba values in the lower member aside for two data points are
>10 with an average of 14.39. The Ba content in the Xiaganchaigou Formation is significantly higher
than that in the average shale [47] (Figure 6). The distribution of Sr/Ba and Sr/Cu demonstrates that the
depositional environment of the Xiaganchaigou Formation was mainly dominated by a freshwater
sedimentary environment during the sedimentary period. The climate was relatively dry in the early
stage and humid in the later stage.

Figure 6. Comparison of trace elements between samples and the average shale. EF (enrichment factor) =
Csediment/Cstandard rock. E3

2 =Upper Xiaganchaigou Formation. E3
1 =Lower Xiaganchaigou Formation.
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Table 3. Partial trace element content of the Xiaganchaigou Formation in the Lenghuqi Area.

Formation
Buried
Depth

Element Content (mg/kg) Ratio

V Cr Co Ni Cu Zn Sr Ba Th U Sr/Cu Sr/Ba

Upper Xia
Ganchaigou

Fm.

4111.49 23.05 53.46 4.85 8.86 11.54 32.87 132.00 572.10 4.28 0.95 11.43 0.23
4111.64 40.03 44.72 5.71 11.44 12.94 40.84 108.07 391.96 5.19 1.29 8.35 0.28
4112.24 86.64 63.00 11.20 29.03 12.66 80.66 117.53 782.20 13.15 3.38 9.28 0.15
4114.04 38.99 59.30 9.57 15.66 20.08 50.51 131.46 280.50 7.66 1.92 6.55 0.47
4114.50 48.46 63.18 9.10 16.14 11.60 60.21 114.03 438.07 9.56 2.23 9.83 0.26
4115.44 18.94 31.56 4.04 8.14 11.00 32.47 97.58 436.59 4.13 0.94 8.87 0.22
4115.89 36.91 44.32 6.59 11.54 12.64 42.43 115.49 313.19 7.64 1.84 9.14 0.37
4116.24 14.63 30.37 3.16 7.55 15.26 24.38 95.79 509.03 3.89 0.84 6.28 0.19
4116.99 97.24 65.08 11.47 27.90 18.56 87.80 139.52 347.24 12.86 3.70 7.52 0.40

Lower Xia
Ganchaigou

Fm.

4847.45 38.40 43.68 4.88 10.33 9.11 20.60 121.31 469.56 5.27 1.41 13.31 0.26
4847.75 46.57 61.62 6.52 11.22 12.26 27.12 118.02 718.14 5.66 1.63 9.63 0.16
4848.30 35.11 45.67 4.34 9.34 9.14 16.69 119.87 427.95 5.32 1.34 13.12 0.28
4849.00 53.52 58.99 8.97 11.09 15.72 49.91 110.48 400.82 8.60 1.60 7.03 0.28
4849.50 34.68 32.86 3.73 7.75 9.04 14.26 137.74 819.29 3.64 1.02 15.24 0.17
4850.00 55.20 47.37 4.21 6.65 10.74 18.27 121.99 611.88 4.16 1.22 11.35 0.20
4850.30 59.62 48.62 3.48 6.17 8.23 18.23 141.71 859.52 3.58 1.10 17.22 0.16
4851.00 53.16 46.37 3.69 6.39 8.36 16.91 121.62 429.92 4.34 1.27 14.55 0.28
4852.00 41.39 41.39 2.83 5.01 8.77 10.13 175.04 1518.69 2.20 0.79 19.96 0.12
4852.70 51.01 38.82 3.54 5.30 12.06 14.76 206.03 1835.48 2.65 0.88 17.08 0.11
4853.50 42.24 31.89 2.63 4.28 8.03 14.64 142.31 716.11 2.61 0.91 17.71 0.20
4853.90 32.35 37.23 2.23 5.03 7.06 12.02 120.66 547.27 3.00 0.82 17.10 0.22
4854.30 40.76 29.14 2.56 3.44 8.33 8.88 132.45 500.18 3.20 1.02 15.90 0.26
4855.00 70.70 50.93 5.43 10.67 12.36 24.68 152.30 459.19 5.29 1.65 12.32 0.33

4.4. Rare Earth Elements

Rare earth elements (REE) are a special group of elements that play an important role in
geochemistry. Because of the similar chemical nature of the REE, they are typically found together
in nature and exhibit only minor differences in their atomic structure. The REE therefore display
characteristic fractionation patterns during different geological processes [48].

The REE content of the Xiaganchaigou Formation in the Lenghuqi area is particularly high
(Table 4). The distribution of REE contents in the upper member is 52.40–217.73 mg/kg with an average
of 117.87 mg/kg. The average concentration of light REE (LREE) is 87.58 mg/kg, accounting for 74.50%,
whereas the average heavy REE (HREE) is 30.29 mg/kg, accounting for 25.50%. The distribution
of REE in the lower Xiaganchaigou Formation ranges from 33.68 to 98.59 mg/kg with a mean of
75.59 mg/kg. The average LREE is 54.71 mg/kg, accounting for 71.90%, and the average HREE is
20.88 mg/kg, accounting for 28.10%. The normalized REE distribution patterns of in the upper and
lower Xiaganchaigou Formation (Figure 7) are similar to those of chondrites [49] and the North
American shale [41], which indicates that the sediments have the same material source and formation
process [48,50]. The distribution of the total amount of REE (

∑
REE) with depth direction is very close

to the trend of La, Ce, and Er (Figure 8). The change of
∑

REE is closely related to the change of climate
and environment, that is, REE content is higher in warm and humid climates and lower in cold and
dry climates [51–53]. The REE content of the lower Xiaganchaigou Formation is significantly lower
than that of the upper member, indicating that the paleoclimate conditions of sedimentary period in
the lower member of the lower Ganchaigou Formation are relatively cold and dry, while the climate
in the upper Xiaganchaigou Formation is warmer and humid. This is consistent with the climatic
characteristics reflected by clay minerals.
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Figure 7. Chondrite-normalized rare earth element (REE) patterns (a) and NASC (North American
shale composite)-normalized (REE) patterns (b) of sandstones from the Xiaganchaigou Formation in
the Lenghuqi Area. Chondrite data are from [49]; NASC data are from [47].

Figure 8. Rare earth elements contents in the Xiaganchaigou Formation of the Lenghuqi area.

5. Discussion

Sedimentary processes, diagenesis, and weathering may all cause migration and elemental
depletion. Sources should be therefore be analyzed when using elemental geochemical properties to
restore sedimentary environments and paleoclimatic conditions. Only trace elements that are mainly
self-generated and maintain their initial content can be used to accurately determine paleoenvironmental
conditions [54]. The influence of terrigenous debris on trace element contents can be assessed
using the content covariant diagram of Al, Ti, or Th. If the two exhibit a good linear relationship
and the Al, Ti, and Th contents are similar to the average shale, the trace elements contained in
the sediments or sedimentary rocks are mainly provided by terrigenous debris and therefore not
suitable for environmental analysis. Otherwise, it can be used for environmental analysis as reported
previously [55–58]. REEs have strong stability during weathering, transport, deposition, and diagenesis,
and their solubility in water is very low. The ΣREE in sediments or sedimentary rocks is therefore an
indicator of the amount of terrestrial material [59]. The ΣREE of the average shale (PAAS), which is
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often used as a standard, is 184.8 × 10−6. If the ΣREE is close to or higher than this value, the trace
elements contained in sediments or sedimentary rocks are mainly provided by terrigenous debris. If the
ΣREE in the analyzed sediments or sedimentary rocks is much lower than this value, this shows that it
is less affected by terrestrial materials and is mainly authigenic [60,61]. According to the covariant
diagram (Figure 9), the correlation between Th and Al, Ti is not very good and the Th, Al, and Ti
contents differ significantly from PAAS. The ΣREE content is also substantially lower than the PAAS
value, indicating that the REE in the samples are likely mostly authigenic with only a small amount
of added terrigenous clastic materials. These data can therefore be used to restore the sedimentary
environment and paleoclimate conditions.

Figure 9. Covariation diagram of Th with Al and Ti from the Xiaganchaigou Formation of the Lenghuqi Area.

Cu and Zn are both transition metal elements. According to the Nernst equation, the pH of the
medium environment affects the redox process, and Cu and Zn will partition into the environmental
medium with decreasing oxygen fugacity. The redox environment during deposition can therefore
be divided according to Cu/Zn. A ratio less than 0.21 represents a reducing environment, between
0.50 and 0.63 represents a weak oxidizing environment, and greater than 0.63 represents an oxidizing
environment [62]. The geochemical properties of Th and U vary greatly in an oxidizing environment
but are similar in the reducing environment; thus, this feature can be used to interpret the sedimentary
environment, where &U = U/[0.5 × (Th/3 + U)]. A &U value greater than one represents a reducing
environment and less than 1 represents an oxidizing environment [63]. A Th/U ratio between 0
and two indicates a reducing environment, and the ratio under strongly oxidizing conditions can
reach eight [64].

The Cu/Zn values in the samples ranged from 0.32 to 0.94 with a mean value of 0.58, indicating a
weakly oxidizing environment. The &U value is between 0.72 and 1.04 with a mean of 0.93, and the Th/U
ratio is between 2.78 and 5.36 with a mean of 3.52, both of which indicate an oxidizing environment.
Ce is the only element among the REE with redox properties: it is depleted under oxidizing conditions
and enriched in an oxygen-deficient reducing environment. Wright et al. [65] proposed that the sign of
Ceanom = lg [3Cen/(2Lan +Ndn)] can be used to assess Ce enrichment. A positive Ceanom value indicates
enrichment whereas a negative value indicates a deficit [65], where “n” signifies shale-normalized
concentrations using the convention established by Gromet et al. (1984) [41]. The Ceanom values of the
samples from the Xiaganchaigou Formation of Lenghuqi ranged from −0.564 to −0.524, with an average
of −0.536. The samples were therefore depleted in Ce, which mainly reflects an oxidizing environment.

The most important climate warming event since the Cenozoic era occurred from the middle
Paleocene to early Eocene when global temperature and sea levels rose rapidly and reached a peak in
the early Eocene. A long-term gradual cooling process occurred from the beginning of the middle
Eocene to the early Oligocene with global sea levels dropping slowly and permanent ice sheets forming
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on the Antarctic continent. It was not until the late Oligocene when the climate warmed again that
the permanent ice sheets began to melt [66–70]. During the Eocene-Oligocene transition, studies of
sedimentation [71], vegetation changes [72], and animal evolution [73] on the North American continent
all show that the climate changed significantly from the late Eocene to early Oligocene, from warm and
humid to cold and dry. Studies on the European continent [74,75], Asia, and Oceania [76] also indicate a
trend of the Eocene-Oligocene climate becoming colder and drier. This indicates that the global climate
entered a dry and cold period during the late Eocene to early Oligocene. The measurements obtained
from the Xiaganchaigou Formation (Oligocene) of Lenghuqi also reflect characteristics of a dry and cold
global climate during this period. After entering the late Oligocene (as recorded by deposition of the
upper Xiaganchaigou Formation), the global climate also entered a brief warming period. Our findings
show that the sedimentary environment in the upper Xiaganchaigou Formation was warmer and more
humid than the lower member, which reflects the response of this climatic phenomenon.

6. Conclusions

Oligocene strata (the Xiaganchaigou Formation) in the Lenghuqi area of the North Qaidam
Basin are deeply buried with an average depth of >4000 m. The illite content in clay minerals is the
highest among all phases (73.25%), followed by chlorite (16.25%), and a mixed layer illite/smectite
(8.92%). Smectite and kaolinite are not observed in these samples. The average illite, chlorite, mixed
layer illite/smectite contents in the upper Xiaganchaigou Formation are 54.77%, 20.69%, and 24.54%,
respectively. The combination of clay minerals reflects that the sedimentary basins of the Oligocene
(sedimentary period of the Xiaganchaigou Formation) originate from an arid-semi-arid climate with
weak leaching and chemical weathering. The diagenetic environment is dominated by a K+- and
Mg2+-rich alkaline environment. Clear characteristics of CaO and Na2O enrichment with K2O, MgO,
and TiO2 loss are observed, especially in the lower Xiaganchaigou Formation. The lower member
of the Xiaganchaigou Formation shows characteristics of a dry and cold freshwater sedimentary
environment with high evaporation, whereas the upper Xiaganchaigou Group is relatively warm
and humid with a significantly increased recharge of terrigenous detrital materials. The paleoclimate
conditions in the Oligocene period gradually became moister. The variation of Sr, Ba, Cu, Zn, U, Th,
and Ce contents and ratios, as well as REE characteristics, suggest that the paleoclimate conditions
of the lower Xiaganchaigou Formation during sedimentation were relatively cold and dry, while the
climate of the upper Xiaganchaigou Formation became warmer and more humid.
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Abstract: The Lulehe sandstone in the Eboliang area is a major target for hydrocarbon exploration
in the northern Qaidam Basin. Based on an integrated analysis including thin section analysis,
scanning electron microscopy, X-ray diffraction, cathodoluminescence investigation, backscattered
electron images, carbon and oxygen stable isotope analysis and fluid inclusion analysis, the diagenetic
processes mainly include compaction, cementation by carbonate and quartz, formation of authigenic
clay minerals (i.e., chlorite, kaolinite, illite-smectite and illite) and dissolution of unstable materials.
Compaction is the main factor for the deterioration of reservoir quality; in addition, calcite cement
and clay minerals are present, including kaolinite, pore-filling chlorite, illite-smectite and illite,
which also account for reservoir quality reduction. Integration of petrographic studies and isotope
geochemistry reveals the carbonate cements might have originated from mixed sources of bioclast-
and organic-derived CO2 during burial. The quartz cement probably formed by feldspar dissolution,
illitization of smectite and kaolinite, as well as pressure solution of quartz grains. Smectite, commonly
derived from alteration of volcanic rock fragments, may have been the primary clay mineral precursor
of chlorite. In addition, authigenic kaolinite is closely associated with feldspar dissolution, suggesting
that alteration of detrital feldspar grains was the most probable source for authigenic kaolinite.
With the increase in temperature and consumption of organic acids, the ratio of K+/H+ increases
and the stability field of kaolinite is greatly reduced, thereby transforming kaolinite into mixed
layer illite/smectite and illite. Within the study area, porosity increases with chlorite content up to
approximately 3% volume and then decreases slightly, indicating that chlorite coatings are beneficial
at an optimum volume of 3%. A benefit of the dissolution of unstable minerals and feldspar grains is
the occurrence of secondary porosity, which may enhance porosity to some extent. However, the
solutes cannot be transported over a large scale in the deep burial environment, and simultaneous
precipitation of byproducts of feldspar dissolution such as authigenic kaolinite and quartz cement
will occur in situ or in adjacent pores, resulting in heterogeneity of the reservoirs.

Keywords: diagenesis; authigenic minerals; reservoir quality; Eboliang; Qaidam Basin

1. Introduction

Reservoir quality is considered a key control on hydrocarbon migration and accumulation and is
ultimately a decisive factor for effective hydrocarbon exploration and production projects [1–4].
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Consequently, quantitative evaluation of reservoir quality is important to obtain a detailed
understanding of reserve estimations and productivity improvement [5–7]. However, the reservoir
quality and heterogeneity have been strongly affected by various parameters, such as depositional
parameters (e.g., primary depositional textures, detrital composition, grain size and sorting) and
different types and sequences of diagenesis [8–10]. Depositional parameters have a significant
effect on primary reservoir quality (i.e., porosity and permeability) and consequently on diagenetic
alteration, which, in turn, results in complex spatial and temporal patterns of reservoir quality and
heterogeneity [11–14]. Diagenesis, including physical processes of mechanical compaction and chemical
action of mineral dissolution and precipitation, has a great influence on subsequent evolution paths
of porosity and permeability [15–17]. According to burial history and depositional composition, the
porosity of shallow sandstone with little cementation can be accurately predicted [18,19]. However,
under a deeper burial environment, porosity is much more difficult to predict because of the import
and export of materials related to dissolution and precipitation of minerals involved in chemical
diagenesis [18,20]. Therefore, a comprehensive understanding of the diagenesis process of dissolution
and precipitation of cements and the origin and sources of minerals are the key to predicting the quality
of deeply buried sandstone.

Minerals, including carbonate cements, quartz cements and clay cements, are widely distributed
in the clastic reservoirs and have been extensively concerned in the hydrocarbon exploration [21,22].
Formation and transformation of minerals are sensitive to the change of diagenetic fluid properties,
which can record the information of diagenetic environment and reveal the mechanism of fluid-rock
interaction [23]. In addition, fluid-rock interaction, especially the precipitation and dissolution of
carbonate cement, the origin and sources of quartz cement and clay minerals, is of great significance
for evaluating and predicting reservoir performance and porosity evolution [24,25]. Qaidam Basin,
one of the most petroliferous basins in China, is located in western China (Figure 1a). The Eboliang
area in the north of the basin, which comprises a significant structural belt and is a major target for
hydrocarbon exploration and development [26]. However, to date, exploration in Eboliang has been
limited because the main controlling factors of the reservoir quality have not been thoroughly studied,
and only a few studies have been conducted on the Lulehe sandstone mainly focusing on different
aspects, including sedimentary facies [27], heavy mineral characteristics and source analysis of the
depositional environment [28–32]. These previous studies have shown that the Lenghu area is adjacent
to source rocks, with sufficient oil sources in contact with sandbodies, and has become a key area
for extended exploration at the north margin of the Qaidam Basin. Moreover, previous studies have
also confirmed that the variations in porosity and permeability are mainly due to the development of
carbonate cement, authigenic quartz cementation and clay minerals, which indicates that diagenetic
alteration is the primary control on reservoir quality. Various types and generations of minerals are
present in the Eboliang area [28–32], providing an excellent example to study the fluid-rock interaction
and porosity evolution. However, little attention has been paid to the diagenesis and origin and
source of the major cements and authigenic minerals in this area, which results in an increased risk of
improving the accuracy of reservoir quality evaluation and prediction. Therefore, it is important to
have a detailed understanding of origin and sources of minerals and their impact on the hydrocarbon
reservoir quality.

Given a recent increase in petroleum exploration in the Eboliang region, factors that affect
oil and gas exploration (e.g., the diagenetic alteration characteristics and reservoir quality) have
become important areas of focus. In this regard, by integrating sandstone diagenesis with detrital
composition, burial history, thermal history, and fluid inclusion and stable isotope analyses of cements,
a multidisciplinary approach is developed to carry out a systematic investigation into origin and
sources of minerals and their impact on reservoir quality of the Lulehe sandstone in the Eboliang
area. Such an approach will provide important insights into the evolution of diagenetic patterns of
sandstone, and ultimately improve our ability to understand and predict the evolution of reservoir
quality. Thus, the main objectives of this study are to (1) investigate the main diagenetic minerals and
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identify the origin and source of cements and clay minerals; (2) analyze the evolution of diagenesis
and reconstruct the history and paragenetic sequences of diagenesis; and (3) identify how difference in
diagenetic alteration impact reservoir quality.

 
Figure 1. Sketch maps showing (a) location of the Qaidam Basin in NW China; (b) major structural
units and location of the study area within the Qaidam Basin; and (c) tectonic structures and wells in
the study area (modified after Sun [27]). EBL: Eboliang structure; LH: Lenghu structure; MB: Mabei
structure; NBX: Nanbaxian structures.

2. Geological Setting

The Qaidam Basinis is a large intra-continental sedimentary basin, with a total area of
approximately 120,000 km2, located on the northeastern margin of the Tibetan Plateau [31–34].
The basin is a Mesozoic-Cenozoic continental hydrocarbon basin [27] with an irregular rhombic
shape and is bounded by three mountain systems: the Altun Mountains to the northwest, the Qilian
Mountains to the northeast and the Kunlun Mountains to the south (Figure 1b). With respect to
administrative division, the basin is divided into ten first-order structural units: the Saikun Depression,
the Yilingping Sag, the Dafengshan Uplift, the Manya Sag, the Kunbei Depression, the Mahai Uplift, the
North Slope, the Sanhu Sag, the South Slope, and the Delingha Depression (Figure 1b). The northwest
basin fault block belt is located in the southern region of the Qilian Mountains, mainly in the Yilingping
Sag, and contains the Eboliang (Figure 1c) and Lenghu structural belts, along with the Mahai and
Nanbaxian structures. Due to tectonic evolution, I, II, and III Eboliang structural belts developed from
northwest to southeast (Figure 1c) and interbedded main source rocks contain abundant oil and gas
source [27]. There is a strong relationship between generation-migration and the Eboliang structure,
and the region is a target for commercial hydrocarbon flow.

Stratigraphic development extends from the Paleogene–Neogene–Quaternary, and in ascending
order [21], consists of the Paleogene Lulehe Formation (E1+2), the Lower (E3

1) and Upper (E3
2) Xia

Ganchaigou Formation, the NeogeneShang Ganchaigou Formation (N1), the Lower (N2
1) and Upper

(N2
2) Youshashan Formation, the Shizigou Formation (N2

3) and the Quaternary Qigequan Formation
(Q1+2), as shown in Figure 2. The Paleogene-Neogene ancient lake basin of Qaidam Basin underwent
three evolutions stages [26]: the ancient lake basin first appeared in E1+2 period; subsequently, the
paleolake expanded continuously from E1+2 to the N1 period, and reached the maximum surface
in the subsidence stage of the N1 period; then, the paleolake gradually shrankduring the N2

1 to
N2

3 period. The development center was located in the western part of the Qaidam Basin in the
Paleogene and migrated to the Yiliping area during the Miocene to Pliocene [35]. Core analysis
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statistics show that the Paleogene Lulehe Formation (E1+2) mainly consists of dark-gray mudstones
and interbedded gray fine silt and argillaceous siltstone deposited in alluvial fan and fluvial-deltaic
sedimentary environments [26,27].

 
Figure 2. Generalized stratigraphic column for the northwestern Qaidam Basin. Figure after Feng [26].

Burial and thermal history of the Lulehe Formation have been analyzed in detail using data from
wells, the history of regional erosion and heat flow was reconstructed with the BasinMod software
by previous studies [31–34]. During Lulehe period, the formation shows a progressive subsidence,
and the maximum burial depth occurs at approximately 4500 m (Figure 3). Previous studies indicated
that the geothermal gradient of the Lulehe Formation ranges from 25 ◦C/km to 27.5 ◦C/km [34], and
the present-day average surface temperature is 10 ◦C; thus, the highest temperature is approximately
110–125 ◦C with a maximumburied depth of 4500 m.
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Figure 3. Burial and thermal historiesof the Paleogene Lulehe Formation (E1+2). Figure after Li [34].

3. Samples and Methods

More than 160 core samples were collected from sections of the Lulehe Formation in the Eboliang
area and were derived from more than 30 wells. Quantitative determination of porosity and permeability
were made by a CMStm-300 Core Measurement system. The mineralogy and structure of selected
samples were described based on optical microscope observations of thin sections. The thin sections
were prepared by vacuum impregnation with blue epoxy and stained with Alizarin Red S and
potassium ferricyanide to facilitate petrographic recognition of visual porosity and identification
of rock mineralogy such as dolomites, ferroan calcite, and nonferroan calcite. The samples for
compositional analysis were based on 300 points, and petrographic image modal analysis was used to
determine the percentage of framework, matrix, cement and porosity in the samples.

A Philips XL 20 scanning electron microscope (SEM, Philips, Amsterdam, The Netherland)
equipped with a digital imaging system (Version I) was used to image pore structures, authigenic
mineralogy, cements, clay occurrence and paragenetic relationships. The SEM samples were prepared
from freshly broken rock fragments coated with gold and analyzed under an acceleration voltage
of 20 kV using a beam current of 33 mA. Back scattered electron (BSE) images were also used to
determine the relative timing of mineral growth and textural relationships between diagenetic phases. A
cathodo-luminescence (CL) detector containing an Olympus microscope equipped with a CL8200-MKS
CL, with a beam voltage of 17 kV and a current of 600 mA, was used to help differentiate carbonate
and quartz cement. X-ray diffraction (XRD) analyses of more than 30 samples were performed using a
Dmax 12 kW powder diffractometer for clay mineralogy identification. Clay mineral fractions <2 μm
were obtained by centrifugation of clay slurries, and each sample was air-dried, glycol-saturated, and
heated to 550 ◦C.

The carbonate cements in 26 representative organic matter free sandstones samples were selected
for analysis of the carbon and oxygen stable isotope compositions. These samples were dissolved in
phosphoric acid (H3PO4), and the evolved CO2 gas was analyzed for carbon and oxygen isotopes in a
Finnigan MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
The carbonate cements samples that reacted with 100% phosphoric acid (H3PO4) at 25 ◦C for one
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hour (calcite), at 50◦ C for 24 h (Fe-dolomite/ankerite), respectively. The precision of the carbon and
oxygen isotope ratios were ±0.04%� and ±0.06%�, respectively. The carbon and oxygen isotope data
are presented in the δ notation relative to the Vienna Pee Dee Belemnite (V-PDB) standards. Six core
samples were prepared by doubly polished fluid inclusion wafers for observation of fluid inclusion
and microthermometric measurements. Microthermometry was conducted using calibrated Linkam A
TH-600 heating and cooling stages (Linkam, Epsom, UK) of fluid inclusions, and the phase transition
temperature range can be measured from 180 ◦C to 500 ◦C with an accuracy of ±0.1 to ±1.0. The
chemical composition of the carbon-coated, polished thin sections of carbonate cements was analyzed
by a JEOLJXA-8100 electron microprobe analyzer (EMPA) (JEOL, Tokyo, Japan) under an accelerating
voltage of 20 kV with a beam current of 15 nA.

All the core samples and statistical data from wells were collected from the Petroleum Exploration
and Production Research Institute of Qinghai Oilfield Company, PetroChina. Point counting, fluid
inclusion, and optical and scanning electron microscopy analyses were performed at the laboratory of
PetroChina Qinghai Oilfield Company (Qinghai, China). XRD was conducted in the Micro Structure
Analytical Laboratory, Beijing, China. The carbon and oxygen isotopic and chemical composition
analyses of carbonate cements were conducted at the key laboratory of Petroleum Resources Research,
Institute of Geology and Geophysics, Chinese Academy of Sciences (Lanzhou, China).

4. Results

4.1. Sandstone Petrography

4.1.1. Detrital Composition and Texture

The Lulehe Formation sandstones are primarily composed of brown mudstones, gray fine siltstone,
argillaceous siltstone and fine sandstone (Figure 4a). The sandstones are predominantly classified as
feldspathic litharenites and lithic arkose according to the classification by Folk [36] (Figure 4b). Overall,
the petrographic framework compositions of the studied sandstones are immature. Quartz is the
most common detrital constituent, with monocrystalline quartz ranging from 13% to 79%, with an
average value of 47.9%, and polycrystalline quartz ranging from 0.3% to 12.6, with an average value of
5.7%. Feldspar consisting of both plagioclase and K-feldspar varies from 12% to 36% and averages
18.6%, while the K-feldspar is the dominant type of the feldspar. In addition, the rock fragment
volume fraction ranges from 3% to 52%, with an average of 22.7%, primarily consisting of metamorphic
rock debris and volcanic rock grains. Other detrital grains include micas, biotite, muscovite, heavy
minerals (garnet, zircon, rutile) and mud intraclasts. On average, the sandstones are mainly composed
of subangular to subrounded grains, most of which are in linear to concave-convex contacts, thus
indicating moderate to poor sorting (Figure 4c).

 

Figure 4. Rock composition lithology and sorting distribution of the Lulehe Formation sandstone
reservoirs: (a) Lithology distribution; (b) Ternary diagram illustrating the classification of sandstone on
base of Folk’s [36] classification; (c) Sorting distribution.
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4.1.2. Reservoir Physical Characteristics

According to conventional core analysis of more than 160 plugs sampled from the Lulehe
Formation, the porosity and permeability of sandstone vary widely. A statistical analysis shows
that the porosity ranges from 1.69% to 31.33%, with an average of 9.65% (Figure 5a), whereas the
permeability ranges from 0.03 to 366.52 mD, with an average of 13.75 mD (Figure 5b). In general,
the porosity and permeability of the Lulehe sandstones decrease with progressive burial but slightly
increase in some depth intervals (300–3200 m, 3400–3600 m and 4000–4100 m respectively) (Figure 5a,b).
The petrographic microscopy and SEM analyses revealed that depositional primary and diagenetic
secondary pores are both present. Depositional primary pores mainly include residual intergranular
pores (Figure 6a–c), while diagenetic secondary pores can be subdivided into dissolution pores (e.g.,
intergranular and intragranular dissolution pores), with minor amounts of microfractures (Figure 6d).
In addition, point count thin section porosity is generally consistent with core plug porosity, but in most
cases, thin section porosity is lower than core plug porosity, indicating the presence of micro-pores
within the clay minerals (Figure 6a,c). The statistical analysis data show that diagenetic secondary
pores (average 36% in the total porosity) are more abundant than depositional primary pores (up to
62%), suggesting that diagenesis plays an important role in the modification of the reservoir pores
and properties.

 

Figure 5. Plot showing variations of (a) core porosity; (b)core permeability; (c) thin section porosity; (d)
carbonate cement; (e) and clay cementswith respect to depth.

 
Figure 6. Pore types (a–f) in Lulehe sandstones reservoir. Inter-pores: intergranular pores; Intra-pore:
intragranular pores.
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4.2. Diagenetic Alteration Features

The petrographic and XRD as well as SEM analyses of the samples revealed complicated diagenetic
alteration. The major diagenetic processes that controlled the reservoir properties include compaction,
cementation by carbonate and quartz, authigenic clay minerals and dissolution of unstable materials.

4.2.1. Compaction

Compaction is one of the most important types of diagenesis in reservoirs, and it can be subdivided
into mechanical and chemical compaction, which occurs widely in the Lulehe sandstones. Mechanical
compaction is identified by grain rearrangement (Figure 7a) and deformation of argillaceous detritus,
mica, and other ductile grains (Figure 7b), sometimes resulting in the formation of a pseudomatrix
(Figure 7c). However, there is also evidence for deep burial depth, during which chemical compaction
plays a major role. In this case, grain contacts are dominated by long contacts and concavo-convex
contacts (Figure 7d). Furthermore, sutured contacts were occasionally observed in the thin sections
(Figure 7e,f), implying the occurrence of chemical compaction in the Lulehe sandstone. In addition,
the compaction effect was more intense in the samples containing more ductile fragments (e.g., clay
matrix, mica and volcanic fragments) but was relatively weak in the samples with high quartz content
and good sorting.

 
Figure 7. Thin-section photomicrographs showing compaction and calcite cement features. (a) Grain
contacts present dominated by linear types (yellow arrow) due to the influence of compaction,
cross-polarized light (CPL). (b) Mechanical compaction is identified by deformation of mica,
plane-polarized light (PPL). (c) Deformation of mica and ductile grains resulting in the formation of a
pseudomatrix (yellow arrow), CPL. (d) Grain contacts characterized by long contacts (yellow arrow),
PPL. (e) Grain contacts characterized by long and concavo-convex contacts (yellow arrow), PPL. (f)
Chemical compaction evidenced by grain rearrangements with concavo-convex contacts (yellow arrow),
PPL. (g) Calcite cements filling between loosely packed grains, PPL. (h) As a result of the amount of
calcite cements filling in the pores, the clastic grains appear to be floating, PPL. (i) Calcite cements
represented the partial replacement of grains and filling in the intergranular pores, PPL. Cal: calcite.
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4.2.2. Carbonate Cements

Carbonate cements (calcite, dolomite, ferroan calcite, ankerite) are the most abundant authigenic
minerals in the studied sandstone and range from 0.86 to 32% of the total rock volume composition
(avg. 13.6%). The EMPA data show that the carbonate cements are dominated by calcite, with the
average amounts of CaCO3, FeCO3, MgCO3 and MnCO3 being 94.62 mol %, 1.66 mol %, 3.08 mol %
and 0.65 mol %, respectively (Table 1), followed by dolomite and a minor amount of ferroan calcite and
ankerite. In addition, at the depth of 2700–2800 m and 4400–4500 m, there are abnormally high values
of carbonate cement content, corresponding to the low values of porosity and permeability (Figure 5d).

Table 1. Element (Ca, Fe, Mg and Mn) content of carbonate cements in the Lulehe sandstones.

Sample
Depth

(m)

Analyzed
Spot

Content (in wt. %)
Content (in mol%, Normalized

with Calcium to 100 mol%)

CaO FeO MgO MnO Total Ca Fe Mg Mn

ES-I2 4216.82 1 53.46 0.68 1.56 0.06 55.76 94.13 1.36 4.35 0.16
ES-I2 4313.35 1 54.48 0.17 0.62 0.03 55.30 97.98 0.26 1.63 0.13
ES-I2 1 54.38 1.21 2.11 0.46 58.16 91.96 1.89 5.46 0.69
ES-I2 2 52.36 0.89 0.47 0.19 53.91 97.68 0.86 0.93 0.53
ES-I2 4323.58 1 53.67 0.16 1.76 0.08 55.67 97.31 0.49 2.16 0.04
ES-3 3622.05 1 54.76 3.21 3.86 0.96 62.97 83.32 5.63 9.87 1.18
ES-3 1 54.46 1.18 0.68 0.67 56.99 94.41 2.02 2.45 1.12
ES-3 3623.30 2 53.68 0.97 1.37 0.14 56.16 94.71 1.31 3.72 0.26
ES-3 1 54.37 1.28 1.35 0.62 57.62 93.25 1.76 3.76 1.23
ES-3 3627.63 2 53.67 0.65 0.49 0.03 54.84 97.44 0.98 1.06 0.52
ES-3 3631.18 1 54.35 1.02 1.16 0.76 57.29 96.10 1.36 1.68 0.86
ES-3 3632.57 1 53.69 1.32 1.25 0.67 56.93 95.27 1.98 1.86 0.89
LS-1 2810.23 3 53.96 1.98 1.16 0.36 57.46 95.13 1.73 2.46 0.68
LS-1 2813.65 1 54.39 0.96 0.68 0.32 56.35 96.60 1.46 1.49 0.45
LS-1 2820.34 2 54.36 1.16 1.53 0.68 57.73 93.97 1.76 3.25 1.02

There are two types of calcite in the Lulehe reservoir sandstone, calcite (Ca-I) is dominated
bycoarse-crystalline calcite occurs as coarse crystalline poikilotopic, pore-filling blocky, and aggregate
pore-filling forms (10–400 μm). Conversely, another type of calcite (Ca-II) occurs as micritic to
microcrystalline and was in close contact with detrital grains, the different textures of calcite ments
suggest they may precipitation in various diagenetic regimes [15]. Calcite (Ca-I) have presumably
formed near the sediment–water interfaceduring early diagenesis (shallow burial realm), as evidenced
by fills relatively large pores between loosely packed framework grains or represented the partial
replacement of grains (Figure 7g–i), suggests that formed pre-dates significant mechanical compaction
in shallow depth. However, dense micritic texture calcite (Ca-II) filled the gaps between tightly packed
grains and covers and engulfs quartz overgrowths (Figure 8a), and is interpreted to have precipitated
post-dates quartz overgrowths which was commonly occur in mesogenetic stage (deep burial realm).
Moreover, based on the BSE and CL image, calcite cements also occur as partial grain replacements,
locally replacing feldspar, lithic grains or mica (Figure 8b,c), and some of the calcite cements appear in
a circular band (Figure 8d). In addition, dolomite cements generally fill in intergranular pores between
floating grains (Figure 8e), indicating that the cements formed before intense compaction during
early diagenesis. Ferrocalcite and ankerite typically occur as scattered patchy crystals or euhedral
rhombs (20–150 μm) and are minor cements, they usually fill in feldspar dissolution pores and replace
detrital grains or calcite and dolomite (Figure 8f), indicating that the ferrocalcite and ankerite formed
post-datescalcite and dolomite cements and feldspar dissolution, and is can be inferred that it have
precipitated in mesogenetic stage during deep burial depth.
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Figure 8. Photomicrographs showing the characteristics of carbonate cementation (a) Dense micritic
texture calcite (Ca-II) filled the gaps between tightly packed grains and covers and engulfs quartz
overgrowths (yellow arrow), PPL. (b) Backscattered electron (BSE) image of isolated pore-filling
carbonate cement. (c) CL image showing calcite cements locally replacing feldspar. (d) BSE image
showing pore-filling calcite cements appear in a circular band. (e) Dolomite and ankerite cement
occur mainly as isolated rhombic and euhedral rhombs crystals, respectively. (f) Ferrocalcite filling in
feldspar dissolution pores and replace detrital grains (black arrow), PPL. Cal: calicite; Fel: Feldspar;
Dol: Dolomite; Ank: Ankerite; Fe-cal: Ferrocalcite.

4.2.3. Quartz Cements

Thin section and SEM analyses revealed that quartz cements are common and observed constituting
0.3–8.36% (avg. 3.8%) of the total rock volume and mainly occurs as syntaxial overgrowths around
detrital quartz grains (quartz overgrowths, thickness of 20–200 μm). Some examples of authigenic
quartz occurring as euhedral and hexagonal crystals partially or completely infilling intergranular pores
(Figure 9a) were observed but represent a relatively minor amount. In most cases, quartz overgrowths
can be discriminated from the detrital grains due to the existence of dust rims or clay mineral coatings
and fluid inclusions, with pores often engulfed by large syntaxial overgrowths (Figure 9b–d). However,
quartz overgrowths were inhibited by localized chlorite grain coating. In contrast, Quartz overgrowths
were also observed where chlorite rims and grain coating are absent or rare, with thicknesses of
~20–200 μm and regularly varying morphology (Figure 9e). In other words, only continuous chlorite
rims or a certain thickness of chlorite grain coating can delay and inhibit the quartz overgrowths.
Quartz overgrowths are usually associated with feldspar dissolution (Figure 9f) and engulfed by ferroan
calcite and ankerite cements, indicating that the quartz cement postdates feldspar dissolution but
predates the ferroan calcite and ankerite cements. Quartz cement is more abundant in the matrix-rich
sandstones, which are mainly poorly sorted, fine-grained sandstones.
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Figure 9. Photomicrographs showing characteristics of quartz cements. (a)Authigenic quartz occurring
as euhedral crystals partially infilling intergranular pores (yellow arrow), PPL. (b) Quartz overgrowths
can be discriminated from the detrital grains due to the existence of dust rims, PPL. (c) Quartz
overgrowths occluding the pore space, PPL. (d) Pores space engulfed by quartz syntaxial overgrowths,
PPL. (e) Quartz overgrowths due to discontinuous chlorite. (f) Feldspar dissolution was accompanied
by quartz overgrowths. Qo: Quartz overgrowths.

4.2.4. Clay Cements

Four main clay mineral types (Figure 10) were observed via thin section petrography, SEM and
XRD analyses ranging from 2% to 20% of the total rock volume (average 5.6%). Illite is the most
abundant diagenetic constituent, accounting for 16% to 78% (average 62.87%) of the total clay content,
followed by chlorite (average 15.16%), illite-smectite (average 13.69%) and kaolinite (average 8.27%).
The content of clay minerals increased with the depth (Figure 5e), but the variation trend of various clay
minerals was different. XRD data of clay minerals in the Lulehe sandstone show that illite dominates
in sandstones with depth deeper than 3300m (Figure 9a), whereas the content of kaolinite increased
significantly above 3330m (Figure 10b). The mixing layer of illite and smectite increased with the depth
(Figure 10c), while the content of smectite in the mixing layer of illite and smectite decreased with the
depth (Figure 10d). Chlorite tends to decrease with increasing depthand mainly concentrated above
3000m (Figure 10e).

In general, honeycomb-like crystals of illite-smectite and fibrous illite are the major clay cements
and are widely distributed. In some cases, illite-smectite occurs as a replacement product of detrital
micas and fills in pores as pore-filling clay. Furthermore, the thickness of the illite coating can be
up to 50 μm, which usually encircles the grain at the place where the intergranular pore develops
but rarely occurs at the grain contact. However, the fibrous morphology of illite typically appears as
fibrous aggregates that bridge and filling in primary pores and secondary pores (Figure 11a,b). SEM
observations also show that irregular flakes with lath-like illite usually attach to the quartz overgrowth
surface and fill in the intergranular pores, indicating that quartz overgrowth precedes the precipitation
of illite (Figure 11c).
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Figure 10. Vertical distribution characteristics of clay minerals in the Lulehe sandstones (From XRD
data). (a) Cross plot of illite with depth; (b) Cross plot of kaolinite with depth; (c) Cross plot of mixing
layer of illite and smectite with depth; (d) Cross plot of the content of smectite in the mixing layer of
illite and smectite; (e) Cross plot of chlorite with depth.

 
Figure 11. Scanning electron micrographs of sandstones showing characteristics of clay cements. (a)
Pore filling illite and smectite. (b) Fibrous morphology of illite typically appears as fibrous aggregates
that bridge and filling in pores. (c) Irregular flakes with lath-like illite usually attach to the quartz
overgrowth. (d) The pore-lining chlorite occurs locally as irregular needle crystals perpendicular and
parallel to the quartz grain surfaces. (e) Pore-filling aggregate chlorite minerals consist of rosette-shaped
platelets oriented radially and occluding the intergranular pores. (f) Platelets of authigenic chlorite
seem to inhibit quartz overgrowth. (g) Kaolinite occurs primarily as stacks of booklets aggregates. (h)
Kaolinite is commonly associated with feldspar grain dissolution and silica precipitation. (i) Platelets
of kaolinite that retards the growth of chlorite crystals.
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Chlorite is slightly more abundant than kaolinite and mainly includes grain-coating (pore-lining)
chlorite and pore-filling chlorite based on petrographic and SEM image observations. The pore-lining
chlorite occurs locally as irregular needle crystals perpendicular and parallel to the detrital grain
surfaces (Figure 11d), whereas a minor amount of pore-filling aggregate chlorite minerals consists of
rosette-shaped platelets oriented radially and occluding the intergranular pores (Figure 10e). Generally,
the quartz grains with discontinuous chlorite rims are locally enclosed by quartz overgrowths
(Figure 10d,e), while continuous chlorite coating is generally characterized by a small amount of quartz
cementation (Figure 11f). In addition, detrital biotite and igneous rock fragments were observed to be
locally replaced by chlorite.

In contrast, kaolinite is generally a minor phase and occurs primarily as stacks of booklets,
vermicular aggregates with individual crystals up to 6 μm long that sit in intergranular pores
(Figure 11g). Kaolinite is commonly associated with feldspar grain dissolution (Figure 11h) and
alteration of mica, and mica grains was partially replaced by kaolinite, suggesting that feldspar and
mica grains may be a source for the precipitation of kaolinite. Less commonly, kaolinite also occurs as
blocky aggregates composed of euhedral and pseudohexagonal plates filling in primary pores, and in
the deeply buried areas, high-temperature kaolinite seems to be locally transformed into dickite. SEM
images show that kaolinite seems to inhibit the growth of chlorite crystals (Figure 11i); thus, it can be
inferred that kaolinite predates the precipitation of chlorite.

4.3. Mineral Chemistry

4.3.1. Stable Isotopes of Carbonate Cement

The type and contents of carbonate cements were determined on the basis of carbon and oxygen
isotopic analysis of thin sections from 31 sandstone samples, which are plotted in Figure 12a. Both the
carbon and oxygen isotopes (i.e., Vienna Pee Dee Belemnite normalized isotopes: δ13CPDB and δ18OPDB)
spanned a wide range of values (Table 2). The δ13CPDB values range from −15.21%� to −3.21%�, and
the δ18OPDB values range from −21.07%� to −11.48%�. The δ13CPDB values in the Cal-I cements have a
relatively wide range from −9.84%� to −3.21%�, with an average value of −5.63%�, and the δ18OPDB

values range from −14.28%� to −11.74%�, with an average value of −13.75%�. Cal-II cements have only
sporadic data, the δ13CPDB values range from −13.78%� to −12.86%�, and the δ18OPDB values range
from −19.56%� to −18.75%�. Dolomite has a wider range of δ13CPDB values from −6.70%� to −4.37%�,
with an average value of −5.18%�, and δ18OPDB values from −13.74%� to −11.48%�, with an average
value of −12.21%�. The δ13CPDB values of ferroan-calcitecements range from −15.21%� to −6.58%�,
with an average value of −10.49%�, and the δ18OPDB values range from −20.20%� to −16.58%�, with an
average value of −18.41%�. While ankerite cements have a narrow range of δ13CPDB values that range
from −12.84%� to −9.38%�, with an average value of −10.81%�, and δ18OPDB values that range from
−21.07%� to −18.67%�, with an average value of −19.72%�.
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Figure 12. (a) Scatter diagram of δ13C and δ18O for calcite cements in the Lulehe sandstone reservoirs.
The δ13C values indicate that sparry carbonate cements were influenced by organic matter (the model
modified after Rahman [37]). (b) Ternary plot of Fe–Mg–Mn element compositions of carbonate
cements, data from Table 1.

Table 2. Mineralogical and carbon and oxygen isotopic composition of carbonate cements, and
calculated formation temperature of carbonate cements in Lulehe sandstone.

Sample Depth Litho-logy Carbonate Minerals
Carbonate

Content (%)
δ13CPDB

%�
δ18OPDB

%�
T/◦C

LS-1 2798.35 Bs 100% Ca-I 22 −3.33 −12.79 65.60
LS-1 2799.52 Bs 100% Ca-I 20 −3.85 −13.37 69.24
LS-1 2810.24 Gss 100% Ca-I 21 −3.21 −12.95 66.60
LS-1 2814.64 Bs 100% Ca-I 26 −7.36 −14.28 75.08
LS-1 2816.73 Gfs 100% Ca-I 12 −5.91 −13.82 72.11
LS-1 2817.67 Bss 100% Ca-I 24 −3.44 −13.57 70.51
LS-1 2819.36 Bs 100% Ca-I 18 −7.75 −13.57 70.51
LS-1 2820.45 Bs 100% Ca-I 19 −7.1 −12.02 60.87
ES-I2 2837.85 Gbps 100% Ca-I 16 −9.84 −13.82 72.11
ES-I2 2781.54 Bs 100% Ca-I 21 −5.28 −11.74 59.18
ES-I2 2976.39 Bps 70% Ca-I + 30% Do 11 −4.94 −19.34 -
ES-I2 2836.36 Bs 100% Do 14 −4.81 −13.74 71.60
ES-I2 2979.74 Gfs 100% Do 16 −6.7 −11.54 57.98
ES-I2 2959.67 Gfs 100% Do 8 −4.87 −11.48 57.62
ES-I2 3005.46 Bs 100% Do 15 −4.37 −12.08 61.23
ES-I2 4333.57 Bss 60% Do + 40% Fc 12 −5.12 −19.94 -
ES-I2 4334.56 Bs 100% Fc 14 −6.58 −18.36 103.33
ES-I2 4335.15 Bs 100% Fc 8 −10.62 −16.58 90.60
ES-3 3622.05 Bs 100% Fc 8 −8.81 −18.06 101.14
ES-3 3623.30 Gbs 100% Fc 8 −9.57 −16.61 90.81
ES-3 3626.30 Bs 60% Fc + 40% Do 10 −15.21 −20.2 -
ES-3 3627.56 Bs 90% Fc + 10% Ca-II 13 −13.56 −19.68 113.19
ES-3 3226.98 Gbps 100% Ca-II 9 −12.86 −18.75 106.21
ES-3 3356.87 Bs 100% Ca-II 12 −13.87 −19.56 112.28
ES-3 3598.48 Bs 80% Fc + 20% Ca-II 8 −12.89 −19.36 110.77
ES-3 3629.60 Gbps 90% Fc + 10% Ca-II 12 −12.84 −21.07 123.94
ES-3 3631.60 Bs 80% An + 20% Fc 8 −9.51 −18.67 105.62
ES-3 3633.29 Bs 70% An + 30% Do 6 −9.38 −19.73 -
ES-3 3635.10 Gbs 80% An + 20% Do 6 −11.51 −19.5 111.82
ES-3 3637.20 Bs 90% An + 10% Fc 5 −10.82 −19.64 112.88
ES-3 3639.10 Bs 70% Fc + 30% An 6 −6.69 −18.32 -

Note: Only isotopic data of samples with the content of one specific type of carbonate up to 80% were used to
calculate the temperature. Bs: Brown sandstone; Gss: Gray silty sandstone; Gfs: Gray fine sandstone; Bss: Brown
silty sandstone; Gbps: Gray-brown pelitic siltstone; Bps: Brown pelitic siltstone; Bss: Brown silty sandstone; Gbs:
Gray-brown sandstone;Ca:calcite; Do:dolomite; Fc:ferrocalcite; An: ankerite.
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4.3.2. Fluid Inclusions Analysis

Fluid inclusions record valuable information for diagenetic events and the precipitation
temperature of authigenic minerals [38] and provide pressure-volume-temperature-composition
(PVT) information. Therefore, to determine the temperature of the precipitation of the authigenic clay
minerals and quartz cements, six core samples were prepared as doubly polished thin sections and
were examined for aqueous inclusions, and the fluid inclusions occurring in quartz cements were
selected for microthermometric measurements according to the thin section analysis. Most of the
selected fluid inclusions had diameters of approximately 2–10 μm and two phases, with only a few
single-phase gas inclusions at room temperature.

The homogenization temperatures (Th) were measured for the aqueous inclusions that were
trapped during quartz cementation and range from 70–120 ◦C (Figure 13). Moreover, the temperatures
calculated from δ18O in carbonate cements (Ca-II, ferroan calcite and ankerite) range from −21.07%� to
−16.58%�, thus yield Th ranges from 90–123 ◦C (Table 2). The results suggest that precipitation of Ca-II,
ferroan calcite, ankerite and quartz cementation mainly occurred in the mesodiagenetic stages, which
is consistent with the thin section observations.

 

Figure 13. (a,b) Photomicrographs of aqueous fluid inclusions (AFI) in quartz overgrowth (Qo). (c)
Histograms of homogenization temperatures (Th) of aqueous inclusions in quartz overgrowths in
Lulehe sandstone reservoirs.
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5. Discussion

5.1. Origin and Sources of Carbonate Cements

Carbonate minerals (calcite, ferroan-calcite, dolomiteand ankerite) are the most common authigenic
minerals in the Lulehe sandstones and can be formed by various pathways and multiple diagenetic
stages. The divalent cations Ca2+, Mg2+, Fe2+, Mn2+ and carbon dioxide in carbonate cements may
exist as internal, external or mixed sources [38–40]. Internal sources include dissolution of detrital
anorthite grains, calcretes, carbonate rock fragments, calcite fossil fragments and reworked carbonate
intraclasts [41–43]. External sources include compaction drainage and mutual conversion of clay
minerals such as illitization of kaolinite and smectite, which will release the Ca2+, Mg2+ and Fe2+ ions
into the pore fluids, while CO2 may be derived from the maturation of kerogen and decarboxylation
of organic matter from the adjacent mudstone or source rocks [44–46]. The dissolution of detrital
anorthite and carbonate grains is not obvious in the Lulehe sandstone, and the distribution pattern
and occurrence form of the carbonate cements (Figure 8) suggests that external or mixed sources may
be the main sources for these cements, which is consistent with the estimation scatter diagram of
the material source based on the δ13CPDB and δ18OPDB isotopic values (Figure12a). The integration
of the δ13C and δ18O isotopic values of carbonate cements and the burial and thermal history can
effectively elucidate the origin of the potential source material and precipitation temperature involved
in the cementation process. Generally, the δ13C isotopic value distribution in carbonates is mainly
related to carbon sources. For instance, in carbonates of the atmospheric source (meteoric water) are
approximately −7%� [47], whereas CO2 associated with organic matter tends to have more negative
δ13C values of −18%� to −33%� because the organic matter is depleted in 13C [48]. However, CO2 in the
carbonates that precipitate under methanogenic conditions has higher δ13CPDB values, ranging from
−5%� to +15%� [49]. The δ13CPDB values of the carbonate cements in the Lulehe sandstones vary from
−15.21%� to −3.21%�, suggesting a mixed source origin [49]. As a consequence of the calcite (Ca-I)
have presumably formed near the sediment–water interface, and there two points where the δ13CPDB

values of the Ca-I are around −7%� (Table 2), suggesting that the source of Ca-I may be affected by
meteoric water to some extent. However, the Lulehe Formation being progressively buried and not
suffering from erosion during uplift to the surface in the burial history (Figure 3), it can be concluded
that meteoric water exerted a negligible influence on the source of carbonate cement (Ca-II, ferroan
calcite and ankerite) which occurred in deep buried depth [49]. In addition, the ternary diagram of
the relative Fe–Mn–Mg contents of diagenetic calcites shows that most of the points are close to the
distribution of the end members of Fe–Mg (Figure 12b), also suggesting that the formation of cement
was controlled by pore water and fluid formed during organic diagenesis [50,51], while the influence
of meteoric water was relatively insignificant. Thus, the growth of carbonate cements might be derived
from bioclast- and organic-derived CO2 during burial (Figure 12a).

The δ18O isotopic values of carbonate cements could reflect the precipitation temperature and
composition of the diagenetic fluid [52]. The δ18O isotopic values of meteoric water have a large
range from −50%� to 0%� (SMOW, standard mean ocean water), while the δ18OSMOW values of ocean
water are approximately 0%�, where as pore fluids in the reservoir usually deviate towards higher
δ18O isotope values due to water-rock interactions [52]. The precipitation temperatures for carbonate
cements can be calculated in terms of the equation by Craig [53]:

T(◦C) = 16.9 − 4.2(δ18OPDB − δ18OSMOW) + 0.13(δ18OPDB − δ18OSMOW)2

δ18OPDB represents the oxygen isotope value of carbonate cements, %� PDB, and δ18OSMOW means
the oxygen isotopic value of pore fluid in equilibrium with calcite and dolomite,%� SMOW. However,
there is no direct research on the δ18OSMOW of pore fluids in the Lulehe Formation. Previous studies
on the linear relationship between δD and δ18OSMOW defined the relationship as a global meteoric
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water line, and the relationship between δ18OSMOW and δD in China was established based on 30 GINP
(Global Network of Isotopes in Precipitation) monitoring results [54]:

δD = 7.57 × δ18OSMOW + 6.02

Since the calculated precipitation temperature of carbonate cement is based on the estimation of a
global meteoric water line, it may have an error of approximately 10 ◦C. The average δD of the Qaidam
Basin is −21%� [55]; thus, the δ18OSMOW value is −3.6%� according to the calculation of the equation.
With the pore fluid δ18OSMOW value and the carbonate cement precipitation temperatures, 57.62 ◦C to
75.08 ◦C (Table 2), which corresponds to the late phase of early diagenesis.

Differences in the carbon isotopic composition and the calculated precipitation temperatures
among calcite, dolomite, ferroan-calcite, and ankerite imply that they may have different precipitation
mechanisms. The δ13CPDB of Ca-II, ferroan-calcite and ankerite are relative light, ranging from−15.21%�
to −6.58%�, and the calculated precipitation temperature of the Ca-II, ferroan-calcite and ankerite with
an average value of 109.24 ◦C, 99.82 ◦C, 113.57 ◦C, respectively, indicating that the increasing input of
organic acids and CO2 may be induced by decarboxylation of organic matter at high temperatures.
Changes in Mn2+ in carbonate cement are most likely related to alteration of volcanic materials (Table 1);
moreover, alteration of the unstable volcanic rock fragments and illitization of smectite and kaolinite at
the right temperatures also produce abundant Mg2+ and Fe2+ cations [37,40]. When the other cations
in carbonates are gradually replaced by Fe2+ and Mg2+, ferroan-calcite and ankerite are formed.

5.2. Origin and Sources of Quartz and Clays

5.2.1. Source of Quartz Cements

Quartz cement may have multiple sources, including dissolution of biogenic amorphous silica and
volcanic rock fragments, alteration of clay minerals, dissolved feldspar grains, and pressure solution of
quartz grains, and all of them have internal and external sources [56,57]. However, unlike the solubility
of Ca2+ and Mg2+ ions, that of SiO2 (aq.) and Al3+ is extremely low in deeply buried geological systems,
and together with constraints of heterogeneity in reservoir quality and fluid volume and without
certain driving forces, massive transport of external SiO2 (aq.) over long distances into sandstones is
almost impossible [18,58]. Thus, with unrealistic external sources, the most likely silica sources for
quartz cement were derived from internal sources.

Observations of thin sections reveal that there is no occurrence of abundant biogenic silica
materials, so amorphous silica seems unlikely as a potential source for the quartz cements in the
Lulehe sandstones. However, feldspar minerals are rich in Lulehe sandstones and petrographic
evidence reveals that dissolution of feldspar is commonly accompanied by kaolinite and quartz cement
(Figure 8f), which suggests the dissolution of feldspar is likely an important candidate source for
quartz cements. Meanwhile, the maximum concentration of short chain carboxylic acid produced by
organic maturation is between 75 ◦C and 90 ◦C, and the optimum temperature for the preservation of
organic acids is 80−120 ◦C [59]. This temperature regime increased the rate of reaction of dissolution
of feldspar grains [15]; thus, the growth of quartz cements due to an influx of SiO2 has been associated
with the concomitant alteration of feldspar to silica and kaolinite by feldspar-clay reactions due to acid
buffering. In addition, fluid inclusion homogenization temperatures for quartz cements range from
70 ◦C to 120 ◦C (Figure 13c), which is consistent with optimum temperatures for the preservation of
organic acids, also providing potential evidence for silica sources for quartz cements partly originating
from feldspar dissolution.

Volcanic rock fragments are also common in the Lulehe sandstones, and they can be prone
to transformation into smectite during eodiagenesis [60]; with progressive burial and increasing
temperature, unstable smectite and kaolinite will transform to illite at temperatures of approximately
70 ◦C and 120 ◦C, respectively [61], and then SiO2 will be released into the pore fluid. The XRD analysis
statistical data reveal that illite comprises the most abundant content, ranging from 17% to 85% (avg.
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6.8%), of the total clay minerals in the Lulehe sandstones, while smectite and kaolinite comprise only
approximately 1.5% and 2% on average, respectively. This finding suggests that illitization of smectite
and kaolinite is a possible source for quartz cements. In addition, the appearance of concavo-convex
and sutured contact types suggesting the acquisition of silica through pressure dissolution can be
another internal source for quartz cements.

5.2.2. Source of Clay Minerals

Authigenic clay minerals (e.g., chlorite, kaolinite, illite-smectite and illite) are ubiquitous types of
cement in the Lulehe sandstones. Several previous studies have proposed that the origin of chlorite is
generally associated with precursor clay mineral and high Fe and Mg ion content environments [61,62].
Chlorite forms in a variety of precursor clay minerals, but the main precursors include berthierine
and smectite [63]. Berthierine is a Fe-rich clay mineral precursor developed from the interaction of the
Al-Fe minerals with pore fluids under reducing conditions at the time of deposition [60]. Smectite
reacts with iron oxide and saline pore waters to form chlorite, which can be prone to derived from
alteration of volcanic rock fragments during the eodiagenesis stages [64]. Since berthierine is rarely
detected and volcanic rock fragments are widely developed in the Lulehe sandstone, smectite, which
is commonly derived from alteration of volcanic rock fragments, may be the primary clay mineral
precursor of chlorite. In addition, the Lulehe sandstones were mainly deposited in fluvial deltaic
environments, and proximal and distal delta fronts are particularly rich in Fe [65]. Moreover, the
dissolution of volcanic rock fragments and feldspar grains also provides rich Fe and Mg ions as the
main source for chlorite development.

Authigenic kaolinite is closely associated with feldspar dissolution (Figure 11h), which suggests
that alteration of detrital feldspar grains is the most probable source for authigenic kaolinite [18,39].
Decomposed feldspar grains and the formation of authigenic kaolinite require a low K+/H+ activity
ratio, and acidic (low K+/H+) pore fluids are presumably related to the decarboxylation of organic
matter from the adjacent mudstone or source rocks [58]. However, the solubility of Al3+ ions derived
from dissolved feldspar is extremely low [18,58]; as a result, kaolinite is likely precipitated in situ or in
adjacent pores and is spatially synchronous with feldspar dissolution. With the increase in temperature
and consumption of organic acids, the ratio of K+/H+ increases; consequently, the stability field of
kaolinite is greatly reduced and can be easily converted to mixed layer illite/smectite and illite [6].
In addition, XRD data of clay minerals in the Lulehe sandstone show that illite dominates in sandstones
with depth deeper than 3300m (Figure 9a), whereas the content of kaolinite increased significantly
above 3330m (Figure 10b), also suggesting that kaolinite may be one of the material sources of illite.
The mixing layer of illite and smectite increased with the depth (Figure 10c), while the content of
smectite in the mixing layer of illite and smectite decreased with the depth (Figure 10d), indicating that
some smectite may be transformed into illite.

5.3. Diagenetic Sequence

The diagenetic evolution regime generally includes eodiagenesis and mesodiagenesis stages sensu
Morad et al. [66]. Eodiagenesis occurs mainly in an environment where the burial depth <2.7 km and
the temperature <70 ◦C in the Lulehe sandstone reservoir, and the interstitial fluid chemistry is affected
by depositional environment, whereas mesodiagenesis commonly occurs at >2.7 km of burial depth
and temperatures >70 ◦C (Figure 3), which is mediated by evolved diagenetically altered fluids [67].
Although it is difficult to determine the precise timing and burial depth of diagenetic alterations [61],
a general paragenetic sequence can be reconstructed and established by synthesizing the petrologic
features, burial and thermal histories, various diagenetic minerals and relationships of mineral texture,
clay mineral reactions associated with origin and source, and relative timing of the major diagenetic
events of the Lulehe sandstones, as shown in Figure 14.

The sediments were subjected to mechanical compaction once deposited, as characterized by
framework grain rearrangement and deformation of ductile grains (Figure 7a–c). In addition, Calcite
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(Ca-I) have presumably formed near the sediment–water interface during early diagenesis (shallow
burial realm), as evidenced by poikilotopic, pore-filling blocky, and aggregate pore-filling forms, it can
be interpreted to have formed in the early stage of diagenesis (shallow burial realm) before significant
compactional porosity-loss could occur. As the sediment is exposed to mechanical penetration near
the surface, grains coated with clays (Figure 7a,b) may have developed in shallow depth. Authigenic
chloritetypically develops at temperatures of >60 or 70 ◦C [12], corresponding to a depth of about
2400–2800 m (Figure 3) and belongs to eodiageneticstages. During the early diagenetic stage, volcanic
rock fragments can be easily transformed into smectite, as burial depth and temperature increase,
illitization of smectite will occurat a temperature around 70 ◦C [13], corresponds to a depth of about
2700 m in study area (Figure 3). In addition, the onset of authigenic quartz was interpreted at about
70–80 ◦C [45], corresponding to the burial depth from 2700~3200 m (Figure 3). Moreover, the δ13C and
δ18O isotopic data of the carbonate cements and the homogenization temperatures (Th) of the aqueous
inclusions in the diagenetic minerals may help to decipher the origin and source as well as the timing
of precipitation of the minerals, integrated with the distribution pattern of the diagenetic minerals.
It can be inferred that the significant eodiagenesis regime features mainly include (1) mechanical
compaction, (2) precipitation of Ca-I and dolomite, (3) alteration of volcanic rock fragments and
smectite development, (4) development of grain-coating chlorite, (5) precipitation of authigenic quartz,
and (6) a minor amount of smectite transformed into illite.

As burial depth and temperature progressively increase during mesodiagenesis, porosity is
destroyed predominantly by chemical compaction. Organic matter gradually becomes thermally
mature, which generates organic acid and CO2 above the critical onset temperature of 75 ◦C commonly
occurs at >2.7 km of burial depth in Lulehe sandstone reservoir (Figure 3), and the optimum
temperature for the preservation of organic acids is 80−120 ◦C [18], corresponding to the burial depth
from 3200~4000 m (Figure 3). The pH values of the formation water decrease thereby dissolving early
stage carbonate cements (Ca-I) and feldspar by low pH fluids, contributing to secondary porosity
development. However, dissolution of feldspar releases aluminum and aqueous silica, which have
low mobility and are considered to migrate over short distances, resulting in authigenic kaolinite and
quartz cement precipitation in situ or in adjacent pores [58], indicate that kaolinite is closely associated
with alteration of feldspar grains in the low pH (acidic) fluid which plausibly have been generated at
depth burial depth from 3200~4000 m. Simultaneously, with the increase in K+ released by feldspar
dissolution, under high temperatures, the hair-like, spiny terminations and honeycomb-like habits of
illite occur. During the late stage of mesodiagenesis, due to the consumption of organic acids and CO2

during aluminosilicate dissolution, the pH value of the formation water increased, which is favorable
for the precipitation of late carbonate cement (Ca-II, ferroan calcite and ankerite) (Figure 14). As a result,
the mesogenetic process (deep burial realm) mainly includes: (1) chemical compaction, (2) dissolution
of feldspar grains, (3) precipitation of kaolinite, (4) quartz overgrowth, (5) illitization of kaolinite,
(6) development of pore-filling chlorite, and (7) precipitation of Ca-II, ferroan calcite and ankerite.
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Figure 14. Paragenetic sequences of the Lulehe sandstone.

5.4. Impacts of Diagenesis on Reservoir Quality

Reservoir quality of the Lulehe Formation has been significantly controlled by various types of
diagenetic alteration. The main diagenetic processes that controlled reservoir quality were compaction,
precipitation of carbonate cements, formation of chlorite, quartz cements, development of illite, and
dissolution of unstable grains and cements.

Compaction is the principal factor responsible for the deterioration of reservoir quality, followed
by cementation, which is confirmed by using the methodology of Houseknecht [68] and Ehrenberg [69],
as shown in Figure 15a. Porosity loss is due to rapid and progressive burial (Figure 3), and the
petrographic analysis data revealed that mechanical compaction diminished porosity, as indicated by
the presence of grain rotation, bending of micas, and deformation of mud intraclasts and ductile grains
forming a pseudomatrix. The grain contacts gradually change from floating to point and line contact,
indicating that mechanical compaction occurred progressively during shallow depth burial realm
(eodiageneticstages). The primary intergranular porosity decreased by the recombination of grains.
In addition, the appearance of concavo-convex and sutured contact types suggests that chemical
compaction occur in deep burial realm (mesodiagenetic stages), is a possible silica source for quartz
overgrowth, which may further occupy the pore space and harm the reservoir quality.

Carbonate minerals are the most common cements in the Lulehe sandstones, indicating that
carbonate cement (e.g., calcite, dolomite, ferroan calcite and ankerite) also played a major role in
drastically reducing reservoir quality. The sum of total calcite and dolomite along with ferroan calcite
and ankerite cements exhibits a relatively good inverse correlation with porosity and permeability
(Figure 16a,b), suggesting that reservoir quality was reduced by carbonate cement. The carbonate
cement formed in the eodiagenetic stage (Ca-I) of shallow buried depth, due to its shallow burial, the
particles have not been completely consolidated by the compaction stress. As a result, Ca-I exert a
certain supporting effect on the particle skeleton against compaction, so it can enhance the compressive
ability to some extent. The carbonate cements (Ca-II) including ferrocalcite and ankerite which were
mainly formed in the mesodiagenetic stages, with the burial depth increasing, the reservoir has
experienced strong compaction, and its supporting effect on the rock skeleton can be ignored. On
the contrary, the late carbonate cements will occupy part of the dissolved pore, which resulted in the
possibility of forming intergranular and intragranular pores are reduced.
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Figure 15. (a) Plot of intergranular volume (IGV) versus volume of cement, diagram after
Houseknecht [68] and Ehrenberg [69]. (b) Core porosity versus core permeability of the Lulehe
sandstones with different depth and cements content.

 
Figure 16. (a) Porosity versus carbonate cements. (b) Permeability versus carbonate cements. (c)
Porosity versus illite cements. (d) Permeability versus illite cements. (e) Porosity versus chlorite
cements. (f) Permeability versus chlorite cements.

Authigenic clays present in the Lulehe Formation consist mostly of chlorite, kaolinite and illite.
As a byproduct of feldspar dissolution, kaolinite usually develops intercrystalline microporosity,
which does not possess a significant influence on reservoir properties. Under high temperatures and
deep burial depths, illitization of kaolinite and precipitation of quartz cement occur after feldspar
dissolution. The presence of quartz cements mostly occurs as syntaxial overgrowths around detrital
quartz grains and illite typically appear as fibrous aggregates that bridge and fill in primary pores and
secondary pores. Thus, illite and quartz cement reduce reservoir quality by occluding pore spaces and
decreasing pore radii (Figure 16c,d). However, grain-coating chlorites have been widely accepted as
important mechanisms for reservoir quality preservation because chlorite rims delay or inhibit the
precipitation of quartz overgrowth during burial [70–72]. Within the study area, porosity increases
with chlorite content up to approximately 3% volume and then decreases slightly (Figure 16e,f); thus,
chlorite coatings are beneficial at an optimum volume of 3%. In other words, if chlorite coatings are
too thick, they will occur as pore-filling cements and become important causes of porosity loss.
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Through dissolution, ductile fragments and calcite cements often formed irregular intergranular
and intragranular pores (Figure 6d). In addition, feldspar grains commonly dissolved in Lulehe
sandstone reservoir, and as a result, embayment-shaped intergranular pores were observed (Figure 9c).
Furthermore, a small number of honeycomb intergranular pores resulted from severe feldspar
dissolution, which was always accompanied by silica and kaolinite precipitation (Figure 9f, Figure 11h).
A benefit of dissolution of unstable minerals (e.g., ductile fragments and carbonate cements) and
feldspar grains is the occurrence of secondary porosity, which may enhance porosity to some extent.
However, the deep burial environment seems to be a closed system, and the solutes cannot be
transported over a large scale [6,58]. As a result, simultaneous precipitation of byproducts of feldspar
dissolution such as authigenic kaolinite and quartz cement will occur in situ or in adjacent pores [58].
Consequently, the net porosities created by dissolution of unstable minerals and feldspar grains may
be insignificant. Moreover, reprecipitated cement material occupies the pore space and diminishes
pore throat connectivity, resulting in reduced permeability and increasing reservoir heterogeneity.

In addition, the porosity and permeability of the reservoir are directly related to the burial depth
and cement content as show in Figure 15b. The shallowest buried depth corresponds to the lowest
compaction effective stress, so the corresponding samples have the highest porosity and permeability.
Also, the sandstones with the higher cement contents tend to have lower permeability for a given
porosity than those with lower cement contents. The difference of cement content and buried depth
plays an important role in sandstone reservoirs in the study area.

6. Conclusions

1. The Lulehe Formation sandstones are very fine-grained, moderate to well sorted, feldspathic
litharenites and lithic arkose mainly deposited in alluvial fan and fluvial deltaic environments. The
sandstones have considerable heterogeneity with a wide range of porosity from 1.69% to 31.33%, with
an average of 9.65%, and permeability from 0.03 to 366.52 mD, with an average of 13.75 mD.

2. The diagenetic regimes range from eodiagenesis to mesodiagenesis. Eodiagenesis includes
mechanical compaction, precipitation of calcite and dolomite, alteration of volcanic rock fragments
and smectite development, development of grain-coating chlorite, and a minor amount of smectite
transformed into illite. Mesodiagenesis includes chemical compaction, development of pore-filling
chlorite, formation of late carbonate cement and illite, quartz overgrowths, and dissolution of metastable
cements and feldspar grains.

3. Carbonate cements might originate from mixed sources of bioclast- and organic-derived CO2

during burial. Quartz cement is probably the result of feldspar dissolution, alteration of volcanic
rock fragments, transformation of smectite into illite, and pressure solution of quartz grains. Smectite
commonly derived from alteration of volcanic rock fragments may be the primary clay mineral
precursor of chlorite. In addition, the dissolution of volcanic rock fragments and feldspar grains also
provides abundant Fe2+ and Mg2+ as a potential source for chlorite development. Authigenic kaolinite
is closely associated with feldspar dissolution, suggesting that alteration of detrital feldspar grains is
the most probable source for authigenic kaolinite. With the increase in temperature and consumption
of organic acids, the ratio of K+/H+ increases and the stability field of kaolinite is greatly reduced,
thereby transforming kaolinite into mixed layer illite/smectite and illite.

4. Compaction is the principal factor for the deterioration of reservoir quality. In addition,
carbonate cement, quartz overgrowth and the formation of mixed illite-smectite and illite are the
subsequent main factors for porosity reduction, whereas grain-coating chlorites are mainly mechanisms
for preservation of the reservoir quality, but immoderately thick chlorite coatings will also obstruct the
pore throats and result in reservoir quality reduction.

5. Dissolution of metastable minerals and grains may lead to the occurrence of secondary porosity
and enhance porosity to some extent. However, the solute cannot be transported over a large scale in
the deep burial environment; as a consequence, simultaneous precipitation of byproducts of feldspar
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dissolution, such as authigenic kaolinite and quartz cement, will occur in situ or in adjacent pores,
which results in further heterogeneity of the reservoirs.
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Abstract: Core samples from two deep boreholes were analyzed for petrographic, stable and Sr
isotopes, fluid inclusion microthermometry and major, minor, trace and rare-earth elements (REE)
of different types of dolomite in the Silurian and Devonian carbonates of the eastern side of the
Michigan Basin provided useful insights into the nature of dolomitization, and the evolution of
diagenetic pore fluids in this part of the basin. Petrographic features show that both age groups
are characterized by the presence of a pervasive replacive fine-crystalline (<50 μm) dolomite matrix
(RD1) and pervasive and selective replacive medium crystalline (>50–100 μm) dolomite matrix
(RD2 and RD3, respectively). In addition to these types, a coarse crystalline (>500 μm) saddle
dolomite cement (SD) filling fractures and vugs is observed only in the Silurian rocks. Results
from geochemical and fluid inclusion analyses indicate that the diagenesis of Silurian and Devonian
formations show variations in terms of the evolution of the diagenetic fluid composition. These fluid
systems are: (1) a diagenetic fluid system that affected Silurian carbonates and was altered by salt
dissolution post-Silurian time. These carbonates show a negative shift in δ18O values (dolomite δ18O
average: −6.72%� VPDB), Sr isotopic composition slightly more radiogenic than coeval seawater
(0.7078–0.7087), high temperatures (RD2 and SD dolomite Th average: 110 ◦C) and hypersaline
signature (RD2 and SD dolomite average salinity: 26.8 wt.% NaCl eq.); and (2) a diagenetic fluid
system that affected Devonian carbonates, possibly occurred during the Alleghenian orogeny in
Carboniferous time and characterized by a less pronounced negative shift in δ18O values (dolomite
δ18O average: −5.74%� VPDB), Sr isotopic composition in range with the postulated values for coeval
seawater (0.7078–0.7080), lower temperatures (RD2 dolomite Th average: 83 ◦C) and less saline
signature (RD2 dolomite average salinity: 20.8 wt.% NaCl eq.).

Keywords: dolomitization; Huron Domain; Silurian; Devonian; fluid composition; Michigan Basin

1. Introduction

The Michigan Basin has been the subject of several diagenetic studies in the last three decades
(e.g., [1–8]). However, very few comprehensive investigations regarding the nature and composition of
diagenetic fluids, lateral extent of the diagenetic processes and paragenetic sequence of different types of
dolomite within Silurian and Devonian successions in the Huron Domain have been carried out. Most
previous studies focused on the Paleozoic carbonate succession in the area were limited in stratigraphic
and/or spatial resolution (e.g., [1–4]). In addition, contrasting models have been proposed to explain
the fluid flow evolution and migration in the Michigan Basin, such as migration of dolomitizing fluids
from the center of the Michigan Basin toward the margins [5] or from the back reef downward through
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Guelph limestones to the center of the Michigan basin (e.g., [6–8]). Numerous diagenetic processes such
as dolomitization and Mississippi Valley Type (MVT) mineralization, salt dissolution, precipitation of
late-stage cement and oil, and gas generation and migration have influenced the Paleozoic succession
in the Michigan Basin [9]. Fractures and faults in carbonate bodies represent preferential pathways for
fluids which in turn play a key role in the diagenesis and evolution of host rocks and hydrocarbon
reservoirs [5]. The presence of fractures and faults in the Michigan intracratonic Basin represented
an important control on the modification of host limestones and mobilization of dolomitizing fluids
within the basin [4,10–12].

Coniglio et al. [8] performed a regional study of the Silurian Guelph Formation in southwestern
Ontario. In this work, the authors underline how burial diagenesis produced the recrystallization of
massive dolomites with homogeneous petrographic characteristics but with different geochemistry.
According to their study, initial shallow burial dolomitization occurred due to the isolation of the
Michigan Basin during the late Silurian. Isotopic values of δ13C and 87Sr/86Sr suggest a Silurian seawater
source. They also recorded a decrease of δ18O values in dolomite from the platform to the lower
slope which occurred with increasing burial depth. These authors suggested that seawater-derived
dolomitizing fluids migrated from the margin toward the basin center with a progressive decrease in
terms of the capability of the fluids to dolomitize the down-slope.

Luczaj et al. [13] conducted a study of fluid inclusion analysis in dolomite and calcite of the Middle
Devonian Dundee Formation. Their work underlines that the sedimentary fabrics are modified by
medium to coarse crystalline dolomite. They suggested that fluids characterized as dense Na–Ca–Mg–Cl
brines interacted with host rock at high temperatures (around 120–150 ◦C). They invoked a model
involving the transport of fluids and heat from deeper parts of the basin along with major fault and
fracture zones systems.

Haeri-Ardakani et al. [5] evaluated diagenesis and fluid flow evolution within Ordovician, Silurian
and Devonian carbonate successions in southwestern Ontario. Data from fluid inclusions analysis
showed homogenization temperatures of replacive and saddle dolomite and late-stage calcite ranging
between 75–145 ◦C. They suggested the involvement of hydrothermal fluids in replacement and
recrystallization of dolomite and calcite cementation to explain homogenization temperatures higher
than the peak expected during maximum burial for each interval (60–90 ◦C). Evidence of decreasing
values in fluid inclusion homogenization temperatures from the center to the margin of the basin
suggests that hydrothermal fluids originated from the center of the Michigan Basin. The authors
suggest that the potential source of heat could be related to the buried mid-continental rift (MCR), while
the preferential pathways for the migration of diagenetic fluids from the center of the Michigan Basin
can be related to the Cambrian sandstones that unconformably overlay the Precambrian basement
which could have behaved as regional aquifers [5].

The main purpose of this study was to conduct a thorough investigation of the characteristics and
the occurrence of dolomitization within the Devonian and Silurian carbonate formations on the eastern
side of the Michigan Basin (Figure 1). Dolomitization processes are examined in terms of dolomite types,
distribution and geochemistry using an integrated approach utilizing petrography, multi-elements
analysis, stable isotopes, Sr-isotopes and fluid inclusion analyses of rock core samples. Based on
geologic, geochemical and petrographic investigations, a relative timing in terms of paragenesis
of dolomitization is suggested, as well as relationships between existing regional structures and
Devonian and Silurian strata-bound dolomite, nature and composition of mineralizing fluid during
diagenesis, and extension of diagenetic events. This study represents an important contribution to
the more extensive studies carried out by the Nuclear Waste Management Organization (NWMO)
for the characterization of a suitable site to develop a Deep Geologic Repository (DGR) for low- and
intermediate-level nuclear waste at the Bruce power station in Kincardine, Ontario.
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2. Geologic and Tectonic Setting

The study area is located on the northeastern margin of the Michigan Basin (Figure 1a,b). It
represents part of the northwestern flank of the Algonquin Arch that consists of Paleozoic sedimentary
rocks that cover the subsurface basement [14]. The thickness of the Paleozoic succession ranges from a
maximum of 4800 m at the center of the Michigan Basin to 850 m on the flank of the Algonquin Arch
where the study area is located [15].

 

Figure 1. (a) Generalized Paleozoic Bedrock Geology Map of Southern Ontario (modified from OGS [16]
and OPG [17]); (b) generalized basement structural contours (meters above the sea level datum) and
location of structural arches and basins (modified from OPG [17] and Johnson et al. [18]).

On a regional scale, southern Ontario is located between two major Paleozoic sedimentary basins,
the Appalachian Basin to the southeast and Michigan Basin to the west (Figure 1). The Algonquin
Arch, which separates the two basins, extends from northeast of the Canadian shield to the southwest
near the city of Chatham. Near the Windsor area, another structural high named the Findlay Arch
starts extending to the southwest into Michigan and Ohio states [3].

The rifting that separated North America and Africa occurred during Precambrian to Cambrian
represents the initial episode of subsidence (approximately 1100 Ma) and deposition within the Michigan
Basin [10]. Thermal subsidence of the Precambrian basement followed this event approximately 580
Ma to 500 Ma because the cooled lithosphere becomes denser [19]. The subsequent and continuous
deposition of sediments into the Michigan Basin caused the bending of the basement [20–22]. However,
the development of the basin is not only the result of continuous subsidence but represents the result
of a series of tectonic events that characterized the Paleozoic [23,24].

The Taconic and Acadian orogenies were a dominant control on the Paleozoic strata of the eastern
flank of the Michigan Basin [25]. In fact, during the Taconic Orogeny (Ordovician) a large-scale
eastward-tilting of the Laurentian margin governed the disappearance of the concentric depositional
geometry of the Michigan Basin with the consequent deposition of Ordovician limestone and overlying
shale successions [24,26,27]. The regional maximum principal stress at that time was northwesterly
oriented the same as the main direction of the thrust motion along the Appalachian tectonic front [25,28].
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Restricted marine conditions occurred during the late Silurian with the consequent deposition
of evaporites of the Salina Group [15,18]. In addition, the presence of an unconformity reveals
emergent conditions at the end of the Silurian [25]. The Middle Devonian Acadian Orogeny reactivated
the Algonquin-Findlay Arch system with the return of the concentric geometry of the Michigan
Basin [23]. The Lower and Middle Devonian units are dominated by limestones and dolostones,
whereas, the Upper Devonian strata are mostly represented by shales [15].

The Caledonian (Devonian) and Alleghanian (Carboniferous) orogenies played an important
role in terms of diagenetic fluid migration [29]. Late Paleozoic sediments have been removed from
the entire study area. According to Wang et al. [30], the regional analysis of apatite fission track
dating in the center of the Michigan Basin suggests that late to post Alleghenian erosion removed
approximately 1000 m of carbonate successions from the margins and approximately 1500 m from the
center of the basin.

The main characteristics of the Silurian and Devonian stratigraphy in the study area are shown
in Figure 2. The Michigan Basin has been characterized by a typical tropical climate during mid to
late Silurian [31] whereby shallow water reef complexes started to develop (e.g., Gasport, Lions Head,
Fossil Hill and Guelph formations). Moreover, the Michigan Basin has been isolated and becoming
an evaporative basin in which alternation of evaporites and carbonates (Salina Group) deposited
during the rest of the Silurian [32]. Conversely, during the Middle Devonian, Michigan Basin has
been characterized by an extremely arid climate with consequent deposition of shallow intertidal and
supratidal lithofacies such as Amherstburg and Lucas formations [33].
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3. Materials and Methods

Core samples were collected from the Bruce Nuclear site, the proposed site for a deep geological
repository for low- and intermediate-level nuclear waste, from two boreholes DGR1 and DGR8
(Figure 2) [17]. The samples were chosen based on dolomitized and fractured rocks in hand specimens.
A summary of sample identification with relative age and depth is reported in Figure 3 and Table 1.

The selected core samples were photographed before making thin sections and wafers for fluid
inclusions analysis. Petrographic examination of thin sections (n = 46) was performed using a standard
petrographic microscope to provide lithofacies types, textural relationships and diagenetic fabric of
the studied samples, to establish the paragenetic sequences. Subsequently, all thin sections were
examined using cathodoluminescence microscopy (CL) to obtain data regarding the chemistry of
the fluids, mineral zonation and diagenetic textures of host rock and fracture filling cement. The
equipment used to carry out the cathodoluminescence analysis was a Technosyn Model 8200 MKII
with a 12–15 Kv beam and a current intensity of 0.42–0.43 mA (Cambridge Image Technology Ltd.,
Hatfield, Hertfordshire, UK). The thin sections were also stained using a mixture of Alizarin Red S
and potassium ferricyanide dissolved in a dilute solution of hydrochloric acid [35,36] to distinguish
between ferroan or non-ferroan phases of calcite and dolomite.

 

Figure 3. Stratigraphy at the Bruce Nuclear Site and sample locations (modified from AECOM [25]).

A total of forty-three (Silurian) and thirty-three (Devonian) samples were micro-sampled using
a microscope-mounted drill assembly for oxygen and carbon isotopic composition from Silurian
(n = 18 and n = 25) and Devonian (n = 12 and n = 21) specimens for calcitic and dolomitic components,
respectively. Each sample was reacted in vacuo with 100% pure phosphoric acid four 4 h at 50 ◦C
and 25 ◦C for dolomite and calcite respectively. The CO2 produced during the reaction by the
different diagenetic mineral phases was extracted using the method proposed by Al-Aasm et al. [37]
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and measured employing a Delta-Plus mass spectrometer (Thermo Electron Corporation, Bremen,
Germany). The delta values of oxygen and carbon isotopes have been reported in per mil (%�) relative
to the PeeDee Belemnite (VPDB) standard and corrected for phosphoric acid fractionation. Precision
was better than 0.05%� for both 13C and 18O. Carbon dioxide extraction and isotopic composition
measurements were performed at the Stable Isotopes Laboratory, University of Windsor (Windsor,
ON, Canada).

Table 1. Lists of samples collected from the boreholes DGR1 and DGR8.

Cored Sample Sample Code Formation Age Depth (m)

DGR1-CR1 1-1 Lucas Devonian 23.5
DGR1-CR2-(1) 1-2 Lucas Devonian 26.25
DGR1-CR2-(2) 1-3 Lucas Devonian 26.95
DGR1-CR2-(3) 1-4 Lucas Devonian 27.75
DGR1-CR3-(1) 1-5 Amherstburg Devonian 31.35
DGR1-CR3-(2) 1-6 Amherstburg Devonian 31.85

DGR1-CR5 1-7 Amherstburg Devonian 35.95
DGR1-CR8 1-8 Amherstburg Devonian 42.58
DGR1-CR9 1-9 Amherstburg Devonian 46.4

DGR1-CR10-(1) 1-10 Amherstburg Devonian 48.65
DGR1-CR10-(2) 1-11 Amherstburg Devonian 49.7

DGR1-CR11 1-12 Amherstburg Devonian 51
DGR1-CR30-(1) 1-13 Bois Blanc Devonian 104.05
DGR1-CR30-(2) 1-14 Bois Blanc Devonian 105.08

DGR1-CR41 1-15 Bass Island Silurian 128.93
DGR1-CR44 1-16 Bass Island Silurian 133.03
DGR1-CR49 1-17 Bass Island Silurian 142.28
DGR1-CR65 1-18 Salina—G-Unit Silurian 176.13
DGR1-CR66 1-19 Salina—G-Unit Silurian 178
DGR1-CR84 1-20 Salina—E-Unit Silurian 229.32
DGR1-CR104 1-21 Salina—B-Unit (Carbonate) Silurian 289.85
DGR1-CR105 1-22 Salina—A2-Unit (Carbonate) Silurian 294.14

DGR1-CR116-(1) 1-23 Salina—A1-Unit (Carbonate) Silurian 326.92
DGR1-CR116-(2) 1-24 Salina—A1-Unit (Carbonate) Silurian 328.17

DGR1-CR117 1-25 Salina—A1-Unit (Carbonate) Silurian 329.97
DGR1-CR118 1-26 Salina—A1-Unit (Carbonate) Silurian 333.48
DGR1-CR119 1-27 Salina—A1-Unit (Carbonate) Silurian 337.32
DGR1-CR121 1-28 Salina—A1-Unit (Carbonate) Silurian 342.27
DGR1-CR122 1-29 Salina—A1-Unit (Carbonate) Silurian 344.42
DGR1-CR130 1-30 Salina—A0-Unit Silurian 371.27
DGR1-CR133 1-31 Guelph Silurian 378.1
DGR1-CR143 1-32 Fossil Hill Silurian 410.1
DGR1-CR154 1-33 Manitoulin Silurian 440.92
DGR8-CR10 8-1 Lucas Devonian 22.71
DGR8-CR17 8-2 Lucas Devonian 43.46
DGR8-CR18 8-3 Amherstburg Devonian 48.61
DGR8-CR22 8-4 Amherstburg Devonian 59.06
DGR8-CR64 8-5 Salina—G-Unit Silurian 182.06
DGR8-CR90 8-6 Salina—E-Unit Silurian 238.91
DGR8-CR100 8-7 Salina—C-Unit Silurian 265.46
DGR8-CR110 8-8 Salina—B-Unit (Carbonate) Silurian 295.91
DGR8-CR116 8-9 Salina—A2-Unit (Carbonate) Silurian 313.31
DGR8-CR122 8-10 Salina—A1-Unit (Carbonate) Silurian 332.26
DGR8-CR137 8-11 Salina—A0-Unit Silurian 377.21
DGR8-CR137 8-12 Salina—A0-Unit Silurian 378.75
DGR8-CR139 8-13 Guelph Silurian 382.4
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Around 10–50 mg of powdered samples (n = 22) were extracted to determine the Sr isotopic
composition using a microscope-drill assembly, to be subsequently reacted with 2.5 N HCl for 24 h at
room temperature. To avoid Strontium contamination from pore salts produced by drying the samples,
they were washed twice using Milli-Q water. To measure the strontium isotope ratio in each sample, an
automated Finnigan MAT 261TM mass spectrometer was employed, performing all the analysis in the
static multicollector mode with Re filaments and normalizing 87Sr/86Sr ratios to 87Sr/86Sr = 8.375209.
The mean standard error of the static multicollector was 0.00003 for NBS-987. These analyses were
done at the University of Bochum, Bochum, Germany.

A thorough petrographic investigation of doubly polished thin sections was performed to
identify and classify fluid inclusions trapped in diagenetic minerals. Measured ice-melting
temperatures (Tmice) are reported as wt.% NaCl eq. using the relationship of Hall et al. [38]
and Bodnar [39]. Detailed petrography was performed to determine the type of inclusions (primary
or secondary/pseudosecondary) following the criteria proposed by Roedder [40]. For this study,
attention was focused on primary liquid-vapor inclusion assemblages only. The microthermometric
measurements were performed at the University of Windsor (Windsor, ON, Canada) employing a
Linkam TH600 heating-freezing stage, coupled with the Olympus BX60. The device calibration was
achieved using synthetic pure water and CO2 inclusions as standard. Microthermometric analyses
were completed on 126 primary fluid inclusions in selected carbonate samples from the Silurian (n = 85)
and Devonian (n = 41) successions including pervasive replacive medium crystalline dolomite (RD2;
n = 22 and n = 17 for Silurian and Devonian samples, respectively), saddle dolomite (SD; n = 31;
observed in Silurian samples only) and late fracture-filling blocky calcite cement (BKC; n = 32 and
n = 24 from Silurian and Devonian samples, respectively). Homogenization temperatures (Th) and
ice-melting temperatures (Tmice) were measured with a precision of ±1 ◦C and ±0.1 ◦C, respectively.
Heating measurements were performed before freezing to avoid possible stretching of the inclusions
during freezing [41].

Major, minor, trace and rare earth elements (REE) analyses were performed using inductively
coupled plasma spectroscopy (ICP-MS) technique. Around 50–100 mg of powdered carbonate samples
from different calcite and dolomite phases were digested utilizing 5% v/v acetic acid. Measurements
were carried employing an Agilent 8800 inductively coupled mass spectrometer at the University
of Waterloo (Waterloo, ON, Canada). All results are reported in part per million (ppm). The REEs’
results obtained from ICP-MS analysis were normalized to PAAS (Post-Archean Australian Shales [42]).
Rare-earth element anomalies such as CeSN [(Ce/Ce*)SN = CeSN/(0.5LaSN + 0.5PrSN)], LaSN [(Pr/Pr*)SN

= PrSN/0.5CeSN + 0.5NdSN)], EuSN [(Eu/Eu*)SN = EuSN/(0.5SmSN + 0.5GdSN)], and GdSN [(Gd/Gd*)SN

= GdSN/(0.33SmSN + 0.67TbSN)] were calculated employing the equations proposed by Bau and
Dulski [43]. The proportions of LREE (La-Nd) over HREE (Ho-Lu) were calculated via (La/Yb)SN ratios
as proposed by Kucera et al. [44]. The proportions of MREE (Sm-Dy) was calculated using (Sm/La)SN

and (Sm/Yb)SN ratios [45] over LREE and HREE, respectively.

4. Results

4.1. Petrography of Silurian Formations

The diagenetic history of the Silurian formations includes processes such as dolomitization
mechanical and chemical compaction, fracturing, dissolution, silicification, and calcite and evaporite
cementation. The diagenetic processes above are described in Tortola [46], on which this paper is
largely based.

4.1.1. Dolomitization

Four types of dolomite occur in the Silurian formations (Figure 4) and are classified following
the criteria proposed by Sibley and Gregg [47]. These include including three types of replacive
matrix dolomite and one of dolomite cement. These are a pervasive replacive micro to fine crystalline
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(<50 μm) euhedral to subhedral dolomite matrix (RD1) (Figure 4A); a pervasive replacive medium
(>50–100 μm) euhedral crystalline dolomite matrix (RD2) (Figure 4B), which represent the main
constituents of the host rock; and a less abundant selective replacive medium (>50–100 μm) euhedral
crystalline dolomite matrix (RD3) only observed along dissolution seams in partially dolomitized
limestones, usually characterized by cloudy-dark cores and clear rims (Figure 4C). All dolomite types
are non-ferroan and show dull red to non-luminescent (RD1 and RD2) and red to bright (RD3) under
the CL (Figure 4D,E). In some cases, RD2 shows undulose extinction similar to saddle dolomite
(e.g., [5,48]) and is characterized by cloudy non-ferroan cores followed by later clear and iron-rich
rims (Figure 4B,F). In addition to these types, a coarse crystalline (>500 μm), ferroan saddle dolomite
cement (SD; Figure 4G) filling fractures and vugs are observed, commonly predating late calcite cement
(Figure 4E,H) and occasionally evaporite minerals (Figure 4I). Typically, SD is fluid inclusion-rich,
zoned with cloudy cores and clear rims, and characterized by curved crystal boundaries.

 

Figure 4. Dolomitization in Silurian formations. (A) Photomicrograph (PPL) of planar-s, pervasive
replacive micro to fine crystalline dolomite matrix (RD1). Sample 1-18; Well: DGR1-CR65; depth:
176.13 m. The blue arrow indicates the presence of framboidal pyrite in the matrix; (B) photomicrograph
(XPL) of non-planar, pervasive replacive micro to fine crystalline dolomite matrix and planar-e pervasive
replacive medium crystalline dolomite matrix (RD2). Sample 1-31; Well: DGR1-CR133; depth: 440.92 m;
(C) photomicrograph (PPL—after staining) of planar-e, selective replacive medium crystalline dolomite
matrix (RD3) associated with dissolution seams showing cloudy cores and clear rims (red arrow).
Undolomitized limestone matrix (MC) shows a pink color after staining. Sample 8-12; well: DGR8-CR137
(2); depth: 378.75 m; (D) CL photomicrograph of isopachous calcite cement (ISC) and selective replacive
medium crystalline dolomite matrix (RD3) both showing dully-red luminescence. Note the change
from dull to red luminescent of ISC towards the center of the vug. Sample 8-10; well: DGR8-CR122;
depth: 332.26 m; (E) CL photomicrograph of bright luminescent blocky calcite cement (BKC) postdating
non-luminescent saddle dolomite cement (SD) surrounded by dull-red medium crystalline dolomite
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matrix (RD2). Sample 8-13; Well: DGR8-CR139; Depth: 382.4 m; (F) photomicrograph (PPL—after
staining) of planar-e to planar-s, pervasive replacive medium crystalline dolomite matrix (RD2) showing
intercrystalline porosity (green arrows) and non-ferroan cores followed by later iron-rich rims (yellow
arrow). Sample 1-24; well: DGR1-CR116 (2); depth: 328.17 m; (G) photomicrograph (XPL) of fracture
filling saddle dolomite cement (SD) postdating pervasive replacive medium crystalline dolomite matrix
(RD2) characterized by distinctive wavy extinction and curved crystal boundaries. Sample 1-31; Well:
DGR1-CR133; Depth: 440.92 m. (H) CL photomicrograph of gypsum (GY) postdating non-luminescent
with bright rims zoned saddle dolomite (SD). Sample 8-13; Well: DGR8-CR139; depth: 382.4 m;
(I) photomicrograph (XPL) of gypsum cement (GY) postdating coarse saddle dolomite cement (SD).
Sample 8-9; well: DGR8-CR116; depth: 313.31 m.

4.1.2. Fracturing

Three types of fractures are present in the studied formations. Thin randomly oriented hairline
fractures (<0.5 cm) filled with drusy calcite cement (DC) represent the first generation of fractures
(Figure 5A). Late wider subhorizontal and subvertical fractures (0.5–1 cm), both commonly occluded by
saddle dolomite, late blocky calcite and evaporite cement representing the second and third generations,
respectively (Figure 5B,C). Cross-cutting relationship of the last two generations of fractures shows
that cementation took place after the formation of both fractures.

 

Figure 5. Fracturing in Silurian formations. (A) Photomicrograph (PPL) of multiple stylolites (green
arrows) cross-cutting fracture-filling drusy calcite cement (DC). The surrounding matrix is micritic
(MC). Sample 1-28; well: DGR1-CR121; depth: 342.27 m; (B) photomicrograph (XPL) of a sub-vertical
fracture-filled by blocky calcite cement (BKC) cross-cutting and postdating (yellow arrows) a drusy
mosaic calcite cement (DC) filling a randomly oriented fracture. Sample 1-28; well: DGR1-CR121; depth:
342.27 m; (C) photomicrograph (XPL) showing two generations of fractures; the first sub-horizontal
(red arrows) displaced by the second sub-vertical, gypsum filled fracture. Sample 1-29; well: DGR1
- CR122; depth: 344.42 m; (D) photomicrograph (XPL) of a fracture filled by gypsum (GY) partially
replaced by anhydrite (ANH) showing higher birefringence. Sample 8-7; well: DGR8-CR100; depth:
265.46 m.
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4.1.3. Calcite Cementation

Early and late-stage calcite cement (Figure 6) have been distinguished including from early to
late: isopachous, syntaxial overgrowth, drusy, and blocky calcite. Undolomitized calcite matrix (MC)
from precursor limestone was also recognized (Figures 4C and 5A). Isopachous calcite cement (ISC)
is characterized by cement rims growing around coated grains. It exhibits microcrystalline, bladed
texture (Figure 6A) with non-ferroan, dully-red luminescence (Figure 4D) and crystal size ranging
from 50 to 100 μm. Syntaxial calcite overgrowth cement (SXC) forms ferroan, bright-luminescent
crystals ranging in size from 100 μm up to >500 μm, usually around echinoderm fragments (Figure 6B).
Void-filling and pore-lining drusy calcite cement (DC) was mainly observed in intergranular and
intraskeletal pores, molds and fractures. Common textural features show equant to elongate, anhedral
to subhedral crystals ranging in size between 75–250 μm with dimension increasing towards the center
of the pore space (Figure 6C). In most cases, DC is ferroan and exhibits dully-red luminescence under
CL (Figure 6D).

A late fractures and void-filling blocky calcite cement (BKC) consisting of coarse non-ferroan
to ferroan crystal (Figure 6E) ranging in size from 200 μm to >500 μm, shows zoned red to bright
luminescence under CL (Figure 6F) and commonly postdate saddle dolomite cement.

In terms of paragenesis, early calcite cement (ISC, SXC and DC) predated RD1, RD2 and RD3 and
predated fracture- and pore-filling saddle dolomite which is postdated by late blocky calcite (BKC)
and evaporite (GY and ANH) cement.

4.1.4. Evaporite Cementation

Pore and fracture-filling fibrous gypsum (GY)/anhydrite (ANH) cements in the Silurian formations
range in size from 50–150 μm (Figures 4I and 5C,D). They are the latest stage diagenetic mineral phases.
Both gypsum and anhydrite are only present in samples from the Salina Group Formation, commonly
postdating fracture-filling blocky calcite and saddle dolomite cement (Figure 4I).

4.2. Petrography of Devonian Formations

4.2.1. Dolomitization

Three types of dolomite occur in the Devonian formations (Figure 7), which are characterized
by the presence of pervasive replacive micro to fine (<50 μm), euhedral to subhedral, crystalline
dolomite matrix (RD1) (Figure 7A,B), a pervasive replacive medium (>50–100 μm) euhedral crystalline
dolomite matrix (RD2) (Figure 7B–D), which represent the main constituents of the host dolostone, and
a less abundant selective replacive medium (>50–100 μm) euhedral crystalline dolomite matrix (RD3
commonly associated with dissolution seams), and usually characterized by cloudy-dark core and
clear rims (Figure 7E). All three types of dolomite are non-ferroan and show non-luminescent to dull
red (RD1 and RD2) and red to bright red (RD3) under the CL (Figure 7B,F).

A schematic summary of the main features with relative nomenclatures of the main carbonate
minerals observed and described for both age groups is presented in Table 2.
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Figure 6. Calcite cementation in Silurian formations. (A) Photomicrograph (XPL) of isopachous calcite
cement (ISC) filling interparticle pores in coated grains (red arrows). Sample 8-10; well: DGR8-CR122;
depth: 332.26 m; (B) photomicrograph (PPL—after staining) of ferroan syntaxial overgrowth calcite
cement (SXC) on crinoidal and echinoid skeletal fragments in a bioclastic grainstone. Sample 1-33; well:
DGR1-CR154; depth: 440.92 m; (C) photomicrograph (XPL) of drusy calcite cement (DC) showing
increasing crystal sizes towards the center of a vug in a fenestral dolostone. Sample 1-17; well:
DGR1-CR49; depth: 142.28 m; (D) CL photomicrograph of pervasive replacive fine crystalline dolomite
matrix (RD1) and vug-filling drusy calcite cement (DC) both showing dully-red luminescence. Sample
1-17; well: DGR1-CR49; depth: 142.28 m; (E) photomicrograph (XPL) of a single generation of blocky
calcite cement (BKC) filling fractures in a fine crystalline, laminated dolostone. Sample 8-5; well:
DGR8-CR64; depth: 182.06 m. (F) CL photomicrograph of fracture-filling, late blocky calcite cement
(BKC) showing red to bright zoned luminescence. Sample 1-26; well: DGR1-CR119; depth: 333.48 m.
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Figure 7. Dolomitization in Devonian formations. (A) Photomicrograph (PPL) of planar-e to planar-s,
pervasive replacive micro to fine crystalline dolomite matrix (RD1). Sample 1-1; well: DGR1-CR1;
depth: 23.5 m; (B) CL photomicrograph of pervasive replacive, fine-crystalline dolomite matrix
(RD1) and pervasive replacive, medium crystalline dolomite matrix (RD2) showing red luminescence.
Sample 8-4; well: DGR8-CR22; depth: 59.06 m; (C) photomicrograph (XPL) of planar-e to planar-s,
medium crystalline dolomite matrix (RD2) pervasively replacing precursor limestone and partially
replacing allochems fragments (blue arrow). Sample 1-4; well: DGR1-CR2 (3); depth: 27.75 m;
(D) photomicrograph (XPL) of planar-e to planar-s, pervasive replacive medium crystalline dolomite
matrix (RD2) with higher intercrystalline porosity (black areas) compared to the pervasive replacive
micro to fine-crystalline dolomite matrix (RD1). Sample 1-3-2; well: DGR1-CR2 (2); depth: 26.95 m;
(E) photomicrograph (PPL) of planar-e to planar-s, selective replacive medium crystalline dolomite
matrix (RD3) associated with dissolution seams showing dark cores and clear rims. Sample 8-4; well:
DGR8-CR22; depth: 59.06 m. (F) CL photomicrograph of selective replacive medium crystalline
dolomite matrix (RD3) showing dull to red luminescence. Sample 1-3-2; well: DGR1-CR2 (2); depth:
313.31 m.
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Table 2. Summary of the main petrographic characteristics of the carbonate minerals observed in
Silurian and Devonian samples.

Age Mineral Description Texture Size Luminescence
Ferroan/

Non-Ferroan

Silurian RD1 Pervasive replacive micro to
fine crystalline dolomite matrix

Non-planar to
planar-s <50 μm Dully

red/bright Non-ferroan

Silurian RD2 Pervasive replacive medium
crystalline dolomite matrix Planar-e/planar-s >50 μm up

to 150 μm
Dully red/

non-luminescent Non-ferroan

Silurian RD3

Selective replacive medium
crystalline dolomite matrix
(commonly associated with

dissolution seams)

Planar-e >50 μm up
to 150 μm Dull/red Non-ferroan

Silurian SD
Coarse crystalline saddle
dolomite cement filling

fractures and vugs

Curved crystal faces
and cleavage planes

and undulose
extinction

>500 μm Dull/
non-luminescent Ferroan

Silurian ISC
Isopachous calcite cement

characterized by cement rims
growing around coated grains

bladed 50–100 μm Dully red Non-ferroan

Silurian SXC
Syntaxial calcite overgrowth

cement usually around
echinoderm fragments

- 100 μm to
>500 μm Bright red Ferroan

Silurian DC

Void-filling and pore-lining
cement in intergranular and

intraskeletal pores, molds and
fractures

Equant to elongate,
anhedral to subhedral

75–250 μm
Size increase
towards the

center

Dull red Ferroan

Silurian BKC

Blocky calcite cement
consisting of coarse-grained
crystals without a preferred

orientation mainly filling
fractures and voids

- 200 μm to
>500 μm

Red/bright
orange zoned

Non-ferroan/
ferroan

Devonian RD1 Pervasive replacive micro to
fine crystalline dolomite matrix

Non-planar to
planar-s <50 μm Dull/red Non-ferroan

Devonian RD2 Pervasive replacive medium
crystalline dolomite matrix Planar-e/ planar-s >50 μm up

to 100 μm
Dull/

non-luminescent Non-ferroan

Devonian RD3

Selective replacive medium
crystalline dolomite matrix
(commonly associated with

dissolution seams)

Planar-e >50 μm up
to 100 μm Red/bright Non-ferroan

Devonian SXC
Syntaxial calcite overgrowth

cement usually around
echinoderm fragments

- 100 μm to
>500 μm Non-luminescent Non-ferroan

Devonian DTC

Dogtooth calcite cement
characterized by sharply

pointed acute crystals growing
normal to the substrate (mainly

skeletal grains)

Elongate
scalenohedral or
rhombohedral

50 μm Red/bright
mostly zoned Non-ferroan

Devonian DC

Void-filling and pore-lining
cement in intergranular and

intraskeletal pores, molds and
fractures

Equant to elongate,
anhedral to subhedral

75–250 μm
Size increase
towards the

center

Dull red to
bright,

zoned in most
cases

Non-ferroan

Devonian BKC

Blocky calcite cement
consisting of coarse-grained
crystals without a preferred

orientation mainly filling
fractures and voids

- 200 μm to
>500 μm

Red/bright
zoned Non-ferroan

4.2.2. Fracturing

The fractures observed in the Devonian formations can be divided in two types. The first
is represented by sub-horizontal fractures (0.5–1 cm) filled by blocky calcite cement (Figure 8A).
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The second type is represented by sub-vertical fractures (0.1–0.5 cm) commonly filled by blocky calcite
(Figure 8A,B) crosscutting chemical compactional features (Figure 8C,D).

 

Figure 8. Fracturing in Devonian formation. (A) Photomicrograph (PPL) of a sub-vertical, unfilled
hairline fracture cross-cutting sub-horizontal blocky calcite (BKC) vein in a fine crystalline dolostone.
Sample 8-1; well: DGR8-CR10; depth: 22.71 m; (B) Core photograph showing two systems of fractures
in a dolostone from the Lucas Formation (Devonian). A sub-vertical unfilled hairline fracture (yellow
arrow) crosscut a sub-horizontal fracture-filled by late calcite cement. The white arrow indicates the
top of the sedimentary sequence. Sample 8-1; well: DGR8-CR10; depth: 22.71 m. (C) Photomicrograph
(PPL) of a sub-vertical, unfilled hairline fracture crosscutting and displacing dissolution seams (green
arrows) and sedimentary structures in a partially dolomitized grainstone. Sample 1-9; well: DGR1-CR9;
depth: 46.4 m; (D) photomicrograph (PPL) of sub-vertical, blocky calcite (BKC) vein cross-cutting
dissolution seams and stylolites (green arrows) in a partially dolomitized limestone. Note the presence
of undolomitized micritic matrix (MC) from the precursor limestone. Sample 1-2; well: DGR1-CR2 (1);
depth: 26.25 m.

4.2.3. Calcite Cementation

Four types of calcite cement, ranging from early to late-stage, (Figure 9) have been distinguished,
including syntaxial overgrowth, dogtooth, drusy and blocky calcite. Undolomitized calcite matrix
(MC) from the precursor limestone was also observed in some specimens (Figure 8D).
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Figure 9. Calcite cementation in Devonian formations. (A) Photomicrograph (XPL) of syntaxial
overgrowth calcite cement (SXC) on echinoderm skeletal fragments in a bioclastic grainstone. Sample
1-10; well: DGR1-CR10 (1); depth: 48.65 m; (B) photomicrograph (PPL) of dogtooth calcite cement
(DTC) growing normally with respect to the surface of the intraskeletal chambers in a coral from a
bioclastic grainstone. Sample 1-11; well: DGR1-CR10 (2); depth: 49.7 m; (C) CL photomicrograph of
fracture-filling drusy calcite cement (DC) showing dull to bright zoned luminescence. Sample 1-13; well:
DGR1-CR30 (1); depth: 26.95 m; (D) photomicrograph (XPL) of drusy calcite cement (DC) showing
increasing crystal sizes towards the center of a fracture in a brecciated cherty dolostone. Sample 1-13;
well: DGR1-CR30 (1); depth: 104.05 m; (E) photomicrograph (PPL—after staining) of non-ferroan,
drusy calcite cement (DC) lining a fracture subsequently filled by non-ferroan blocky calcite (BKC) in
fine crystalline dolostone. Sample 1-13; well: DGR1-CR30 (1); depth: 104.05 m; (F) CL photomicrograph
of bright luminescent fracture-filling blocky calcite cement (BKC). Sample 8-1; well: DGR8-CR10; depth:
22.71 m.
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Syntaxial calcite overgrowth cement (SXC) forms non-ferroan, non-luminescent crystals, usually
around echinoderm fragments, ranging in size from 100 μm up to >500 μm (Figure 9A).

Dogtooth calcite cement (DTC), is characterized by non-ferroan, non-luminescent, sharply pointed
acute crystals (50 μm) growing normal to the substrate. It is mainly observed lining intraskeletal
chambers, and commonly presenting textures from elongate scalenohedral to rhombohedral (Figure 9B).

Pore-lining and void-filling drusy calcite cement (DC) is mainly observed in intergranular and
intraskeletal pores, molds and fractures (Figure 9C–E). Common textural features show equant to
elongate, in some cases anhedral to subhedral crystals ranging in size between 75–250 μm with
dimension increasing towards the center of the pore space (Figure 9D). In most cases, DC is non-ferroan
(Figure 9E) and shows zoned, dull-red to bright orange luminescence (Figure 9C).

A late fracture and void-filling blocky calcite cement (BKC) consisting of the coarse-grained,
non-ferroan crystal (Figure 9E) without preferred orientation, ranges in size from 200 μm to >500 μm,
shows zoned red to bright orange luminescence under CL (Figure 9F).

Paragenetically, early calcite cement (SXC, DTC and DC) predate replacive dolomite matrix RD1,
RD2 and RD3, and predate the late fracture- and pore-filling blocky calcite (BKC) cement.

4.3. Geochemistry of Silurian and Devonian Formations

4.3.1. Oxygen and Carbon Stable Isotopes

The isotopic composition of RD1 from the two age groups shows more negative δ18O and δ13C
average values in the Silurian samples than in the Devonian samples. δ18O isotopic composition
of Silurian and Devonian pervasive replacive micro to fine crystalline dolomite matrix (RD1) range
from −7.83 to −4.46%� VPDB (average: −6.43%� ± 1.1%�) and from −7.01 to −4.46%� VPDB (average:
−5.95%� ± 0.71%�), respectively. δ13C isotopic values in RD1 samples range from −2.73 to 3.78%� VPDB
(average: 0.18%� ± 1.9%�) for Silurian formations and from 2.01 to 4.28%� VPDB (average: 3.05%� ±
0.88%�) for Devonian formations (n = 20; Figure 10; Table 3).

The isotopic compositions of RD2 from Silurian formations show more negative δ18O and δ13C
average values than values of RD2 from Devonian samples. δ18O isotopic composition of Silurian and
Devonian pervasive replacive medium crystalline dolomite matrix (RD2) range from −7.96 to −3.85%�
VPDB (average: −6.62%� ± 1.37%�) and from −7.66 to −4.75%� VPDB (average: −6.11%� ± 1.07%�),
respectively. δ13C isotopic concentrations in RD2 samples range from −0.32 to 3.84%� VPDB (average:
2.15%� ± 1.37%�) for Silurian formations and from 0.99 to 3.93 %� VPDB (average: 2.75%� ± 1.21%�) for
Devonian successions (n = 12; Figure 10; Table 3).

RD3 from Silurian samples is characterized by more negative δ18O average values but comparable
δ13C average values Devonian samples. δ18O isotopic composition of Silurian and Devonian selective
replacive medium crystalline dolomite matrix (RD3) range from −7.53 to -5.91%� VPDB (average:
−6.95%� ± 0.9%�) and from −6.20 to −3.91%� VPDB (average: −5.31%� ± 0.71%�), respectively. δ13C
isotopic concentrations in RD3 samples range from 0.65 to 4.02%� VPDB (average: 2.66%� ± 1.77%�) for
Silurian formations and from 1.09 to 4.63%�VPDB (average: 3.08%� ± 1.07%�) for Devonian successions
(n = 11; Figure 10; Table 3).
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Figure 10. Cross plot of δ 13C vs δ 18O of different types of dolomite in Silurian and Devonian formations.
The data shows an overlap between δ13C and δ18O values in Silurian and Devonian dolomites. In both
age groups, δ13C values fall in the range of values estimated for the marine calcite of equivalent age
except for the more negative values in some Silurian RD1 samples possibly related to bacterial sulfate
reduction (BSR). The negative shift in δ18O values, more pronounced in Silurian dolomites, can be
related to dolomite recrystallization during burial and increasing temperature. The green box represents
isotopic values of the Middle Devonian marine calcite [49] and the yellow box represents the estimated
isotopic values for the Silurian marine dolomite [50].

Table 3. Oxygen and carbon stable isotopes, Sr isotopes results from dolomite and calcite samples.

Sample ID Age Phase δ13CVPDB (%�) δ18OVPDB (%�) 87Sr/86Sr

1-15a Silurian RD1 −0.47 −4.46
1-16a Silurian RD1 −0.27 −5.35
1-17a Silurian RD1 1.86 −4.49 0.708705
1-18a Silurian RD1 −2.73 −7.65 0.708877
1-20a Silurian RD1 −0.59 −7.06
1-21a Silurian RD1 0.22 −6.44
1-31a Silurian RD1 3.78 −7.15
8-6a Silurian RD1 −1.4 −7.36 0.708919
8-5a Silurian RD1 −0.63 −6.99
8-8a Silurian RD1 −1.16 −6.16
8-9a Silurian RD1 −0.19 −6.22

8-13a Silurian RD1 3.72 −7.83
1-16b Silurian RD2 −0.32 −3.85
1-24a Silurian RD2 1.51 −6.79 0.708469
1-23b Silurian RD2 1.44 −7.25
1-31b Silurian RD2 3.58 −7.96 0.708587
8-11a Silurian RD2 3.18 −5.42
8-10b Silurian RD2 1.82 −7.23
8-13b Silurian RD2 3.84 −7.86
1-30a Silurian RD3 4.02 −7.53 0.708905
1-33b Silurian RD3 0.65 −5.91
8-12 Silurian RD3 3.31 −7.41 0.708743
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Table 3. Cont.

Sample ID Age Phase δ13CVPDB (%�) δ18OVPDB (%�) 87Sr/86Sr

1-31c Silurian SD 3.69 −7.72 0.708648
8-13c Silurian SD 0.10 −9.65
1-28a Silurian SD 1.27 −6.13 0.708516
1-24b Silurian MC 1.32 −5.55
1-27b Silurian MC 0.14 −8.16
1-30b Silurian MC 3.53 −8.09
1-33c Silurian MC 0.21 −4.73
8-11b Silurian MC 2.89 −5.35
1-23a Silurian ISC 1.37 −6.76
8-10a Silurian ISC 1.27 −7.77
1-32 Silurian SXC 0.12 −4.81

1-33a Silurian SXC −0.21 −5.54
1-17b Silurian DC −0.88 −8.85 0.708154
1-25 Silurian BKC 0.02 −4.54

1-26a Silurian BKC 0.00 −6.78
1-27a Silurian BKC 0.03 −7.52 0.708383
1-28b Silurian BKC 0.06 −7.51
1-31d Silurian BKC 3.17 −6.41
8-5b Silurian BKC −3.75 −9.19 0.708054
8-9c Silurian BKC −1.06 −10.19

8-13d Silurian BKC 3.10 −8.09
8-9d Silurian GY - - 0.708486
1-29a Silurian GY - - 0.708434
1-1a Devonian RD1 2.65 −6.03 0.708103
1-1b Devonian RD1 2.17 −6.22

1-3-1a Devonian RD1 3.23 −5.72
1-5a Devonian RD1 4.02 −6.14
1-5b Devonian RD1 4.28 −6.11
1-7a Devonian RD1 3.71 −5.88
8-1a Devonian RD1 2.01 −4.46 0.707884
8-4a Devonian RD1 2.33 −7.01

1-3-2b Devonian RD2 3.32 −4.75 0.708089
1-4a Devonian RD2 3.93 −5.94
1-7b Devonian RD2 3.48 −5.74
1-14a Devonian RD2 0.99 −6.47
8-4b Devonian RD2 2.03 −7.66 0.708920
1-2a Devonian RD3 3.47 −5.67

1-3-2c Devonian RD3 3.62 −3.91
1-6a Devonian RD3 4.63 −5.97 0.708146

1-10a Devonian RD3 2.60 −5.31
1-13b Devonian RD3 1.09 −5.04
8-2a Devonian RD3 3.81 −5.41
8-3a Devonian RD3 2.99 −5.00
8-4c Devonian RD3 2.45 −6.20 0.708509
1-2b Devonian MC 2.52 −5.87
1-4b Devonian MC 2.81 −5.77
1-6b Devonian MC 4.12 −4.53
1-8b Devonian MC 1.92 −6.47
8-2b Devonian MC 2.83 −6.59
8-3b Devonian MC 1.99 −6.51
1-11a Devonian SXC 0.97 −4.44
1-12a Devonian SXC 1.55 −4.42
1-13a Devonian DC −0.59 −6.22 0.708051
1-14b Devonian DC −1.15 −6.49
1-2c Devonian BKC −1.55 −8.01
8-1b Devonian BKC −2.40 −8.61 0.707982
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The δ18O and δ13C isotopic values of Silurian Saddle dolomite cement (SD) range from −9.65 to
−6.13%� VPDB (average: −7.84%� ± 1.76%�) and from 0.10 to 3.69%� VPDB (average: 1.69%� ± 1.83%�),
respectively (n = 3; Figure 10 and Table 3).

Early calcite shows more negative δ18O and more positive δ13C average values in Devonian
formations compared with Silurian samples. Silurian and Devonian early calcite matrix and cement
(MC, ISC, SXC, DTC and DC) show δ18O isotopic composition ranging from −8.85 to −4.73%� VPDB
(average: –6.56%�± 1.47%�) and from−6.59 to−4.42%�VPDB (average: −5.73%�± 0.87%�), respectively.
δ13C isotopic values in early calcite samples (MC, ISC, SXC, DTC and DC) range from −0.88 to 3.53%�
VPDB (average: 0.97%� ± 1.32%�) for Silurian formations and from −1.15 to 4.12%� VPDB (average:
1.70%� ± 1.52%�) for Devonian successions (n = 20; Figure 11; Table 3).

Figure 11. Crossplot of δ 13C vs δ 18O of different generations of calcite cement in Silurian and Devonian
formations. Most of the calcitic samples show δ13C values, in range with postulated values for marine
calcite of the respective age with the exception for late BKC which clearly shows a negative shift from
the equilibrium values in both age groups. This may suggest a separate input of oxidized organic
carbon possibly related to interaction with hydrocarbons. The green box represents isotopic values of
the Middle Devonian marine calcite [49] and the yellow box represents the estimated isotopic values
for the Silurian marine dolomite [50].

Late calcite cement (BKC) shows more negative δ18O and δ13C average values in Devonian
formations compared with the Silurian samples. The δ18O isotopic composition of Silurian and
Devonian late fracture-filling calcite cement (BKC) range from −10.19 to −4.54%� VPDB (average:
−7.53%� ± 1.62%�) and from −8.61 to −8.01%� VPDB (average: −8.31%� ± 0.3%�), respectively. δ13C
isotopic concentrations in BKC samples range from −3.75 to 3.17%� VPDB (average: 0.20%� ± 2.08%�)
for Silurian formations and from −2.40 to −1.55%� VPDB (average: −1.98%� ± 0.43%�) for Devonian
successions (n = 10; Figure 11; Table 3).
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4.3.2. Strontium Isotopes

Due to the mixed nature of the samples, only one pure sample of drusy calcite cement (DC),
for each age group, were microsampled avoiding then contamination with other carbonate minerals.
The Sr isotopic values of DC were 0.708154 and 0.708051 for the Silurian and Devonian samples,
respectively (Figure 12). The Silurian late calcite cement (BKC) show 87Sr/86Sr isotopic ratio values
ranging from 0.708054 to 0.708383 (n = 2) and 0.707982 for Devonian BKC (n = 1). 87Sr/86Sr ratios of
matrix dolomite samples (RD1, RD2 and RD3) from the Silurian (n = 7) and Devonian (n = 6) carbonate
successions range from 0.708469 to 0.708919 and 0.707884 to 0.708920, respectively. Saddle dolomite
sampled from Silurian formations has Sr isotopic values ranging from 0.708516 to 0.708648 (n = 2;
Figure 12). Gypsum samples from Silurian formations show Sr isotopic values ranging from 0.708434
to 0.708486.

 
Figure 12. Cross plot of δ 18O vs 87Sr/86Sr ratios of different dolomitic and calcitic components from the
two age groups. In both age groups, Sr isotopic ratios show seawater composition of their respective
age as the primary source of diagenetic fluids with minor rock-water interactions as indicated by some
exceptions of more radiogenic signatures in the Silurian formations. The green box represents Devonian
seawater [51] and the yellow box represents Silurian seawater [51,52].

87Sr/86Sr isotopic ratios for dolomite and calcite by age are presented in Table 3.

4.3.3. Fluid Inclusions Microthermometry

Fluid inclusions measurements were focused only on dolomite and blocky calcite cement. Due to
the small size of crystal and/or fluid inclusions, microthermometric measurements in mineral phases
such as RD1and RD3 were not achievable in both age groups. The melting (Tm) and homogenization
temperatures (Th) were measured from two-phase, liquid-rich primary fluid inclusions which ranged
in size from 1 μm up to 20 μm in diameter with variable shapes from irregular to nearly circular
(Figure 13). In some cases, measurements of the melting temperatures for fluid inclusions hosted in
RD2 were not possible due to their small size in both Silurian and Devonian successions (measured
n = 9 and n = 7 for Silurian and Devonian samples, respectively). Hydrocarbon fluid inclusions were
not identified in the selected samples from the studied formations.
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Figure 13. Fluid Inclusion assemblages. (A) Photomicrograph (PPL) of fluid inclusion assemblage
in an RD2 crystal from Lucas Formation. Sample 1-3-2; Well: DGR1-CR2 (2); depth: 26.95 m;
(B) photomicrograph (PPL) of isolated two-phase, primary fluid inclusions (liquid-rich with vapor
bubble) hosted within blocky calcite cement occluding fractures in the Lucas Formation. Sample 8-1;
Well: DGR8-CR10; depth: 22.71 m; (C) photomicrograph (PPL) of fluid inclusions assemblage in RD2
along the crystal growth showing two-phase primary fluid inclusions. Sample 1-31; well: DGR1-CR133;
depth: 378.1 m; (D) photomicrograph (PPL) of fluid inclusion assemblage in SD along the crystal
growth, showing a trail of two-phase primary fluid inclusions with irregular and elongated shapes.
Sample 1-28; well: DGR1-CR121; depth: 342.27 m.

Fluid inclusions hosted in RD2 from Silurian samples show higher Th and salinity compared to fluid
inclusions hosted in RD2 from Silurian formations. Microthermometric results of pervasive, replacive
medium crystalline dolomite matrix (RD2) vary from Th: 49.7 to 134.1 ◦C (average: 89.1 ± 20.9), 22.03
to 25.2 wt.% NaCl eq. (average: 23.3 ± 1.1) and Th: 69.9 to 102.3 ◦C (average: 82.7 ± 9.8), 18.9 to
21.8 wt.% NaCl eq. (average: 20.8 ± 0.9) for the Silurian and Devonian samples, respectively.

Saddle dolomite (SD) hosted in Silurian successions shows values ranging from Th: 101.2 to
193.4 ◦C (average: 124.8 ± 20.5), 25.97 to 32.6 wt.% NaCl eq. (average: 28.5 ± 1.8).

Fluid inclusions hosted in BKC from Silurian samples show lower Th and higher salinity compared
to fluid inclusions hosted in BKC from Silurian formations. In late calcite cement (BKC), measured
values range from Th: 70.2 to 194.3 ◦C (average: 120.9 ± 35.4), 21.4 to 32.3 wt.% NaCl eq. (average:
27.6 ± 3.2) and Th: 146.20 to 237.9 ◦C (average: 194.87 ± 26.9), 15.17 to 23.95 wt.% NaCl eq. (average:
20.21 ± 2.31) for the mentioned age groups, respectively.

The summaries of the fluid inclusion results are presented in Figures 14–16 and Table 4. Examples
of the main characteristics of fluid inclusion assemblages hosted within the different calcite and
dolomite phases are illustrated in Figure 13.
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Figure 14. Homogenization temperature vs. salinity cross plots for analyzed (A) dolomite and (B)
calcite phases.
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Figure 15. Histogram plots of (A) homogenization temperature and (B) salinity for analyzed dolomite
phases in Silurian and Devonian formations.
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Figure 16. Histogram plots of (A) homogenization temperature and (B) salinity for calcite cement
(BKC) in Silurian and Devonian formations.
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Table 4. Fluid inclusions results.

Sample Age Host Mineral Occurrence Size (μm) Th (◦C) Tmice (◦C) Salinity

1-31-1 Silurian RD2 Cluster 2 54.2
1-31-2 Silurian RD2 Cluster 3 55.1
1-31-3 Silurian RD2 Cluster 1 57.5
1-31-4 Silurian RD2 Cluster 7 100.4 −20.3 22.58
1-31-5 Silurian RD2 Cluster 1 49.7
1-31-6 Silurian RD2 Cluster 6 118.9 −22.3 23.89
1-31-7 Silurian RD2 Cluster 5 92.6 −24.4 25.21
1-31-8 Silurian RD2 Cluster 5 97.5 −21.4 23.31
1-31-9 Silurian RD2 Cluster 4 88.9
1-31-10 Silurian RD2 Isolated 5 85.9 −19.5 22.03
1-31-11 Silurian RD2 Isolated 2 71.4
1-31-12 Silurian RD2 Isolated 10 134.1 −23.6 24.71
1-31-13 Silurian RD2 Crystal growth 2 91.5
1-31-14 Silurian RD2 Crystal growth 1 92.8
1-31-15 Silurian RD2 Crystal growth 1 93.6
1-31-16 Silurian RD2 Crystal growth 1 84.7
1-31-17 Silurian RD2 Crystal growth 1 89.6
1-31-18 Silurian RD2 Crystal growth 4 97.1 −21.2 23.18
1-31-19 Silurian RD2 Crystal growth 2 96.4
1-31-20 Silurian RD2 Crystal growth 1 99.8
1-31-21 Silurian RD2 Crystal growth 6 97.3 −20.2 22.51
8-13-31 Silurian RD2 Crystal growth 3 111.4 −19.9 22.31
1-31-22 Silurian BKC Isolated 6 159.9
1-31-23 Silurian BKC Isolated 5 184.7 −25.3 25.76
8-13-1 Silurian BKC Short trail 7 119.3 −32.7 30.42
8-13-2 Silurian BKC Short trail 8 118.1 −33.5 30.97
8-13-3 Silurian BKC Short trail 6 109.3 −29.4 28.28
8-13-4 Silurian BKC Cluster 4 106.4
8-13-5 Silurian BKC Cluster 4 145.4
8-13-6 Silurian BKC Cluster 2 79.4
8-13-7 Silurian BKC Cluster 2 95.7
8-13-8 Silurian BKC Cluster 3 130.1
8-13-9 Silurian BKC Cluster 2 149.7
8-13-10 Silurian BKC Cluster 2 172.3
8-13-11 Silurian BKC Isolated 10 115.9 −31.8 29.82
8-13-12 Silurian BKC Crystal growth 13 81.8 −28.7 27.85
8-13-13 Silurian BKC Crystal growth 18 96.2 −32.6 30.35
8-13-14 Silurian BKC Crystal growth 15 93.3 −28.2 27.54
8-13-15 Silurian BKC Crystal growth 6 89.4
8-13-16 Silurian BKC Crystal growth 5 81.6
8-13-17 Silurian BKC Isolated 8 73.4 −26.9 26.74
8-13-18 Silurian BKC Isolated 6 84.7 −27.1 26.86
8-13-19 Silurian BKC Isolated 2 104.7
8-13-20 Silurian BKC Isolated 3 103.5
8-13-21 Silurian BKC Isolated 2 122.6
8-13-22 Silurian BKC Crystal growth 10 113.8 −35.4 32.33
1-28-6 Silurian BKC Isolated 12 115.2 −33.1 30.69
1-28-7 Silurian BKC Cluster 3 123.3
1-28-8 Silurian BKC Cluster 4 189 −18.6 21.40
1-28-9 Silurian BKC Cluster 4 139.7 −19.1 21.75

1-28-10 Silurian BKC Isolated 6 182.8
1-28-11 Silurian BKC Isolated 6 194.3
1-28-12 Silurian BKC Isolated 4 124.7 −22.8 24.21
1-28-13 Silurian BKC Isolated 10 70.2 −25.9 26.13
8-13-19 Silurian SD Crystal growth 5 122.6
8-13-20 Silurian SD Crystal growth 5 123.4
8-13-21 Silurian SD Crystal growth 3 142.7
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Table 4. Cont.

Sample Age Host Mineral Occurrence Size (μm) Th (◦C) Tmice (◦C) Salinity

8-13-22 Silurian SD Crystal growth 4 193.4
8-13-23 Silurian SD Scattered 5 121.8 −35.8 32.63
8-13-24 Silurian SD Scattered 6 125.9 −33.2 30.76
8-13-25 Silurian SD Scattered 2 117.16
8-13-26 Silurian SD Scattered 3 145.1
8-13-27 Silurian SD Scattered 2 115.5
8-13-28 Silurian SD Scattered 2 118.1
8-13-29 Silurian SD Scattered 4 119.5 −29.1 28.09
8-13-30 Silurian SD Isolated 10 102.3 −24.5 25.27
8-13-31 Silurian SD Isolated 15 110.2 −28.6 27.78
8-13-32 Silurian SD Crystal growth 6 112.5 −27.1 26.86
8-13-33 Silurian SD Crystal growth 7 123.2 −30.9 29.23
8-13-34 Silurian SD Crystal growth 11 105.2 −28.2 27.54
8-13-35 Silurian SD Crystal growth 5 115.9 −31.6 29.69
8-13-36 Silurian SD Crystal growth 4 108.9
8-13-37 Silurian SD Crystal growth 10 117.3 −28.6 27.78
8-13-38 Silurian SD Crystal growth 9 103.4 −27.9 27.35
8-13-39 Silurian SD Crystal growth 6 101.2 −31.1 29.36
8-13-40 Silurian SD Crystal growth 13 127.5 −29.9 28.60
8-13-41 Silurian SD Crystal growth 3 125.9 −32.8 30.49
8-13-42 Silurian SD Crystal growth 4 132.7
1-28-1 Silurian SD Crystal growth 6 112.3 −26.8 26.68
1-28-2 Silurian SD Crystal growth 8 120.5 −27.1 26.86
1-28-3 Silurian SD Crystal growth 5 126.6 −27.8 27.29
1-28-4 Silurian SD Crystal growth 3 130.3
1-28-5 Silurian SD Crystal growth 3 136.4
1-28-6 Silurian SD Crystal growth 5 125.8 −28.4 27.66
1-28-7 Silurian SD Crystal growth 7 186.6 −33.7 31.11
8-4-1. Devonian RD2 Crystal growth 3 101.1
8-4-2. Devonian RD2 Isolated 5 87.5 −18.6 21.40
8-4-2. Devonian RD2 Cluster 2 85.3
8-4-2. Devonian RD2 Cluster 4 79.6 −17.9 20.89
8-4-2. Devonian RD2 Cluster 1 88.1
8-4-2. Devonian RD2 Cluster 6 77.8 −15.4 18.96
8-4-2. Devonian RD2 Cluster 4 84.3 −17.8 20.82
8-4-2. Devonian RD2 Cluster 2 75.4

1-3-2-1 Devonian RD2 Isolated 5 76.9 −19.2 21.82
1-3-2-2 Devonian RD2 Isolated 3 85.2
1-3-2-3 Devonian RD2 Cluster 4 93.3 −17.4 20.52
1-3-2-4 Devonian RD2 Isolated 6 79.1 −18.3 21.19
1-3-2-5 Devonian RD2 Isolated 1 71.4
1-3-2-6 Devonian RD2 Isolated 2 102.3
1-3-2-7 Devonian RD2 Isolated 1 76.3
1-3-2-8 Devonian RD2 Isolated 1 69.9
1-3-2-9 Devonian RD2 Isolated 2 81.1
8-1-1. Devonian BKC Isolated 8 173.5 −11.2 15.17
8-1-2. Devonian BKC Cluster 10 205.1
8-1-3. Devonian BKC Cluster 2 166.9
8-1-4. Devonian BKC Crystal growth 8 175
8-1-5. Devonian BKC Crystal growth 8 208.4 −15.6 19.13
8-1-6. Devonian BKC Trail 2 154.1
8-1-7. Devonian BKC Trail 2 157.9
8-1-8. Devonian BKC Trail 2 163.2
8-1-9. Devonian BKC Scattered 8 183.1 −14.8 18.47

8-1-10. Devonian BKC Scattered 8 208.6 −15.2 18.80
8-1-11. Devonian BKC Scattered 4 221.2
8-1-12. Devonian BKC Scattered 3 182.4
8-1-13. Devonian BKC Cluster 6 199.8 −19.9 22.31
8-1-14. Devonian BKC Scattered 3 168.3
8-1-15. Devonian BKC Cluster 5 237.8
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Table 4. Cont.

Sample Age Host Mineral Occurrence Size (μm) Th (◦C) Tmice (◦C) Salinity

8-1-16. Devonian BKC Cluster 7 180.2 −20.1 22.44
8-1-17. Devonian BKC Cluster 8 225.4 −19.4 21.96
8-1-18. Devonian BKC Cluster 5 225.8
8-1-19. Devonian BKC Isolated 7 196.4 −21.4 23.31
8-1-20. Devonian BKC Trail 5 207.1
8-1-21. Devonian BKC Isolated 8 165.9 −15.9 19.37
8-1-22. Devonian BKC Trail 8 237.9 −16.2 19.60
8-1-23. Devonian BKC Isolated 8 231.1 −19.1 21.75
8-1-24. Devonian BKC Isolated 7 209.8 −22.4 23.95
8-1-25. Devonian BKC Scattered 8 227.1 −12.9 16.80
8-1-26. Devonian BKC Scattered 4 146.2
8-1-27. Devonian BKC Scattered 4 188.6
8-1-28. Devonian BKC Isolated 6 200.8 −16.4 19.76
8-1-29. Devonian BKC Isolated 6 195.5 −16.2 19.60
8-1-30. Devonian BKC Isolated 7 223.9 −17.8 20.82
8-1-31. Devonian BKC Isolated 4 154.3 −14.7 18.38
8-1-32. Devonian BKC Isolated 9 214.5 −19.6 22.10

4.3.4. Major, Minor and Trace Elements Analysis

Major Elements and Dolomite Stoichiometry

The concentrations of the major elements, calcium and magnesium, were determined by ICP-MS
analysis for dolomite and calcite phases to establish their stoichiometry. Ideal or stoichiometric dolomite
would be characterized by the equal molar percentage of MgCO3 and CaCO3 and would be less
soluble and more stable compared to non-stoichiometric dolomite [53]. In contrast, non-stoichiometric
dolomite will have more Ca than Mg and because of its heterogeneous structure and composition is
unstable and dissolve more rapidly.

All the dolomite types recognized petrographically were sampled and analyzed without any
contamination from calcite components for both age groups with the only exception for the selective
replacive dolomite (RD3) which could not be sampled without possible contamination by calcite or
other dolomite phases in the Silurian specimens. With rare exceptions, all types of dolomite analyzed
in this study were non-stoichiometric in both age groups (Table 5) with variable proportions of MgCO3

and CaCO3.
In both age group RD1 in non-stoichiometric but results less stoichiometric in Silurian formation

compared to Devonian samples. Pervasive replacive micro to fine crystalline dolomite (RD1) ranges
from 48.34 to 59.36 mole % CaCO3 (average: 55.19 ± 3.73) and from 51.78 to 60.77 mole % CaCO3

(average: 57.71 ± 3.04) for Silurian and Devonian formations, respectively (nS = 11 and nD = 7).
RD2 shows comparable values of mole % CaCO3, but it is slightly more calcian in Devonian

formations. Pervasive replacive medium crystalline dolomite (RD2) ranges from 56.11 to 62.12 mole %
CaCO3 (average: 58.04 ± 2.4) and from 58.39 to 61.57 mole % CaCO3 (average: 59.71 ± 1.16) for Silurian
and Devonian formations, respectively (nS = 4 and nD = 4).

Selective replacive medium crystalline dolomite (RD3) ranges from 47.93 to 59.96 mole % CaCO3

(average: 53.55 ± 4.94) in Devonian formations (nD = 3).
Saddle dolomite cement (SD), only observed and sampled from Silurian formations (nS = 2),

ranges from 63.47 to 67.00 mole % CaCO3 (average: 65.23 ± 1.77).
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Table 5. Major, minor and trace elements results.

Sample Age Type
MgCO3 CaCO3 Mn Fe Sr

(mole %) (mole %) (ppm) (ppm) (ppm)

1-15a Silurian RD1 43.0 57.0 42.5 678.9 89.3
1-16a Silurian RD1 41.6 58.4 62.1 599.1 90.1
1-17a Silurian RD1 42.0 58.0 34.2 606.3 70.2
1-18 Silurian RD1 46.8 53.2 197.6 3458.5 71.9
1-20 Silurian RD1 40.6 59.4 130.2 2564.8 72.4
1-21 Silurian RD1 48.7 51.3 67.9 339.3 71.9
1-31a Silurian RD1 49.8 50.2 446.7 2984.0 97.7
8-5a Silurian RD1 51.7 48.3 208.9 3515.8 94.8
8-6 Silurian RD1 41.2 58.8 157.3 3276.2 81.2
8-8 Silurian RD1 45.6 54.4 100.1 617.7 107.9

8-13a Silurian RD1 41.8 58.2 552.2 4020.5 80.2
1-16b Silurian RD2 43.9 56.1 66.3 809.7 81.2
1-24 Silurian RD2 37.9 62.1 103.7 6261.1 166.3

1-31b Silurian RD2 42.6 57.4 702.5 5183.0 70.7
8-13b Silurian RD2 43.5 56.5 748.4 5929.5 71.9
1-28a Silurian SD 33.0 67.0 214.6 20,374.0 81.8
8-13c Silurian SD 36.5 63.5 1436.5 18,005.3 111.2
1-1a Devonian RD1 48.2 51.8 30.1 81.3 46.8

1-3-1a Devonian RD1 39.5 60.5 29.1 80.6 58.4
1-5a Devonian RD1 39.3 60.7 46.1 171.2 81.9
1-5b Devonian RD1 43.4 56.6 40.7 148.4 66.3
1-7a Devonian RD1 43.7 56.3 35.7 112.2 72.6
8-1a Devonian RD1 39.2 60.8 25.8 90.0 62.0
8-4a Devonian RD1 42.7 57.3 54.2 690.5 67.3

1-3-2a Devonian RD2 40.4 59.6 32.9 83.0 60.3
1-4a Devonian RD2 40.7 59.3 39.8 89.6 93.9
1-7b Devonian RD2 41.6 58.4 37.4 117.4 71.7
8-4b Devonian RD2 38.4 61.6 59.9 756.1 79.4

1-3-2b Devonian RD3 47.2 52.8 40.8 360.9 65.7
1-6a Devonian RD3 40.0 60.0 42.5 173.0 89.1
8-4c Devonian RD3 52.1 47.9 59.0 724.8 78.9

Minor and Trace Elements: Iron, Manganese and Strontium

The results of trace elements in dolomitic phases are presented in Table 5.
RD1 sampled from Silurian formations show higher contents of Mn, Fe and Sr to Devonian samples.

Pervasive replacive fine crystalline dolomite matrix RD1 in Silurian rocks (n = 11) is characterized
by Mn contents between 34.2 to 552.2 ppm (average: 181.5 ± 161.5 ppm), Fe between 339.3 to 4020.5
ppm (average: 2060.1 ± 1404.6) and Sr between 70.2 to 107.9 ppm (average: 85.6 ± 11.9), whereas in
Devonian rocks (n = 7) Mn ranges between 25.8 to 54.2 ppm (average: 37.4 ± 9.5), Fe between 80.6 to
690.5 ppm (average: 196.3 ± 204.3) and Sr between 46.8 to 81.9 ppm (average: 65 ± 10.2).

Silurian RD2 samples show higher contents of Mn, Fe and Sr compared to Devonian samples.
Pervasive replacive medium crystalline dolomite matrix RD2 in Silurian rocks (n = 4) is characterized
by Mn contents between 66.3 to 748.4 ppm (average: 405.2 ± 320.9), Fe between 809.7 to 6261.1 ppm
(average: 4545.8 ± 2192.1) and Sr between 70.7 to 166.3 ppm (average: 97.5 ± 39.9), whereas in Devonian
rocks (n = 4) Mn ranges between 32.9 to 59.9 ppm (average: 42.5 ± 10.3), Fe between 83 to 756.1 ppm
(average: 261.5 ± 285.8) and Sr between 60.2 to 93.8 ppm (average: 76.3 ± 12.2). Selective replacive
medium crystalline dolomite matrix (RD3) sampled from Devonian formations only (n = 3) and is
characterized by Mn contents between 59 to 40.8 ppm (average: 47.5 ± 8.2), Fe between 724.8 to
173 ppm (average: 419.6 ± 229), and Sr between 89.1 to 65.7 ppm (average: 77.9 ± 9.6)

Values of trace elements in saddle dolomite cement (SD) encountered exclusively in Silurian
formations (n = 2) is characterized by Mn contents between 214.5 to 1436.5 ppm (average: 825.5 ± 611),
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Fe between 18005.3 to 20373.9 ppm (average: 19189.7 ± 1184.3), and Sr between 81.8 to 111.2 ppm
(average: 96.5 ± 14.7).

Silurian dolomites have higher Mn, Fe and Sr content than Devonian dolomites and also the
progressive increase in Fe and Mn in the successive generations.

In addition to the previously mentioned results, samples (n = 10 and n = 5) from early and late
calcite cement were analyzed to establish their trace elements concentrations.

Isopachous calcite cement (ISC) observed only in Silurian formations (n = 2) is characterized by
Mn contents between 41.9 to 48.2 ppm (average: 45.1 ± 3.2), Fe between 164.8 to 230.5 ppm (average:
197.7 ± 32.8) and Sr between 177.1 to 244.3 ppm (average: 210.7 ± 33.6).

Syntaxial overgrowth calcite cement (SXC) in Silurian rocks (n = 2) show higher contents of Mn,
Fe compared with respective values obtained from Devonian samples, but lower Sr concentrations.
It is characterized by Mn contents between 272.1 to 589.23 ppm (average: 430.7 ± 158.6), Fe between
617.7 to 1124.5 ppm (average: 871.1 ± 253.4) and Sr between 230.8 to 244.3 ppm (average: 237.6 ± 6.7),
whereas in Devonian rocks (n = 3) Mn ranges between 15.7 to 20.3 ppm (average: 17.9 ± 1.9), Fe
between 41 to 51.4 ppm (average: 47.4 ± 4.6) and Sr between 239.1 to 498.7 ppm (average: 333 ± 117.5).

A single measurement in each age group of drusy calcite cement (DC) show values of Mn:
36.5 ppm and 116.2 ppm, Fe: 401 ppm and 217.67 ppm, and Sr: 116.8 ppm and 1425 ppm for the
Silurian (n = 1) and Devonian (n = 1) samples, respectively.

Late-stage blocky calcite cement (BKC) sampled from Silurian formations show significantly
higher contents of Mn, Fe, and Sr compared to Devonian samples. Trace element values from Silurian
samples (nS = 5) is characterized by contents of Mn between 82.1 and 754.2 ppm (average: 225.9 ± 264.6),
Fe between 79.2 to 2097.6 ppm (average: 1036.5 ± 811.4) and Sr between 164.6 to 538.6 ppm (average:
317.3 ± 144), whereas results from the single pure sample available of blocky calcite cement from
Devonian formations show values of Mn: 35.9 ppm, Fe: 8.7 ppm and Sr: 643.9 ppm. BKC

4.3.5. Rare Earth Elements (REE)

Selected samples of pervasive replacive fine crystalline dolomite matrix (RD1), pervasive replacive
medium crystalline dolomite matrix (RD2), saddle dolomite cement (SD) and blocky calcite cement
(BKC) were analyzed for REEs concentrations from Silurian formations. In addition to the selected
samples of pervasive replacive fine-crystalline dolomite matrix (RD1), pervasive replacive, medium
crystalline dolomite matrix (RD2), selective replacive medium crystalline dolomite matrix (RD3)
and blocky calcite cement (BKC) were analyzed for REEs concentrations from Devonian successions
(Table 6).

Replacive dolomite RD1 and RD2 sampled from Silurian formations show sub-parallel trends
compared to the pattern of Silurian brachiopods shown by Azmy et al. [54] but with substantial
differences from Devonian patterns, Silurian dolomite trends are characterized by a minor negative
La anomaly and both cases of positive and negative Ce anomalies (Figure 17A,B). Both types of
dolomite RD1 and RD2 exhibit higher average ΣREE (11.88 ± 6.25 ppm, and 10.62 ± 8.92 ppm,
respectively) compared with the average of Silurian brachiopods (2.21 ppm) shown by Azmy et al. [55].
Saddle dolomite (SD) and blocky calcite cement (BKC) show similar REE shale-normalized trends
(Figure 17A,B) with average ΣREE (47.06 ± 41.95 ppm and 28.83 ± 24.47 ppm, respectively) and both
significantly differ from the Silurian Brachiopods REE patterns. As shown in Figure 17, SD and BKC
present both negative La and Ce anomalies (Figure 17B) as well as a slight negative Eu anomaly
(Figure 17A).

All the dolomite and late calcite samples from Devonian formations exhibit shale-normalized
patterns comparable to those of modern warm water brachiopods (Figure 18A).
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The average shale-normalized REEs concentrations in samples from Devonian formations present
all the typical characteristic of seawater patterns including depletion of LREE over HREE (averages:
RD1: (La/Yb)SN = 0.66; RD2: (La/Yb)SN = 0.70; RD3: (La/Yb)SN = 1.03), enrichment of MREE (averages:
RD1: (Sm/La)SN = 1.25; RD2: (Sm/La)SN = 1.13; RD3: (Sm/La)SN = 1.0), negative Ce anomaly
(Figure 18A,B), and slightly positive La and Gd anomalies (Figure 18A). Replacive dolomite RD1, RD2
and RD3 exhibit higher and progressively increasing average ΣREE (1.14 ± 0.93 ppm, 1.66 ± 1.26 ppm
and 6.41 ± 8.50 ppm, respectively) compared with the average of modern warm water brachiopods
(0.25 ± 0.2 ppm) proposed by Azmy et al. [55]. Slightly different patterns, which are still comparable
to the trend of modern warm water brachiopods, characterize REEs of BKC with ΣREE of 3.08 ppm
which falls between those of RD1 and RD3 (Figure 18A).

5. Discussion and Interpretations

The petrographic and geochemical results obtained in this study indicate that diagenesis of the
Silurian and Devonian dolomitized successions have been subjected to fluids of variable origins and
compositions, as described below.

5.1. Constraints from Petrography

5.1.1. Silurian

The diagenetic history of the Silurian formations includes dolomitization, mechanical and chemical
compaction, fracturing, dissolution, silicification and calcite and evaporite cementation (Figure 19).
The diagenetic processes above listed are described in depth in Tortola [46], on which this paper is
largely based.

 

Figure 19. Paragenesis of Silurian formations (modified from Tortola [46]).

Dolomitization

Replacive dolomite crystal size is often influenced by the texture of the precursor limestone [55].
Hence, fine-crystalline dolomite may represent the replacement of fine-grained limestone, whereas
coarser replacive dolomite may either represent replacement of coarse-grained limestone or
recrystallization of precursor dolomite matrix [55].

RD1 is commonly characterized by closely packed unimodal mosaics of micro to fine-crystalline
dolomite which preserved the finely laminated texture of the precursor mudstone. The characteristics
showed by RD1, are comparable to fine crystalline dolomite observed in Silurian formations from
different areas of southwestern Ontario [5,7,8,56]. This dolomite has been interpreted to be formed
from evaporative reflux of hypersaline brines in a sabkha-like setting in a near-surface or shallow burial
setting, in the condition of relatively high salinity and low temperature [47,57,58]. This interpretation is
also supported by a cross-cutting relationship with chemical compactional features, such as dissolution
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seams and stylolites, which evidently postdated RD1. However, there is no evidence of supratidal
lithofacies and abundant evaporites.

As mentioned by Zheng [7], the relatively coarser size of replacive fine crystalline dolomite
(20–50 μm) compared to modern dolomites (<4 μm) can be explained by an increase of crystal size due
to early recrystallization. This early recrystallization is possibly supported by the negative shift in
oxygen isotopic composition discussed in the next section. Cathodoluminescence of mainly dull to
dark red luminescence for RD1 suggests replacement in a reducing environment at shallow burial
conditions [59].

Medium replacive dolomite (RD2) shows slightly coarser crystal size but similar texture compared
to RD1. Dolomite crystal coarsening can occur in different scenarios: (1) slow precipitation rate [60];
(2) increase of temperature due to progressive increasing burial conditions [47]; (3) recrystallization of
precursor dolomite or overgrowth of later stage dolomite on existent cores of earlier dolomite [47,61–64].

Many studies (e.g., [62,64,65]) suggest that non-planar crystal boundaries, coarsening of crystal
size and absence of zonation under CL can represent evidence of recrystallization. According to
Machel [66], the most accredited definition of recrystallization is the one proposed by the Glossary
of Geology [67], which states that recrystallization of a mineral determines the formation of a new
mineral commonly characterized by coarser crystals and with either same or different composition.
The coarsening of crystal size coupled with the lack of zonation under CL observed in RD2 may
indicate recrystallization [64,68,69]. The occurrence of strictly non-planar crystal boundaries was not
observed in RD2 from both Silurian and Devonian samples, possibly because early dolomite, formed
from seawater can preserve unchanged geochemistry and texture after a certain depth of burial and
several million years [70].

According to Machel [66], dolomite can be defined “significantly recrystallized” if it is characterized
by the variation of at least one of the following parameters: (1) increase of crystal size or in non-planar
crystal boundaries; (2) progressive ordering; (3) change in composition including stable and radiogenic
isotopes, stoichiometry, trace and rare earth elements, fluid inclusions and zonation; (4) change in
paleomagnetic properties.

The increase of crystal size, the negative shift of δ18O from postulated values of marine dolomite
formed during Silurian and changes in trace and rare earth elements (discussed in the next sections),
make RD2 “significantly recrystallized”, but also “insignificantly recrystallized” with respect to the
increase of non-planar crystal boundaries and progressive ordering [1,5,66]. Crystal coarsening of
fabric-destructive pervasive replacive medium (50–100 μm) crystalline dolomite (RD2) may suggest
recrystallization from the precursor dolomite RD1, but the presence of cloudy, non-ferroan cores and
clear, ferroan rims as a common characteristic of RD2 crystals (Figure 4F) may also suggest overgrowth
on earlier dolomite [47]. Under CL, medium dolomite RD2 shows slightly more red luminescence
compared to RD1, which indicates that its formation took place in slightly deeper burial conditions
in a more reduced environment [59]. As the hypothesis of overgrowth of RD2 on early dolomite
is not quite confirmed by CL observation, no brighter luminescent zones have been observed in
correspondence of the clear rims, the interpretation of recrystallization seems more likely. Selective
replacive medium crystalline dolomite (RD3) occurred in association with dissolution seams during
early chemical compaction. Similar textures of patchy dolomite formed in association with chemical
compactional features have been previously described (e.g., [71,72]) as dolomite formed from marine or
connate waters flowed through dissolution seams which are believed to have behaved as preferential
transport path for the dolomitizing fluids. Alternatively, the magnesium required for the formation
of RD3 may be supplied by the remobilization of the Mg released in solution from the dissolution of
high magnesium calcite [72,73]. The association with dissolution seams suggests that RD3 formed in
shallow to intermediate burial realm postdating RD1 and RD2. The common presence of dark cores
and clear rims as distinctive characteristics of RD3 crystals (Figure 4C) may also suggest overgrowth
on the previous dolomite phases [47]. This evidence, as mentioned for RD2, is not confirmed by
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cathodoluminescence which shows luminescence comparable with those of RD2 without any zonation
or difference in terms of luminescence between cores and rims in RD3 crystals (Figure 4D).

The less abundant saddle dolomite (SD) is observed as fracture and vug-filling cement occluding
second and third generation of fracture, postdating RD1, RD2 and RD3 and predating blocky calcite
(BKC) and evaporite cement (GY and ANH) (Figure 4E,G–I). This petrographic evidence suggests that
saddle dolomite formed during a late diagenetic event possibly in intermediate burial conditions.

Calcite Cementation

Calcite cementation represents an important diagenetic process that affected Silurian carbonate
rocks in the Michigan Basin. It started in the early-stage, during marine environmental conditions,
to continue during progressively deeper burial.

Isopachous calcite (ISC) was only observed in Silurian formations as cement characterized by
bladed crystals surrounding coated grains (Figure 6A) formed prior to mechanical compaction and
consequently prior to SXC, DC and BKC. It is interpreted to have formed from seawater immediately
after deposition in a near-surface marine environment, inhibiting and hence predating mechanical
compaction. Under CL this cement is dull-red (Figure 4D), occasionally non-luminescent, indicating
precipitation in a slightly reducing environment where Fe2+ and Mn2+were available to be incorporated
in the crystal lattice [59].

Syntaxial overgrowth calcite (SXC) is mainly cloudy and inclusion-rich, evidence of precipitation
in near-surface marine, meteoric or mixing-zone environments [74]. The presence of dissolution seams
deflecting around and cross-cutting SXC indicates that its precipitation took place before chemical
compaction. Under CL this cement is red to bright red indicating precipitation in a redox environment
where Fe2+ and Mn2+ were available to be incorporated in the crystal lattice [59]. Isotopic values
for this cement from both Silurian and Devonian rocks (Figure 11) show overlapping and/or slightly
depleted values relative to the postulated ratios for their respective ages; hence evidence for their
formation form seawater parentage fluids.

Drusy mosaic calcite (DC), was mainly observed as vug, mould and fracture-filling cement
(Figure 6C), which can form in near-surface meteoric as well as in burial environment [75,76] but its
formation is not commonly related to the marine environment [62]. Under CL it mainly shows dull-red
luminescence (Figure 6D), evidence of precipitation in a reducing condition [59]. Paragenetically,
DC postdate silica and predated dissolution seams and stylolites (Figure 5A) as well as late blocky
calcite cement (Figure 5B). Hence, its formation represents a relatively early diagenetic event predating
chemical compaction.

Late diagenetic blocky calcite cement (BKC) is characterized by coarse crystals (>500 μm) and it is
mainly observed as vug and fracture filling cement which possibly formed in a burial environment
(e.g., [77]). Petrographically, BKC shows dull to bright orange zoned luminescence under CL indicating
formation in a progressively reducing environment. Based on petrographic evidence, BKC is interpreted
to be the latest phase of calcite cementation, postdating saddle dolomite cement (SD) (Figure 4I) and
predating evaporite cementation.

5.1.2. Devonian

The diagenetic history of Devonian successions includes dolomitization mechanical and chemical
compaction, fracturing, dissolution, silicification, and calcite cementation (Figure 20). These sequences
are based on petrographic cross-cutting relationships supplemented by geochemical evidence.
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Figure 20. Paragenesis of Devonian Formations (modified from Tortola [46]).

Dolomitization

Devonian replacive dolomites RD1, RD2 and RD3 (Figure 7) show similar characteristics in
terms of timing and environments compared to the respective dolomite phases observed in the
Silurian formations.

RD1 is commonly characterized by closely packed unimodal mosaics of micro to fine-crystalline
dolomite (Figure 7A) which preserved the original texture of the precursor mudstone. Fine-crystalline
dolomites distinguished in Devonian formations in previous studies (e.g., [2,5,33,56]) show similar
texture if compared to RD1 and are interpreted to be formed from evaporative reflux of hypersaline
brines in a sabkha-like setting. Hence, the mimetic pervasive replacive micro to fine crystalline
dolomite (RD1) is possibly formed in a low temperature, near-surface or shallow burial environment.
However, there is no evidence of abundant evaporites commonly associated with this model. Slightly
coarser size of RD1 crystals, in comparison with recent dolomites, suggest early recrystallization [7],
which is supported by oxygen isotopic composition discussed in Section 5.2. Cathodoluminescence
characteristics of RD1 showing mainly dull to dark red luminescence (Figure 7B) suggest replacement in
a shallow reducing environment [53]. Cross-cutting relationship with dissolution seams and stylolites
suggests that RD1 formed prior to chemical compaction.

Crystal coarsening of fabric-destructive pervasive replacive medium crystalline dolomite (RD2)
(Figure 7C,D) suggests possible recrystallization of the precursor dolomite RD1 [47,61–64]. The lack
of zonation under CL coupled with the coarsening of crystal size observed in RD2 may represent
additional evidence of recrystallization [64,68]. Devonian medium replacive dolomite shows slightly
brighter red luminescence compared to RD1 (Figure 7B), possible evidence of a slightly deeper burial
formation in a more reducing environment.

Selective replacive medium crystalline dolomite (RD3) has similar characteristics to RD3 observed
in Silurian formations. It is commonly associated with dissolution seams and stylolites, which act as
preferential paths for dolomitizing fluids [72]. Hence, it is interpreted to have formed in a shallow
to intermediate burial regime postdating RD1 and RD2 (Figure 7E,F) and alongside with chemical
compaction. The common presence of dark cores and clear rims as distinctive characteristics of RD3
crystals (Figure 7E) may also indicate overgrowth on the previous dolomite phases [47]. This hypothesis
is not confirmed by cathodoluminescence results which shows luminescence slightly brighter with
those of RD2 but without any zonation or difference in terms of luminescence between cores and rims
within the crystals (Figure 7B,F).

Calcite Cementation

Calcite cementation represents an important process within the paragenesis of Devonian carbonate
rocks in the Michigan Basin (Figure 9). It started in the early-stage, during marine environmental
conditions, to proceed during progressively deeper burial stages.
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Syntaxial overgrowth calcite cement (SXC) is commonly observed in bioclastic grainstone, usually
as nucleation over echinoderm plates or crinoid ossicles that act as single crystals (Figure 9A). Syntaxial
overgrowth is mainly cloudy and inclusion-rich, evidence of precipitation in near-surface marine,
meteoric or mixing-zone environments [74]. The presence of dissolution seams deflecting around and
crosscutting SXC indicates that its precipitation took place before chemical compaction. Under CL
this cement is dull-red indicating precipitation in a reducing environment where Fe2+ and Mn2+ were
available to be incorporated in the crystal lattice [59].

Dogtooth calcite cement (DTC), which is only present in bioclastic grainstones from Devonian
formations (Figure 9B), can form in different environments. According to Reinhold [78] this cement
can form: (1) in a marine-phreatic environment when dogtooth calcite occurs in intraskeletal voids; (2)
in shallow burial environment when observed in stromatactis cavities succeeding radiaxial fibrous
calcite cement. DTC is observed growing normally to the substrate (mainly in intraskeletal pores)
with sharply pointed acute crystals. It formed early within the diagenetic history of the Devonian
formations, in a near-surface or shallow burial environment, predating the formation of silica and
consequently predating RD1. The presence of zoned dull to red luminescence under CL indicates
possible formation in a progressively reducing environment [53]. As sampling of a pure specimen for
geochemical analyses was not possible, the conclusion concerning time and environment of DTC’s
occurrence are based exclusively on petrographic observations.

Drusy mosaic calcite (DC), mainly observed as vug, mould and fracture-filling cement (Figure 9D,E),
can form in near-surface meteoric as well as in burial environment [75,76]. Its formation is not commonly
related to the marine environment [71]. CL observations reveal luminescent zones ranging from non- to
orange bright luminescent (Figure 9C) indicating fluctuation from well oxidizing environment, which
inhibited the incorporation of Fe2+ and Mn2+, to a slightly more reducing condition, respectively [59].
DC postdated silica and predated dissolution seams, stylolites and late blocky calcite cement (Figure 9E).
Hence, its formation is thought to represent a relatively early diagenetic event which possibly took
place in a shallow burial environment, predating chemical compaction.

Late diagenetic blocky calcite cement (BKC) possibly formed in the burial environment. BKC
shows dull to bright zoned luminescence under CL (Figure 9F) indicating formation in a progressively
reducing environment. Based on petrographic evidence, BKC is interpreted to be the latest phase of
calcite cementation (Figure 20) postdating fractures.

5.2. Constraints from Stable O, C and Radiogenic Sr Isotopes

The conditions of precipitation and/or recrystallization of diagenetic minerals can be predicted
using their oxygen isotopic composition, which is a function of the temperature as well as the δ18O
composition of the diagenetic fluids involved [50]. The recrystallization of dolomite, and associated
chemical and textural changes, is considered a frequent process in carbonates associated with increasing
burial depth [50,64,66,69,79]. Isotopic data show a general overlap between δ18O and δ13C values of
replacive dolomites (RD2 and RD3) from Silurian and Devonian successions (Figure 10). In both age
groups, for these dolomite samples display similar δ13C compared to those of carbonates formed in
equilibrium with seawater of the respective age (for Silurian: 0.5 to 2.5%� VPDB [80]; and for Middle
Devonian: 0.5 to 2.5%� VPDB [49]) (Figure 10). The δ13C values possibly reflect the carbon isotopic
composition of the precursor limestones (e.g., [81]). However, many δ13C values in Silurian RD1
departed from the postulated values for Silurian carbonates. In contrast, in both age groups, the δ18O
isotopic composition shows a negative shift from the postulated values for their respective age.

5.2.1. Silurian

Dolomite formed in equilibrium with seawater should display δ18O isotopic composition enriched
of about 3 ± 1%� (e.g., [82]). Calcitic matrix is characterized by δ18O values varying from −8.16
to −4.73%� VPDB and hence with some exceptions, mostly falling into the range of the postulated
values for Silurian marine calcite (−3 to −5.5%� VPDB [80]). Assuming that the Silurian seawater with
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an isotopic composition of −3.5 %� SMOW [83] represents the source of dolomitizing fluids for the
formation of RD1, its range of δ18O values should vary from −0.25 to −2.5%� VPDB. The calculated
average value (−1.4%� VPDB) would correspond to an estimated value of 24 ◦C employing the
fractionation equation proposed by Land [82]. However, values obtained from RD1 show a negative
shift of about 2–6%� from the δ18O average value (−1.4%� VPDB) expected for the Silurian dolomite
(Figure 10). RD2, RD3 and SD exhibit a negative shift of about 2–8%� compared with the δ18O
average value of the Silurian marine dolomite (Figure 10). An explanation to justify this negative
shift of δ18O values can be the interaction with meteoric water or formation in the burial regime at
relatively high temperatures (e.g., [69]). The interaction with meteoric water should be demonstrated by
evidence of subaerial exposure such as karst phenomena, presence of vadose cement or other features
associated with meteoric diagenesis. Although previous studies underline the presence of an erosional
unconformities (between Cabot Head and the overlying Fossil Hill formations and between Bass Island
and Bois Blanc formations [34]), the lack of evidence of karstification in the studied samples (e.g., [69]),
make the meteoric diagenesis an improbable scenario for matrix dolomites. Hence, the hypothesis of
recrystallization with burial seems to be more likely.

RD1 shows negative δ13C values, possibly related to the formation of this dolomite in a shallow
burial environment associated with bacterial sulphate reduction (BSR) [84]. This hypothesis is
supported by the presence of minute framboidal pyrite crystals (Figure 4A) embedded within RD1 [85].

Even though, there is no evidence of the corresponding variation in terms of crystal size coarsening
and depletion of δ18O values (e.g., [8]) comparing data from RD1 and coarser dolomites (RD2 and
RD3), the negative shift of δ18O values could be associated to recrystallization and/or to interaction
with hydrothermal fluids at relatively high temperature (e.g., [5,69,77,86,87]).

Most of the dolomite samples (both, matrix and cement) from Silurian formations are characterized
by 87Sr/86Sr ratios falling in the range of postulated values for Silurian seawater (0.7078–0.7087 [52,53])
(Figure 12). However, some samples show slightly more radiogenic values than those of coeval
seawater. This variation from the postulated values can be related to the recrystallization of early
dolomite and to water/rock interaction with feldspar-bearing rocks [5]. In an overall view, the 87Sr/86Sr
ratios for dolomite matrix (RD1, RD2 and RD3), dolomite cement (SD) and late-stage calcite cement
(BKC) suggest for both a seawater-dominated parental fluid.

Most of the calcitic samples show δ13C values, in range with postulated values for Silurian
marine calcite with the exception for late blocky calcite which clearly shows a negative shift from the
equilibrium values (Figure 11). This may suggest a separate input of oxidized organic carbon possibly
related to interaction with hydrocarbons (e.g., [77]).

5.2.2. Devonian

Calcitic matrix is characterized by δ18O values varying from −8.16 to −4.73%� VPDB and hence
with some exceptions (Figure 11), mostly falling into the range of the postulated values for Devonian
marine calcite (−4 to −6 %� VPDB [49]). Most of the calcitic samples show δ13C values, in range with
postulated values for Devonian marine calcite with the exception for late BKC which clearly shows
a negative shift from the equilibrium values (Figure 11). This, as already mentioned for Silurian
BKC, may suggest a separate input of oxidized organic carbon possibly related to interaction with
hydrocarbons (e.g., [77]).

Considering that dolomite formed in equilibrium with seawater, it should display δ18O isotopic
composition enriched of about 3 ± 1%� (e.g., [82]), and assuming that Devonian seawater, with an
isotopic composition of −2%� SMOW [51,88], represents the source of dolomitizing fluids for the
formation of RD1, its range of δ18O values should vary from −1 to −3%� VPDB. The calculated average
value (−2%� VPDB) would correspond to an estimated value of 33 ◦C employing the fractionation
equation proposed by Land [82]. However, RD1 shows a negative shift of about 1–5%� from the
average value (−2%� VPDB) of δ18O expected for Devonian dolomite (Figure 10). RD2 and RD3 also
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exhibit a similar negative shift compared with the δ18O average value of Devonian marine dolomite
(Figure 10).

This negative shift of δ18O values can be also related to the interaction with meteoric water or
formation in burial regime at relatively high temperatures (e.g., [69]). As already mentioned in the
previous section, the interaction with meteoric water should be demonstrated by evidence of subaerial
exposure such as karst features, such as the presence of vadose cement or other evidence associated
with meteoric diagenesis. Although there is no evidence of karstification in the samples collected and
analyzed in this study, a previous study [89] demonstrated the presence of dissolution processes mostly
active in the shallow subsurface, usually <200 m depth in south-western Ontario. At the local scale,
approximately 180 m of Devonian bedrock beneath the Bruce nuclear site are karstic with karstification
and higher-permeability confined intervals also found within the Salina A1 dolostone and the Guelph
Formation [89]. Hence, the possibility of meteoric water influence cannot be discounted completely.

However, the absence of a negative shift of δ13C values, commonly associated with the meteoric
diagenesis (e.g., [69]), coupled with the marked δ18O isotopic negative values for matrix dolomite may
favour the hypothesis of recrystallization.

The majority of the dolomite matrix, as well as the late calcite (BKC) from Devonian formations,
are characterized by 87Sr/86Sr ratios falling in the range of postulated values for Devonian seawater
(0.7078–0.7080 [51]) (Figure 12). However, one sample shows more radiogenic isotopic composition
than those of coeval seawater. This variation from the postulated values, even if isolated, can be
related to the recrystallization of early dolomite and to water/rock interaction with the overlying Upper
Devonian sandstones and shales [56]. Hence, the results 87Sr/86Sr ratios for dolomite matrix (RD1, RD2
and RD3), and late-stage calcite cement (BKC) suggest for both seawater-dominated parental fluids.

5.3. Constraints from Fluid Inclusions

As shown in Figure 15 Silurian replacive dolomite (RD2) is characterized by slightly higher
homogenization temperature (89.1 ◦C) compared to those hosted in Devonian RD2 (83.2 ◦C). These
values are in both cases lower than Th values given by Barnes et al. [90] (Th: 155 ◦C) for the
central part of the Michigan Basin, but comparable Th values and salinity with those reported by
Haeri-Ardakani et al. [5] (Th: 104 ◦C; 20.3 wt.% NaCl eq.) for different areas of southwestern Ontario.
Fluid inclusions hosted in saddle dolomite in Silurian formation also show slightly higher values of Th

and salinity (Th: 124 ◦C; 28.5 wt.% NaCl eq.) compared to matrix dolomite and to saddle dolomite
fluid inclusions analyzed in the study carried out by Haeri-Ardakani et al. [5] (Th: 108 ◦C; 25.5 wt.%
NaCl eq.).

Late calcite cement (BKC) fluid inclusions results show significantly higher Th values but lower
salinity for the Devonian samples compared to those hosted in the Silurian calcite. Fluid inclusions
hosted in BKC of the Devonian formation show Th values significantly higher and lower salinity if
compared with values obtained in the central part of the Michigan Basin by Luczaj et al. [13] (Th:
140 ◦C; 29.2 wt.% NaCl eq.), whereas it shows similar salinity and higher Th if compared with the
values proposed by Haeri-Ardakani et al. [5] (Th: 126 ◦C; 19.7 wt.% NaCl eq.).

These results coupled with the negative shift of δ18O values may suggest, in both age groups,
the formation of RD2 was at relatively high temperatures from saline brines (e.g., [77]). Similar ranges
of homogenization temperatures characterize blocky calcite cement and saddle dolomite, in the Silurian
formations, and may represent evidence of similarity in terms of mineralizing fluid responsible for
their formation. This assumption is also supported by evidence from REE analysis (discussed in the
following section). The overall higher salinity (Figures 15B and 16B) which characterizes RD2 and BKC
from Silurian formations compared to those of the same mineral phases from Devonian formations,
suggests that the diagenetic fluids responsible for their formation were saline basinal brines resulted
from the dissolution of evaporites hosted in Silurian formations (e.g., [5,77]). The high homogenization
temperatures of late calcite cement and saddle dolomite and the relatively high Th of fluid inclusions
hosted in replacive dolomite (Figures 14A and 15A) are significantly higher than the maximum burial
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temperatures suggested for the study area (ca 60–90 ◦C [91]) for both age groups and hence, it may
suggest the involvement of hydrothermal fluids [5,13,90].

The distinct patterns of salinity and homogenization temperature (Figures 14–16) that characterize
Devonian and Silurian dolomite may suggest that dolomitization/dolomite alteration and other related
diagenetic processes are the result of two different diagenetic fluid systems: (1) a diagenetic fluid
system that affected Silurian carbonates characterized by high temperatures and high salinity and (2) a
diagenetic fluid system that affected Devonian carbonates characterized by slightly lower temperatures
and salinity (e.g., [77]).

5.4. Constraints from Geochemistry

5.4.1. Stoichiometry

Most dolomite samples, with some exceptions for RD1, show Ca-rich, non-stoichiometric
composition in both Silurian and Devonian formation. Several studies on dolomite [50,68,79,92,93]
suggested that the recrystallization of fine crystalline dolomite forms coarser, more stable and more
stoichiometric dolomite. However, coarser pervasive dolomites are overall less stoichiometric than fine
crystalline dolomite. A possible explanation for such a trend is that these results reflect the average
composition of the cores and rims of the crystals. Separate measurements for cores and rims, which
were not performed for these dolomites, may have shown very substantial stoichiometric differences.
The model proposed by Sibley [92] suggests that progressive recrystallization of non-stoichiometric
dolomite should result in an increasingly stoichiometric dolomite characterized by Ca-rich cores and
stoichiometric rims. Even though, this phenomenon has been observed and documented in many
studies (e.g., [72,94]), stoichiometry has not been achieved in the Silurian and Devonian formations
investigated. An experimental study by Malone et al. [95], demonstrated that dolomite subjected to
temperatures of 50 ◦C–200 ◦C lead to its recrystallization with a rapid increase of stoichiometry in
the first part of the experiment, but with a slowing down as reactions progressed. Despite complete
recrystallization at 200 ◦C, dolomite stoichiometry was not achieved.

The interpretation that better explains this trend is that earlier-formed dolomite has been
recrystallized by later, Ca-rich, and warmer basinal fluids, under conditions that did not allow these
dolomites to achieve stoichiometry (e.g., [69]).

5.4.2. Trace Elements: Iron, Manganese and Strontium

The distribution of iron and manganese in solution is strictly controlled by redox conditions
(Eh) [96] as well as their concentrations in precursor limestone and precipitation rate [97]. In the
condition of positive Eh (oxidizing conditions), Fe2+ and Mn2+ oxidize passing from a divalent to a
trivalent state inhibiting their incorporation in carbonates crystal lattice [59].

RD1, RD2 and SD in Silurian formations and RD1, RD2 and RD3 in Devonian formations show
a progressive increase in Fe and Mn concentration (Table 5). Previous studies on dolomite [65,98]
suggested that the relative enrichment of Fe and Mn in later dolomites can be attributed to dolomite
recrystallization. Higher content of Fe and Mn in coarser dolomites could be related to either formation
under relatively more reducing conditions [99] or increasing Fe and Mn distribution coefficients
resulting from higher temperatures or slower precipitation rate [100]. Despite this increase of Fe and
Mn there is no evidence of a corresponding variation in terms of Sr concentration between RD1 and
younger dolomite phases in both Silurian and Devonian formations. This evidence may suggest that
the different phases of dolomite observed within both age groups are perhaps linked to their parental
mineralizing fluids (in this case seawater-dominated fluids). The low Sr concentrations (mostly in the
range between 50 and 100 ppm for all dolomite samples in both age groups) are comparable to those of
ancient dolomite precipitated from marine waters (e.g., 40–150 ppm [101]), but significantly lower than
modern protodolomites (500–700 ppm) formed in evaporitic marine settings [79,102]. Decrease of Sr
concentration with increasing crystal size is interpreted to be associated with dolomite recrystallization
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in presence of Sr-depleted meteoric waters (e.g., [50,79,98,103]. However, matrix dolomites from both
age groups do not show evidence of a decrease of Sr concentrations with increasing crystal size.

Despite, the lack of evidence of co-variation of Sr with either Fe and Mn, their higher concentrations
in coarser dolomite (RD2 and SD in Silurian samples and RD2 and RD3 in Devonian samples) compared
to RD1, can be related to their formation from Fe- and Mn-enriched fluids under more reducing
conditions [7].

5.4.3. Rare Earth Elements (REE)

Previous studies focused on REE compositions of carbonate rocks suggest controversial scenarios
in terms of preservation [104,105] or modification [54], after diagenesis, of rare earth element patterns
and concentrations compared with those of their precursor seawater. Concentrations of REE in
ancient carbonate rocks can be useful tools to establish the nature of the mineralizing source [106–108].
Chaudhuri and Cullers [109], Webb et al. [104] and Allwood et al. [105] suggested that during
the post-depositional processes such as diagenesis and metamorphism REEs patterns can remain
essentially unaffected, considering that a large amount of diagenetic fluids is required to record
substantial changes [106]. In other words, the REE concentrations in carbonate rocks are principally
influenced by the depositional environment [110,111]. However, according to recent studies (e.g., [5,54])
diagenetic processes may sensibly alter REEs patterns and concentrations, making them an ideal tool
for the understanding of REEs relocation in carbonate rocks.

The distinctive Post-Archean Australian Shales (PAAS) normalized seawater REE concentrations
have patterns characterized by the following features: depletion of light REE, negative Ce anomaly
and slight positive La and Gd anomalies [43,112–114].

Silurian

Average shale-normalized REE patterns of RD1 and RD2 show similar trends compared to those
of Silurian brachiopods [54] but with significantly higher ΣREE (Figure 17A). All dolomite and calcite
samples are characterized by a slight enrichment of LREE over HREE and a more significant enrichment
of MREE. The comparison between the trend of Silurian brachiopods [54] and those of RD1 and
RD2 (Figure 17A), possibly suggests an initial common seawater-dominated source of diagenetic
fluids partially masked afterward by a different evolution of the diagenetic fluids [5]. Differently
from Devonian patterns, Silurian dolomite trends are, in fact, characterized by a minor negative La
anomaly and both cases of positive and negative Ce anomalies (Figure 17A,B) possibly implying
their formation from evolved seawater. Both types of dolomite RD1and RD2 exhibit higher average
ΣREE (11.07 ± 0.93 ppm, and 9.79 3 ± 7.8 ppm, respectively) compared with the average of Silurian
brachiopods (2.21 ppm) proposed by Azmy et al. [54].

Saddle dolomite (SD) and Blocky calcite cement (BKC) show similar REE shale-normalized trends
(Figure 17A) with average ΣREE (47.06 ± 41.95 ppm and 23.74 ± 23.00 ppm, respectively) and both
significantly differ from the Silurian Brachiopods REE patterns. SD and BKC both show major negative
La and Ce (Figure 17B) anomalies as well as a slight negative Eu anomaly (Figure 17A). The differences
between replacive dolomite matrix RD1 and RD2 compared with Saddle dolomite and blocky calcite
cement include progressively higher ΣREE and a more pronounced enrichment in LREE, and hence
may suggest a different source of REEs (Figure 17).

Devonian

Average shale-normalized REE patterns and their comparison with those of modern warm
water brachiopods [54] show that all dolomite types and late calcite cement sampled from Devonian
formations have maintained the original seawater REE characteristics with a negative Ce anomaly
(Figure 18A,B), and slightly positive La and Gd anomalies [43,112–114]. Proceeding from older
(RD1) to younger (RD3) dolomite, shale-normalized REE show similar patterns coupled with a
progressive enrichment in average ΣREE (Figure 18). These characteristics may indicate a common
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seawater-dominated diagenetic fluid slightly modified during progressive deeper burial because of the
increasing water/rock interaction [5].

5.5. Evolution of Diagenetic Fluids

The evolution of diagenetic fluids involved during dolomitization in the eastern side of the
Michigan Basin can be deduced by integrating petrographic, isotopic and fluid inclusions data.

The relationships between the oxygen isotopic composition of the mineral phase, of the fluid
(δ18Ofluid) and temperature of formation (Th from fluid inclusions studies) are shown in Figure 21.

Figure 21A shows the relationship between the measured δ18O values of dolomite from Silurian
and Devonian formations vs. temperature. It also shows the δ18O values of formation fluids as related
to the dolomite-water oxygen fractionation equation [82]. Isotopic compositions of fluid involved
in the formation of RD2 in Silurian and Devonian formations show an overlap but Devonian RD2
shows slightly more enriched δ18OSMOW likely related to the presence of more evolved basinal fluids
(e.g., [77]) and a narrow range of temperature compared to the Silurian RD2. On the other hand,
Saddle dolomite shows more enriched δ18OSMOW and higher temperatures than the RD2 matrix
dolomite. Considering the most negative δ18O value from Silurian RD2 (−7.96%� VPDB) and assuming
a Silurian seawater value of −3.5%� SMOW [83], results in a precipitation temperature of 56 ◦C, which
is significantly lower than the average temperature obtained from fluid inclusion microthermometry
(89 ◦C). Considering the most negative δ18O value from Devonian RD2 (−7.66%� VPDB) and assuming
a Devonian seawater value of −2%� SMOW [51], results in a precipitation temperature of 33 ◦C,
which also results significantly lower than the average temperature obtained from fluid inclusion
microthermometry (83 ◦C). Thermal history reconstructions of the Michigan Basin have been carried
out by many authors using different methods [4,6,7,13,91,115,116]. Considering the burial curve
reconstructed by Zheng [7] the maximum burial temperature expected for Silurian formations would
be ca. 63 ◦C, assuming the atmospheric temperature of 20 ◦C, a thickness of 1700 m for the overlaying
sedimentary cover and a geothermal gradient of 25 ◦C /km. Recrystallization with the involvement of
hydrothermal fluids (e.g., [5]) can be assumed considering the significantly higher (SD: 125 ◦C; RD2:
89 ◦C) temperature obtained from fluid inclusions microthermometric analysis. Considering the burial
reconstruction proposed by Legall et al. [91] for Devonian formation using conodont and acritarch
alteration index, the maximum burial temperature is estimated to be 60 ◦C, and hence, considerably
lower than the temperatures obtained from fluid inclusions microthermometry. It follows that in both
age groups, higher values of homogenization temperatures compared to those expected for maximum
burial cannot be justified by the burial dolomitization model only [77] but must involve the presence
of hydrothermal fluids [5,56].

Figure 21B shows the relationship between the measured δ18O values of late calcite cement (BKC)
from Silurian and Devonian formations vs. temperature. It also shows the δ18O values of formation
fluids as related to the calcite-water oxygen fractionation equation [117]. Isotopic compositions of fluid
involved in the formation of BKC in Silurian and Devonian formations show an overlap. Devonian
BKC, however, shows slightly more enriched δ18OSMOW values compared to the Silurian BKC. This
trend reflects a slight change in fluid chemistry in the two age groups that can be attributed to more
evolved basinal fluids (e.g., [77]).
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Figure 21. (A) Oxygen isotope values of dolomite from Silurian and Devonian formations plotted
on the temperature-dependent, dolomite-water oxygen fractionation curve [82]. (B) Oxygen isotope
values of calcite cement from Silurian and Devonian formations plotted on the temperature-dependent,
calcite-water oxygen fractionation curve [117].

The fluid flow in intracratonic basins, such as the Michigan Basin, can be influenced by topography,
compaction and convection related to density gradients (e.g., [118]).

The most likely fluid flow model, considering the low topographic relief and the carbonate
rocks-dominated characteristic of the Michigan Basin, is the buoyancy-driven model related to
temperature and density gradient [5]. Fractures and faults in sedimentary basins characterized by
alternating carbonate rocks with variable permeability can promote the migration of cross-formational
fluids [119]. In the Michigan Basin, faults and fracture systems in Paleozoic successions are controlled by
the reactivation of basement structures and represent preferential pathways that promote fluid migration
through low permeability sedimentary rocks such as shales and evaporites [5]. Homogenization
temperatures of fluid inclusions hosted in dolomite samples from both Silurian and Devonian
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formations are significantly higher than temperatures estimated for maximum burial but lower than
temperatures of fluid inclusions hosted in dolomites from previous studies carried out in the central
part of the Michigan Basin (e.g., [13,91]). This evidence suggests that dolomite formation can be related
to the presence of hydrothermal fluids that originated in the central part of the Michigan Basin migrated
towards the margins [5]. The potential source of heat could be related to the reactivation of the buried
mid-continental rift (MCR) during late Devonian to Mississippian time [120,121], while the preferential
path for the migration of diagenetic fluids from the center of the Michigan Basin can be attributed
to the Cambrian sandstones unconformably overlying the Precambrian basement [5,77]. Late calcite
cement in sub-horizontal fractures near the base of the Silurian sequence dated in a recent study [120]
show U–Pb ages of 318 ± 10 Ma determined by LA-ICP-MS and 313 ± 1 Ma by ID-TIMS. Hence,
the authors suggest that the fluid flow of hydrothermal brines was influenced by the Alleghanian
orogenies [120]. According to Sutcliff et al. [122] absolute dating of Cambrian and Silurian secondary
minerals shows the same age and are contemporaneous with Alleghanian magmatism and uplift which
caused the migration of hydrothermal fluids westwards from high-level Alleghanian plutons through
the basal Cambrian.

6. Conclusions

Examination of cores, petrographic studies, microthermometric and geochemical analyses of
Silurian and Devonian carbonates of the eastern side of the Michigan Basin (Huron Domain) led to the
following conclusions regarding dolomitization and other related diagenetic processes observed in
these successions:

• Silurian and Devonian formations are characterized by the presence of three types of replacive
dolomite matrix RD1 (formed in shallow burial conditions), RD2 and RD3 (formed in intermediate
burial conditions). In addition to these types, a coarse crystalline ferroan saddle dolomite cement
(formed in intermediate burial conditions) filling fractures and vugs is observed only in the
Silurian rocks. Early- and late-stage calcite cement have been distinguished in both groups of
formations including isopachous, syntaxial overgrowth, dogtooth, drusy and blocky calcite.

• Isotopic data show an overlap between δ13C and δ18O values in Silurian and Devonian dolomites.
In both Devonian and Silurian, many samples δ13C values fall in the range of values estimated for
the marine dolomite of equivalent age. The negative shift in δ18O values, however, show evidence
of dolomite recrystallization during burial and increasing temperature. Several other lines of
evidence for recrystallization have been observed such as increasing crystal size, zonation, etched
surfaces between cores and rims of crystals, and an increase in radiogenic strontium ratios.

• Silurian and Devonian Sr isotopic ratios show the seawater composition of their respective age as
the primary source of diagenetic fluids with minor rock-water interactions. However, Silurian
samples show a more radiogenic signature that documents more intense interactions of water
with feldspar-bearing rocks

• REE shale-normalized patterns suggest that in both age groups the diagenetic fluids were originally
of coeval seawater composition subsequently modified via water-rock interaction. The different
evolution of the diagenetic fluids is more prominent in REESN patterns from Silurian samples and
it is possibly related to brines, which were modified by the dissolution of Silurian evaporites from
the Salina series.

• Homogenization temperatures characterizing fluid inclusions hosted in RD2 from the Devonian
samples, and RD2 and saddle dolomite in the Silurian successions exceed the temperature
estimated for maximum burial. Hence, it may suggest the involvement of hydrothermal fluids
during their formation.

• The potential source of heat could be related to the reactivation of the buried mid-continental rift
(MCR), whereas the preferential path for the migration of diagenetic fluids from the central part of
the Michigan Basin towards the margins via faults and fractures can be attributed to the Cambrian
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sandstones unconformably overlying the Precambrian basement that could have behaved as
regional aquifers.

• Geochemical and fluid inclusion investigations denote two distinct fluid systems related to the
diagenetic and tectonic history of Michigan Basin.
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Abstract: A field, petrographic and geochemical study of two Triassic–Jurassic carbonate successions
from the Maritime Alps, SE France, indicates that dolomitization is related to episodic fracturing
and the flow of hydrothermal fluids. The mechanism governing hydrothermal fluids has been
documented with the best possible spatio-temporal resolutions specifying the migration and trapping
of hydrothermal fluids as a function of depth. This is rarely reported in the literature, as it requires
a very wide range of disciplines from facies analysis (petrography) to very diverse and advanced
chemical methods (elemental analysis, isotope geochemistry, microthermometry). In most cases,
our different recognized diagenetic phases were mechanically separated on a centimetric scale and
analyzed separately. The wide range of the δ18OVPDB and 87Sr/86Sr values of diagenetic carbonates
reflect three main diagenetic realms, including: (1) the formation of replacive dolomites (Type I) in
the eogenetic realm, (2) formation of coarse to very coarse crystalline saddle dolomites (Types II and
Type III) in the shallow to deep burial mesogenetic realm, respectively, and (3) telogenetic formation
of a late calcite cement (C1) in the telogenetic realm due to the uplift incursion of meteoric waters.
The Triassic dolomites show a lower 87Sr/86Sr ratio (mean = 0.709125) compared to the Jurassic
dolomites (mean = 0.710065). The Jurassic calcite (C1J) shows lower Sr isotopic ratios than the Triassic
C1T calcite. These are probably linked to the pulses of the seafloor’s hydrothermal activity and
to an increase in the continental riverine input during Late Cretaceous and Early Cenozoic times.
This study adds a new insight into the burial diagenetic conditions during multiple hydrothermal
flow events.

Keywords: hydrothermal dolomite; diagenetic settings; optical petrography; geochemical;
Triassic-Jurassic successions; Provençal Domain

1. Introduction

The formation of low- versus high-temperature dolomites in carbonate successions is attributed
to separate diagenetic conditions and fluid origins [1,2]. Low temperature dolomitizing fluids are
associated with near surface diagenetic fluids [3–5]. Hot dolomitizing fluids are either the result of
high burial temperatures or the flux of hot hydrothermal (HT) fluids into colder, shallower buried
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carbonate succession environments [6–9]. The HT fluids are commonly formed by the upward flow of
basinal brines [10], or deeply percolating meteoric waters [11] that interact with crystalline basement
rocks [12]. In this paper, the petrographical characteristics and geochemical and isotopic compositions
of dolomite and calcite in the Triassic-Jurassic successions are used to constrain the diagenetic conditions
encountered within the framework of a constructed paragenetic sequence of dolomites in the Provençal
Domain in SE France.

2. Regional Geology

The study area is located in the Provençal Domain close to the northeastern part of the Maritime
Alps, in the southeast of France, bordered by NW Italy (Figure 1). The area, which is considered as the
interior-most part of the European Proximal Margin [13], is underlain by the Argentera Massif from
the southern part of the Dauphinois Domain. The Provençal Domain consists of Mesozoic rocks in
shallow marine environmental settings [14] and Upper Carboniferous–Permian continental sediments
overlain by Triassic rocks consisting of siliciclastics (Lower Triassic), tidal carbonates (Middle Triassic)
and evaporites (Upper Triassic) [15].

Figure 1. General geological map of the south-west Alps. The red rectangle shows a part of the study
area (Provençal Domain) (after [14]).

The European paleo-margin experienced extensional and transtensional tectonics during the
opening of the Alpine Tethys during the Jurassic and Cretaceous [16]. A subsequent regional
unconformity followed the Triassic succession and encompasses the Late Triassic–Early Jurassic
succession [14]. The emersion of the Provençal Domain during Early Jurassic times led to the formation
of a carbonate platform followed by a continuous decrease in the sea level and the consequent
establishment of a peritidal environment during the Berriasian [17,18]. The deposition of shallow-water
marine carbonates continued during the Cretaceous [14]. The Mesozoic succession is separated from
the Cenozoic deposits by a regional unconformity that is equivalent to the late Cretaceous-Middle
Eocene interval [14]. A rapid lateral facies variation is observed in both Provençal and Dauphinois
Domains and the Mesozoic succession is thinner toward the Provençal area [14].

3. Methods and Materials

Conventional and cathodoluminescence (CL) petrography was carried on 50 thin sections (out of
total 98 samples) stained with Alizarin Red. The CL examinations were carried out on representative
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polished thin sections using CL model 8200 at operating conditions of 9–12 kV and a 300–400 μA
gun current.

A total of 1.5 mg of the 43 dolomite and calcite samples were dissolved in 3 M HNO3 for the
purpose of elemental analysis. The solution was diluted with 2 mL of deionized H2O (N18.2 MΩ cm−1).
The element concentrations are reported in ppm. The analytical errors are given as ± %RSD.
The 1σ-reproducibility for the major and trace elements of the two standard materials are ±0.18 wt. %
for Ca, ±0.081 wt. % for Mg, ±22 ppm for Sr, ±17 ppm for Fe, ±1 ppm for Mn (CRM-512, n = 111),
±0.36 wt. % for Ca, ±0.002 wt. % for Mg, ±1 ppm for Sr, ±12 ppm for Fe and ±1 ppm for Mn (CRM-513,
n = 111).

The oxygen and carbon stable isotopic analyses were performed by the reaction of powdered,
micro-sampled calcite and dolomite with 100% phosphoric acid at 70 ◦C using a Gasbench II connected
to a ThermoFisher Delta V Plus mass spectrometer. All values are reported in per mil relative to V-PDB.
The reproducibility and accuracy were monitored by a replicate analysis of laboratory standards
calibrated to international standards NBS19, NBS18 and LSVEC. Isotopic values are referred to the
University of Erlangen PDB standard with reproducibilities of ±0.2%� or better.

The 87Sr/86Sr analyses were performed at the Institute for Geology, Mineralogy and Geophysics,
Ruhr-Universität Bochum (Germany). According to the ICP-OES, the Sr concentration measurements
need a carbonate sample with 250 to 350 ng of Sr digested with 6 M supra-pure HCl for about 24 h
at room temperature in PFA beakers and evaporated until dry. Subsequently, the dried samples
were re-dissolved in 0.4 mL HNO3 3M. The Sr fraction was recovered using an ion exchange resin
(Sr-resin TRISEM) with 0.05 M and 3 M HNO3 applying 2 mL of distilled water. After evaporation,
the dried sample material was treated with 1 mL of a 1:1 mixture of concentrated HNO3:H2O2 removing
organic remains and subsequently dried again. Later, the samples were converted to chloride-form by
applying 0.4 mL 6 M HCl. The mean of 279 analyses of NIST standard NBS 987 was 0.710242 with a
mean standard error of 0.000002 (±2 se) and mean standard deviation of 0.000032 (±2 sd), whereas the
mean of 253 analyses of the USGS EN-1 standard was 0.709162 with a mean standard error of 0.000002
(±2 se) and mean standard deviation of 0.000026 (±2 sd).

4. Results

4.1. Field Observation

The studied carbonates display a complex fracture system with carbonate cemented breccias and
zebra fabrics (Figure 2A,B and Figure 3). The brecciated fragments show angular edges cemented
by coarse-crystalline dolomite. Brecciation is most extensive in the lower part of the Triassic section
(Figure 2B). The development of stratabound zebra fabric in the Triassic series is associated with
fracture networks with predominantly conjugated orientations extending for decimeters (Figure 2A).
Dolomitization is the most common diagenetic alteration in the host carbonates in the Maritime
Alps [18].

4.2. Petrography of the Triassic–Jurassic Succession

Petrographic characteristics are used to document the diagenetic fluids that influenced the Mesozoic
carbonate successions in the Maritime Alps (Provençal Domain—SE France), their relative timing and
burial history. The diagenesis of the carbonate is complex and includes several dolomite generations.
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Figure 2. Triassic outcrops characterized by fractures arranged in horizontal and sub-vertical bands to
the bedding planes, resulting in zebra-like structures (A), open fractures zones, and breccias (B).

Figure 3. Basic stratigraphic litho-log of the Triassic and Jurassic carbonate rocks in Provençal Domain.
The lower most part of Triassic rock (1) is extensively brecciated and the floated fragments have been
cemented by saddle dolomite (see the enlarged part of this breccia on the right part “1”). The breccia is
followed by another structure, i.e., zebra dolomites.
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4.2.1. Middle Triassic Section

The micrite and replacive microdolomite (D1T) composition is more common in breccia and zebra
fabrics of the Triassic than in the Jurassic carbonates. Despite strong dolomitization, the depositional
features are still preserved including laminated algal/microbial mats and slightly compacted micritized
ooids with darker micritic envelopes in grain-supported fabrics (Figure 4A,B). Dolomite 2 (D2T) is
composed of medium to coarse grained anhedral–subhedral crystals (70–200 μm) in a nonplanar to
planar-s fabric. D2T replaced the D1T dolomite and display relict ooids (Figure 4A,B).

Figure 4. (A) The depositional texture is grain-supported with ooids (grainstones). The intergranular
contacts between ooids are sutured and convexo–concave due to overburden load (arrows).
(B) Transition from a mostly anhedral dolomite D2T to a euhedral saddle dolomite SD2T separated by
an irregular stylolite indicating that these dolomites were formed at different time. (C) Early stylolite
(arrows) cross-cuts SD1T with precipitation of sulfide minerals. (D) Light brown saddle dolomite SD3T,
showing coarse crystal size and pressure dissolution. (E) Macroscopic fracture showing Fe-rich SD3T

(red arrow) and Fe-poor SD2T (white arrow). A late-stage Fe-poor calcite cement appears at the top left
(staining). (F) Arrows point to sets of tension gashes filled by Fe-rich SD3T fracture. The fractures and
columns of stylolite (red arrows) are in the same direction and this could be related to the mechanical
overburden in the deep burial diagenetic setting.

145



Minerals 2020, 10, 775

Saddle dolomite (SD1T), which occurs as irregular compacted crystals (0.3 to 0.6 mm) with
nonplanar-s fabric, replaced D2T. SD1T commonly occurs in the dolostones and, less commonly,
as vug-lining cement in fractures. Coarser saddle dolomite SD2T crystals (0.5 up to 4 mm) consist of
homogeneous euhedral slightly curved, sometimes planar, crystals. In contrast to SD2T, SD1T appears
as a cement in irregular fenestrae and breccias and as zebra dolomite fabric. The brecciated dolostones
D2T (clast sizes up to a few cm) are cemented by various dolomitic types. SD1T is distinguished
from SD2T crystals by its fabric retentive, inclusion-free rims and inclusion-rich cores. SD1T and
SD2T saddle dolomites are characterized by a similar growth zoning with bright red and dark red
luminescence. The gray bands of D2T alternate with the white bands of the saddle dolomites (SD1,
SD2), forming the zebra fabric and are thus genetically related to the fracturing of the dolostones.
SD1T and SD2T are crosscut by low amplitude stylolites (Figure 3C) that were aligned parallel to
fracture-filling saddle dolomite.

Light brown colored, coarse-grained, euhedral, slightly planar, Fe-rich saddle dolomite crystals
(SD3T) are found in the breccias (Figure 4D–F). The breccias vary from clast-supported (jigsaw puzzle)
to cement-supported textures (Figure 2B). SD3T is associated with stylolites with sets of fractures or
tension gashes. The tension gashes are parallel to the columns of stylolites and terminated at the wider
end of the stylolite seam. SD3T exhibited the typical saddle characteristics with a wavy extinction
and curved crystal faces under a cross-polarized light, and has a uniform bright red luminescence
under CL.

Euhedral, Fe-poor SD4T saddle dolomite (Figure 5A) displayed alternating inclusion-rich cores
and -free rims. The margins of SD4T crystals were corroded and replaced by calcite (C1T; Figure 5B,C).
Similar calcite filled the vugs and fractures and replaced D2T, SD3T and SD4T too.

Figure 5. (A) The former saddle dolomite SD3T leaving traces along the core and cortex of zoned
SD4T, reveals that SD4T was formed under different diagenetic conditions. C1T filled the remaining
secondary pores, and postdating the latter saddle dolomite. (B,C) Millimeter-sized fracture-filling
Fe-poor, late stage calcite cement (C1T), postdating late stylolite (arrows).
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4.2.2. Middle-Upper Jurassic

The peritidal Middle–Upper Jurassic carbonates in the Provençal region include ooidal packstones
and grainstones, which are replaced by microcrystalline dolomite (10–300 μm) (D1J) (Figure 6A).
SD1J replaced DJ (Figure 6B). A fabric destructive, second saddle dolomite generation (SD2J) with
subhedral–euhedral, nonplanar crystals (>1 mm) fill fractures and vugs (Figure 6C).

Figure 6. (A) Mostly planar-s dolomite D2J with remaining of a former replacement dolomite DJ

“lithorelic” (arrows) showing dissolution and irregular compacted grain boundaries. Micrite of
precursor facies on the top left corner. (B) Saddle dolomite-type SD1J matrix. The core is rich in
inclusions. Thus, this dolomite facies is a key for the replacement of a former dolomite. (C) Secondary
porosity filled by saddle dolomite SD2J cement. (D) Secondary porosity occluded by late dolomite D4
of different grain sizes, within SD3J. (E,F) Saddle dolomite SD5J is characterized by strongly curved
crystal boundaries and a sweeping extinction under crossed nicols. D, Dolomite; SD, Saddle dolomite.
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Yet another phase of coarse-crystalline (several mm across), euhedral, nonplanar to planar,
beige colored saddle dolomite (SD3J) (Figure 6D), which fills the fractures or replaces the dolomitic
matrix, was recognized. SD3J is postdated by a dark-grey dolomite with different sizes and shapes
(D4) of filling space between SD3J crystals (Figure 6D).

Another coarse-crystalline, euhedral, nonplanar, multizoned, red luminescent fracture and
vug-filling saddle dolomite (SD5J) (Figure 6E,F) was observed. SD5J crystals are characterized
by alternating inclusion-rich and inclusion-free zones. High-amplitude stylolites cross cut the
fracture-filling saddle dolomites; no tension gashes were observed. The SD6J dolomite is distinguished
from the previous saddle dolomites by its elongated crystal shapes (Figure 7A–C). This SD6J dolomite
is densely packed and systematically associated with D4 (Figure 6D). CL revealed an alteration of thick
red luminescence (SD5J) and thick nonluminescent SD6J (Figure 8B,C). In addition, thin bright red
luminescence is associated with fractures that postdated SD6J.

Figure 7. (A–C) More than 1mm sized-dolomite crystals SD6J with two sets of cleavages, precipitated
in fractures in contact with recrystallized dolomite. SD6J shows etching and overgrowth of coarse
dolomite. (D,E) Saddle dolomite rhomb with an irregular, selectively dissolved outline which predates
the poikilotopic texture within the recrystallized dolomite matrix. Two sets of curvature twin laminae,
and dissolution of high amplitude stylolite intersecting coarse recrystallized dolomite crystals (the upper
side part of Dr and lower side part of E). (F) Bladed calcite cement (arrows) precipitated on saddle
dolomite crystal: note the trace of calcite across saddle dolomite; such cement strongly refers to late
meteoric alteration at near-surface condition. SD, Saddle dolomite; Dr, Dolomite recrystallization.
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Figure 8. Photomicrograph of (A) saddle dolomite (SD2) and calcite (C1) in PPL, calcite overgrowth
on the saddle dolomite is clearly highlighted under cathodoluminescence in (B). (C) Saddle dolomite
(SD6) in PPL and (D) cathodoluminescence (CL) photomicrograph, illustrating the general pattern
in luminescence, including thicker zones of red and nonluminescence with shades of thin bright
red luminescence, reflecting formation in pore waters that chemically changed. (E) Recrystallized
dolomite (Dr) in PPL, (F) the same as in (E) CL photomicrograph, the recrystallized dolomite shows
thick nonluminescent zones with thin bright red luminescent bands.

A Fe-poor calcite cement (C1J) fills the central parts of the fractures and vugs, hence the latest
cement (Figure 8A,B). The calcite sizes are ranged from fine to coarse crystals (>400μm), precipitated and
postdated saddle dolomite formation, and had crystals that were transparent with whitish and yellowish
colors. CL revealed an alteration of thick red luminescence (SD5J) and thick nonluminescent SD6J

(Figure 8B,C). In addition, thin bright red luminescence was associated with small veins and fractures
that postdated SD6J.

Dolomite recrystallization (Dr) occurred after all saddle dolomitic phases, where the ghosts of
the pristine oolitic facies still resisted diagenesis, and in places the coarse sized poikilotopic cement
fabric (>700 μm) developed. Dr displays the same characteristics as those observed in SD6J under CL,
i.e., nonluminescent thick with thin bright red luminescent bands (Figure 8E,F).
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Because of the small sizes of fractures and cavities, and also the fact that sometimes two dolomite
phases occur together in a fracture during mixing the carbonate phases are categorized into four groups
to obtain precise data: type 1 with DJ, D1T and D2T; type II with saddle dolomites from SD1 T/J and
SD2 T/J; type III with SD3 T/J, SD4T, D4J, SD5T/J, Dr, and SD6J and type IV with C1T/J. This phase
succession will also make it easier to interpret the geochemical composition, especially when two
carbonate phases are mixed.

4.3. Early and Late Diagenetic Stylolites

Most stylolites are used as a key of the burial depth, especially those aligned parallel to the
bedding planes. The Triassic–Jurassic carbonate succession is characterized by two types of stylolites:
(i) low amplitude stylolites (no more than 1 cm in length) crosscut Type I dolomites. The low amplitude
stylolites (early stylolites) were the first ones produced during the Triassic–Jurassic diagenesis and
are associated with a jump-up in McArthur’s graph [19]; (ii) early stylolites are followed by larger
stylolites (several centimeters in length with high amplitudes) associated with a set of fractures and
tension gashes. Stylolite-related fractures (tension gashes) are rare diagenetic features formed by
increasing and progressive mechanical loading during burial, evidenced by the parallel orientation
with the bedding plane [20,21].

4.4. Chemical Composition (Major and Trace Elements)

Nineteen samples were selected for trace element analyses from both outcrops (Table 1).

Table 1. Elemental analysis of diagenetic phases from Triassic and Jurassic samples (n = 19).
Type I = D1T/J and D2T/J. Type II = SD1 T/J and SD2 T/J. Type III = SD3 T/J, SD4T, D4J, SD5T/J,
DrJ, and SD6J. Type IV = CT1T/J. T = Triassic, J = Jurassic, and Lst =Host limestone. SE France sections.

Sample
No.

Type
Mn

(ppm)
Fe

(ppm)
Ba

(ppm)
Sr

(ppm)
Mg

(wt. %)
Ca

(wt. %)
Ca (wt. %)/
Mg (wt. %)

NM4 Type III 147 433 3 125 12.7 21.8 1.7
NM8 Type IV 13 27 4 291 0.5 39.4 86.0

NM10a Type II 34 152 3 60 12.8 21.9 1.7
NM12 Type II 37 78 6 197 11.4 23.7 2.1
NM16 Type II 108 317 4 134 12.1 22.7 1.9
NM23 Type I 110 1991 2 73 12.4 21.5 1.7
NM23 Type III 66 1076 2 106 11.9 22.7 1.9
NM28 Type I 107 718 4 83 12.7 21.8 1.7
NM30 Type IV 146 204 3 368 0.6 38.9 68.0
NM34 Type III 91 282.3 2 86 11.5 23.4 2.0
NM4 Type III 140 441 3 61 12.2 20.6 1.7
NM21 Type III 226 730 4 180 11.9 21.8 1.8
NM22 Type III 40 168 3 103 12.6 21.8 1.7
NM11 Type I 51 463 2 83 11.4 22.1 1.9
NM34 Type III 61 291 1 79 11.4 21.9 1.9
NM32 Type II 60 337 2 47 12.3 21.2 1.7
NM23 Type III 149 1225 8 257 10.8 23.1 2.1
NM44 Lst-Triassic 113 1309 2 79 12.2 20.4 1.7
NM39 Lst-Jurassic 10 154 3 127 0.3 37.8 135.5

Generally, Ca (mean: 22.1 wt. %; n = 15) and Mg (mean: 12 wt. %; n = 15), Ca (mean: 39.2 wt. %;
n = 2) and Mg (mean: 0.6 wt. %; n = 2) are the major elements in dolomite and calcite phases,
respectively. Other elements like Sr (mean: 112 ppm; n = 15 for dolomite; mean: 330 ppm; n = 2
for calcite), Fe (mean: 580 ppm; n = 15 for dolomite; mean: 116 ppm; n = 2 for calcite), Mn (mean:
95 ppm; n = 15 for dolomite; mean: 180 ppm; n = 2 for calcite), Ba (mean: 3 ppm; n = 15 for dolomite;
mean: 4 ppm; n = 2 for calcite), represent crucial “trace elements” in the carbonate diagenetic setting
(Figure 9). The relative abundance of major elements and scarcity of trace elements in dolomite and
calcite, are likely the recorded evidence of diagenetic processes (e.g., [22]).
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Figure 9. Diagram of the main chemical elements involved in the diagenesis and of the host limestones
from the study area (n = 20). For more detail about Type I, II, III, IV, see text. (a) Ca/Mg vs. Fe for
Jurassic carbonate samples, (b) Ca/Mg vs. Fe for Triassic carbonate samples, (c) Mn vs. Fe for Jurassic
carbonate samples, (d) Mn vs. Fe for Triassic carbonate samples, (e) Ca/Mg vs. Sr for Jurassic carbonate
samples, (f) Ca/Mg vs. Sr for Triassic carbonate samples, (g) Ca/Mg vs. Mn for Jurassic carbonate
samples, and (h) Ca/Mg vs. Mn for Triassic carbonate samples.
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The Ca/Mg ratio of the saddle dolomites (Types II and III) ranges between 1.72 and 2.14 from
the Triassic samples, and 1.69 and 2.08 from the Jurassic samples. The Ca/Mg ratio of the late calcite
phase in the Triassic is 68 and in the Jurassic is 85 (Figure 9). The Jurassic dolomites show a gradual
increase in Fe and Mn, starting from 34 going up to 226 ppm for Mn, and 78 to 730 ppm for Fe.
The Triassic dolomites exhibit high Fe and Mn values (mean: 846 and 92 ppm, respectively), with a
wide range. Rarely do the Mn contents of the early dolomites in both sections overlap the Mn
contents of the later dolomites. The early dolomites display the highest Fe contents. The Fe and
Mn contents in the Triassic and Jurassic limestones share the same values with a few late dolomite
samples. In contrast, late calcite-Type IV (C1J and C1T) contents exhibit the lowest Fe contents
(C1T: Fe = 204 ppm; Mn = 146 ppm) (C1J: Fe = 27 ppm; Mn = 13 ppm). Higher Fe and Mn contents in
C1T could be related to SD3T, which was overlain by the calcite cement, i.e., due to mixing of SD3T and
C1T during preparation.

4.5. δ18OVPDB and δ13CVPDB Isotopes

The stable isotopic compositions of ten limestone samples (Table 2) shows that the δ18OVPDB and
δ13CVPDB values vary between −0.2%� to −4.2%� and −0.5%� to +3.1%�, respectively. The isotopic
composition of the four dolomite types (I, II, III and IV) shows a range in δ13CVPDB values from −0.6%
to +2.6%� and δ18OVPDB values from −14.1%� to −4.9%�. In more detail, the δ18OVPDB values of Type I
(D1T/J and D2T/J) display a narrow range between −7.1%� and −4.8% in the Jurassic and from −7.4%�
to −5.7%� in the Triassic. The δ13CVPDB values for both sections display similar values (average +1.1%�
and +1.9%�, respectively). All δ18OVPDB values are depleted in comparison with the original isotopic
compositions of the marine dolomite signature during Triassic and Jurassic times [22–25].

Table 2. δ13C (% VPDB), δ18O (% VPDB), (Sr87/Sr86) values of selected samples from Triassic–Jurassic
succession (n = 100). Type I = D1T/J and D2T/J. Type II = SD1 T/J and SD2 T/J. Type III = SD3 T/J, SD4T,
D4J, SD5T/J, DrJ, and SD6J. Type IV = CT1T/J. D is for dolomite, SD = saddle dolomite, C= calcite,
Dr = recrystallized dolomite, T = Triassic, J = Jurassic, and Lst = Host limestone. SE France sections.

Age Sample No. Type
δ13C δ18O

Sr87/Sr86

(%� VPDB) (%� VPDB)

Upper Jurassic

NM1 Type III 1.72 −9.09
NM2 Type II 1.78 −8.25
NM3 Type III 1.46 −9.35
NM3 Type III 1.78 −9.94
NM3 Type II 2.06 −8.03
NM4 Type I 1.81 −6.44
NM5 Type I 1.74 −7.07
NM5 Type II 1.76 −7.85
NM5 Type III 1.83 −9.99
NM6 Type I 2.04 −4.87
NM7 Type III 1.69 −9.82
NM7 Type III 1.72 −9.43
NM7 Type III 1.72 −9.83
NM8 Type III 1.81 −8.75
NM8 Type III 1.63 −9.61
NM8 Type IV 0.38 −11.83 0.70868
NM9 Type III 1.81 −10.86

NM10a Type II 1.55 −8.02 0.71030
NM10b Type II 1.44 −8.18 0.710552
NM11 Type III 1.48 −10.78
NM11 Type III 2.07 −10.56
NM12 Type III 1.78 −9.14
NM13 Type III 1.76 −9.28
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Table 2. Cont.

Age Sample No. Type
δ13C δ18O

Sr87/Sr86

(%� VPDB) (%� VPDB)

Upper Jurassic

NM14 Type IV −0.59 −11.12
NM14 Type IV −0.02 −9.98 0.710355
NM15 Type III 1.85 −9.42
NM15 Type III 1.86 −9.71 0.710154
NM16 Type I 1.76 −6.31 0.708757
NM16 Type III 1.42 −9.65
NM17 Type III 1.79 −9.31
NM17 Type III 1.8 −9.47
NM18 Type IV 0.92 −10.42
NM18 Type III 1.59 −10.26
NM18 Type III 1.57 −9.66
NM19 Type III 1.57 −9.72 0.711203
NM19 Type III 1.48 −9.23
NM20 Type IV 0.98 −9.62
NM20 Type IV −0.15 −10.52
NM20 Type III 1.29 −9.31
NM21 Type III 1.61 −11.63 0.710609
NM21 Type I 1.98 −6.82
NM22 Type III 1.82 −9.05 0.708879
NM22 Type III 1.84 −9.45
NM22 Type III 1.83 −9.37

Triassic

NM23 Type II 2.3 −6.2
NM23 Type II 2.3 −6.8
NM24 Type III 2.3 −9.98
NM24 Type III 1.97 −9.09
NM25 Type III 2.56 −9.86
NM27 Type II 2.31 −7.58
NM27 Type III 2.21 −8.28 0.708299
NM27 Type II 2.21 −7.48
NM26 Type I 1.98 −5.7
NM26 Type I 1.31 −6.44 0.707735
NM28 Type III 2.54 −8.51
NM28 Type III 1.46 −9.35
NM29 Type II 2.2 −6.67 0.708671
NM30 Type IV 0.65 −14.14 0.712023
NM31 Type III 2.11 −8.44
NM32 Type III 2.2 −8.57
NM32 Type III 2.02 −9.91
NM33 Type III 2.49 −8.74
NM33 Type III 2.03 −9.44 0.70942
NM34 Type III 1.81 −9.63
NM34 Type II 1.97 −7.93
NM34 Type III 2 −9.16 0.708184
NM35 Type III 2.26 −9.07
NM35 Type IV 2.09 −12.08
NM36 Type I 0.21 −7.35 0.708595
NM36 Type I 0.93 −7.35 0.711628
NM37 Type III 1.16 −10.35 0.710469

Upper Jurassic
NM38 Limestone 2.07 −2.33
NM39 Limestone −0.53 −4.21 0.707862
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Table 2. Cont.

Age Sample No. Type
δ13C δ18O

Sr87/Sr86

(%� VPDB) (%� VPDB)

Triassic

NM40 Limestone 1.54 −2.31
NM41 Limestone 1.73 −2.5
NM42 Limestone 1.88 −3.36
NM43 Limestone 1.98 −1.67
NM44 Limestone 2.53 −2.37 0.708766
NM45 Limestone 2.31 −3.36
NM46 Limestone 3.05 −0.23
NM47 Limestone 2.71 −3.25

The δ18OVPDB values of Type II dolomite show a signature with depleted values varying between
−8.3%� and −7.9% in the Jurassic samples, and from −7.9%� to −6.2%� in the Triassic samples.
These δ18OVPDB values of saddle dolomites decrease with the increase in crystal size. The δ13C values
of Type II and Type III exhibit a narrow range in the Triassic (average +2.0%� and +2.4%�) and in the
Jurassic (average +1.7%� and +1.9%�). Type IV late-stage calcite shows significantly depleted δ18OVPDB

values in the Triassic (−14.1%� and −12.1 %�) and in the Jurassic (between −11.8 and −9.6%�).

4.6. 87Sr/86Sr Data

The 87Sr/86Sr data of dolomite and calcite (Table 2) in the Triassic section show a wide range
(0.707735 and 0.712023), while in the Jurassic section the range is between 0.708680 and 0.71120, so the
ratios are lower than those of the host limestone sample.

The two unaltered limestone samples yielded an 87Sr/86Sr ratio of 0.708766 and 0.707862 for the
Triassic and Jurassic limestones, respectively. The Triassic signal displays a value different from the
seawater signal when compared to the data of Korte et al. [26], which reported the 87Sr/86Sr values
between 0.707562 and 0.70804. Jurassic samples have been documented by Jones et al. [27] with an
Sr87/Sr86 ratio in the range of 0.707060–0.707280.

5. Interpretation and Discussion

5.1. Paragenetic Sequence Related to Dolomitizing Fluids

The petrographic and geochemical data obtained suggest that dolomitization has been
accomplished by various episodes of hydrothermal flow events under various burial diagenetic
conditions. The earliest dolomitization, which affected mainly the micrite mud matrix,
probably occurred at near-surface conditions. This is evidenced by the anhedral, non-saddle dolomite
fabric [28] and the uncompacted ooids. The nonplanar crystal shape of dolomite Type I D2T could be
linked to a diagenesis at a higher temperature (e.g., ≥ 50 ◦C, [28]). However, these nonplanar dolomites
are probably related to impurities in the growth media, which stabilize the crystal faces [29], and not to
high temperature fluids. This is supported by petrographic evidence—for example, D2T crystals do not
show any characteristics of hot fluid involvement “i.e., lack of curved faces and sweeping extinction”.

It is well reported in the literature that saddle dolomite forms under high temperatures typically
by flow of hydrothermal fluids [30]. Type II is dissolved by low-amplitude, early stylolites, in high
temperature conditions (senso, [31]) in the shallow–intermediate depth without necessarily implying
deep burial conditions “i.e., eogenesis”.

Brecciation and concomitant dolomitization (Type II dolomites) suggest a flow of hydrothermal
fluids along fractures (Figure 10). Brecciation was accompanied by the dissolution of the host carbonates,
which resulted in the creation of new pathways for fluid of hydrothermal fluids and cementation by
producing the Type III saddle dolomite. Further cementation by the latter dolomite was probably
related to hydrofracturing and resetting of the zebra and breccia fabrics. Stylolite-related fractures are
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parallel to the amplitude of stylolite (Figure 4F), and according to Nelson [20] the tension gashes are
not true tension fractures, but are extensional fractures derived from the same compressive state of
stress as the fractures of stylolites [32]. Filling the tension gash fractures with SD3 confirmed that the
late stylolites are coeval with Type III saddle dolomite formation (Figures 11 and 12). Stylolite-related
fractures (tension gashes), which were produced during deep burial mesogenesis, were cemented
by Type III saddle dolomite (Figure 4F). Hence, Type III saddle dolomite formation was presumably
formed by the flux of hot basinal fluids along stylolites during compressional basin tectonics [33].

Figure 10. Histogram of homogenization temperatures obtained for saddle dolomite and fibrous
dolomite cements [14].

Figure 11. Paragenetic succession illustrating the diagenetic phases of Triassic section. Provençal Domain,
SE France (see text for explanation).
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Figure 12. Paragenetic succession illustrating the diagenetic phases of Jurassic section. Provençal Domain,
SE France (see text for explanation).

Subsequent openings of the veins or fractures in Type II facies led the hot secondary brine fluid
to percolate along these pathways, which resulted in the precipitation of Type III saddle dolomites.
The hydrothermal activity associated with hydrofracturing affecting the studied Mesozoic series has
also been reported by [34–36].

The homogenization temperature of saddle dolomites from the Dauphinois–Provençal Domains
varied between 170 and 260 ◦C ([14]; Figure 10), which rules out a low temperature origin for dolomite.
The final melting temperature of fluid inclusions have been reported as highly saline fluids, and the
salinity was approximately equivalent to 20% to 23% CaCl2 [14], this confirms the interaction of
hot circulating fluids with Argentera basement. The high temperature dolomitizing fluid is further
supported by low δ18OVPDB values. The depletion of the δ18OVPDB values follows the increase in
the size of saddle crystal from Type II to Type III (up to −11.6%� in Type III dolomites). Therefore,
the plausible explanation that can adequately explain the range of homogenization temperatures and
considerable range of oxygen isotope values is that the precipitation of dolomite phases occurred
at different diagenetic settings during which a repeated injection of hydrothermal fluid occurred
(Figures 13 and 14). This interpretation is further supported by the following lines of evidence
(Figures 4 and 6): (1) suture intergranular contacts between the ooids are engulfed by the saddle
dolomite cement; (2) occurrence of sulfides and dissolution of stylolite-related fractures in type III
saddle dolomites; (3) co-occurrence of Type III saddle dolomites and late stylolite-related fractures,
later the cements inside the fractures were dissolved and etched; (4) coarse-crystalline poikilotopic
cement fabric (>700μm) etched and corroded the Dr boundaries; (5) dissolution, compacted saddle
dolomite and association with sulfides; (6) the presence of high-amplitude stylolites parallel to the
overburden force.

156



Minerals 2020, 10, 775

Figure 13. Cross-plot of oxygen and carbon isotopic compositions (VPDB) of selected dolomite,
calcite phases (Type I to IV: see text) and pristine limestone from Triassic–Jurassic succession (n = 80).

Figure 14. Petro-physical and geochemical model tracing the Triassic–Jurassic succession in Provençal
Domain, SE France. The detailed microfacies in each diagenetic setting is described by digitized
microphotographs under optical microscope. The initial precipitation of saddle dolomite is started
in a shallow burial system (see the key evidence in digitized microphotographs). The mechanisms
of hydrothermal (HT) fluid movement under deep burial conditions (mesogenesis) created another
active pathway for hot fluid with different phase of saddle dolomite (see the zoned saddle dolomites,
suture contact boundaries between the ooid grains, and stylolite-related fractures) from that of shallow
burial conditions (see the low amplitude stylolite). The diagenesis in the Triassic–Jurassic succession
ended by precipitation of Fe-poor calcite during uplifting (close up the large fracture that postdates
all saddle phases on the right side of digitized microphotograph, while the one on the left side
showing the digitized thin section under CL which result in a band of luminescence due to a change in
fluid chemistry.
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Therefore, according to the abovementioned points, our interpretation agrees with the one of
Wierzbicki et al. [37], who suggested that the partial dissolution of dolomite crystal outlines fits the
deep burial mesogenesis. This late evolution could be linked to the subsidence and recrystallization
processes in the Provençal Domain during Late Cretaceous–Early Eocene times, where the main
extensional and transtensional tectonics affected the European paleomargin of the Alpine Tethys [38].

The calcitization of saddle dolomite and the precipitation of the fracture-filling Fe-poor calcite
cement (C1T/J, Type IV; Figure 14), which cross cut the high-amplitude stylolites, are the last diagenetic
event affecting the Triassic series by the incursion of meteoric waters. Furthermore, the precipitation of
bladed calcite cement around saddle crystals implies that a new activity led to the uplift of the studied
series and could reactivated the Alpine transcurrent shear zone during Cenozoic [39].

5.2. Geochemical Evolution of Diagenetic Fluids

A crucial question in any study of carbonate chemical composition is whether a primary marine
signal is preserved or not. Carbon and oxygen isotopic compositions of the regional limestones span
a considerable range with δ13C values between −0.5%� and +3.1%� and δ18OVPDB values between
−4.2%� and 0.2%�. Their isotopic compositions are similar to the values expected for Triassic and
Jurassic marine carbonates [23–27].

Type I dolomite and the last event of calcite precipitation (Type IV) have considerably lighter
δ18OVPDB compared to those expected for the carbonate precipitated in equilibrium with ambient
seawater (Figure 13). The δ18O and δ13C values in both types of dolomite and calcite fit the inverse “J”
Lohmann curve [40] pointing to a diagenetic alteration near surface conditions. The initial nucleation
of dolomite in the muddy facies was therefore driven by dolomite supersaturation caused by the
mixing of fresh and marine groundwater [40–42]. Mixed groundwater filled the pore spaces in the
oolite facies and led to undersaturation of calcite, and the dissolution and precipitation of dolomite in
the case of Type I dolomite. The Triassic and Jurassic rocks developed on a shelf in which the water
depth was extremely shallow, probably a few meters deep, as suggested by the oolites and algae.
In such a shallow depositional setting these carbonates were probably altered and dolomitized by
mixed water, as no evaporitic minerals were observed in this study. In the Triassic and Jurassic sections,
the δ18OVPDB shifts toward a lower value in comparison with the original depositional facies, are quite
abrupt and vary around their respective average (−6.7%� and −6.4%�) in the range of the “meteoric” [3].
The strong deviation in δ13CVPDB values from this line is related to the rock–water interaction in the
Type I Triassic samples. Very weak variations or near constant δ13CVPDB values in the Type I Jurassic
samples suggest decreased rock–water interactions in a distal setting from the meteoric recharge with
a consequent buffering by the rocks.

Types II and III have depleted δ18O values (up to −10.4%� for Type III in the Triassic and up to
−11.6%� for Type III in the Jurassic) with more or less constant δ13CVPDB values in the Jurassic (Types II
and III) and a wider range of δ13CVPDB values in Type III in the Triassic. The δ13C values are similar to
the ones of the early dolomitic facies suggesting that the saddle dolomitizing fluid was mainly buffered
by interactions with early dolomite rocks (Type I). The same buffered system has been inferred from
our trace element analyses and showed that positive and gradual variation in Fe and Mn contents
observed between Types II and III saddle dolomites due to water–rock interactions (Figure 13).

The significant shift to lower δ18OVPDB values from Type II to Type III in both sections is probably
due to the interaction of the dolomitized rocks (Type I) with hydrothermal fluids (e.g., [12,43]).
Similar carbon and oxygen isotopic values (−9.0%� to −7.3%� and +1.8%� to +2.4%�, respectively)
were reported by Nader et al. [42] in the Jurassic rocks at Lebanon as the result of hydrothermal hot
fluids under deep conditions. The tension-gashed stylolitization phase during the saddle emplacement
between Type II and Type III saddle dolomites suggests that the chemical compaction or burial was
coeval with the late phase of hot fluids (Type III dolomite). This phase is associated the most widespread
depleted δ18OVPDB values (Figure 14). Triassic Type II facies show some similarities and overlapping
δ18OVPDB values, such as those of Type I, suggesting that saddle precipitation started in the same
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burial conditions of the latter, but after early stylolitization. These complex scenarios of paragenetic
models show that Types II and III correspond to complex polyphased dolomitizing fluids and Type
III saddle dolomite was precipitated under deep burial–mesogenetic diagenesis. Their geometries
(irregular, strata-discordant, zebras, even faults on the field) may suggest that the faults constituted
a hydrothermal fluid conduit operating during two major steps with increasingly 18OVPDB depleted
values in the saddles as evidenced by two different isotopic domains in both sections. Further evidence
for deep burial setting and mesogenesis includes the dissolution of saddle dolomite along stylolites
(e.g., [44]) and sutured intergranular contacts between ooids.

Type IV Fe-poor calcite records a dedolomitization and cementation by similar calcite due to the
incursion of meteoric waters [40,45]. The wide variations of the δ18OVPDB and δ13CVPDB values reveals
an inverse “J” Lohmann curve [40,45], at least in the Jurassic and probably in the Triassic, supporting a
telogenetic meteoric origin. The δ18OVPDB and δ13CVPDB values from calcite samples overlap with the
values of the HT dolomite; a similar situation has been reported from NW Spain by Shah et al. [46] and
Nader et al. [42] in Lebanon on hydrothermal-hosted Jurassic rocks. These authors concluded that the
wide range of depleted isotopic oxygen values with a slight shift in the isotopic carbon values of pristine
facies indicate different temperatures of the dolomitizing fluids, while the extra-shifted carbon isotope
values and highly depleted isotopic oxygen values in the calcite facies indicate surface-derived fluids.
The abrupt Fe and Mn drops, Sr rise and weak Mn variations only reported in the Triassic samples that
could be related to the SD3 overgrowth by C1T suggest a significant lack in carbonate-buffering system.
In addition, the saddle dolomitic contribution to calcite oxygen contents is very low compared to the
contribution of the meteoric fluids [46] due to high δ18Owater/δ

18Orock ratios. These arguments support
that the calcite cement marks the end-member of the diagenetic sequence as a result of a late uplift of
the carbonate platform, which initiated this late telogenetic phase (Figure 14).

5.3. Impact of Basement–Fluid Interactions, Continental Riverine and vceanic Fluxes on Strontium
Isotope Signatures

Multiple parameters controlling the radiogenic strontium isotope in carbonate rocks, including:
(i) the isotopic composition of seawater from which they precipitated and terrigenous (i.e., siliciclastics)
sedimentary rocks; (ii) the 87Sr/86Sr ratio is mainly related to the nature of the parent rocks and their
continental weathering rates (riverine) and oceanic fluxes of nonradiogenic strontium. However,
diagenesis will be the main factor controlling the significant variation of the 87Sr/86Sr ratio in marine
carbonates as it will be affected by hydrothermal or cold fluids that control the strontium ratio.

87Sr/86Sr in dolomites (Types I, II, III) vary from 0.707735 and 0.712023 in the Triassic and from
0.708680 up to 0.711203 in the Jurassic (Figure 15). These ratios are associated to the early and late
stylolites, prior to the latest deformation during the uplift (Figure 14). The 87Sr/86Sr ratios are higher
than those of ambient Triassic and Jurassic seawater [26,27]. A few of these ratios in the Triassic
dolomites are lower than those of the marine carbonate obtained from host limestone samples (0.708766;
Figure 15), while in the Jurassic dolomites the ratios are higher than those in the marine carbonate
samples (0.707862; Figure 15).

When comparing our radiogenic values with the ones of the Triassic 87Sr/86Sr signals of the
Lombardic Alps, the strontium values of the Lombardic Alps increased from 0.70805 in the Anisian to
0.708148 in the Ladinian as a result of the various rates of weathering and erosion of young volcanic
rocks and old granitic rocks [47], are lower than our values in Provençal Domain (0.708766; Figure 15).
Thus, it is more likely that an increase in the riverine flux was the dominant factor causing the 87Sr/86Sr
seawater signature rise during the Triassic times in Provençal Domain (cf. [26]), as well as the involved
Triaasic carbonates by meteoric waters.
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Figure 15. The rate of change of 87Sr/86Sr according to time in order to illustrate the number of jumps
between the different diagenetic conditions in both sections separately. The number of jumps (down and
up) can calculate the number of fault reactivation (n = 20).

The repeated injection of hydrothermal fluids into the Mesozoic succession in the Provençal
Domain and formation of many phases of saddle dolomites might have been expelled by from
overpressured lithologies and fluxed through deep-seated faults (Figures 4, 6, 10 and 14; e.g., [30]).
The high Sr isotopic ratios of saddle dolomite suggest that the hydrothermal fluids interacted with the
crystalline basement and/or siliciclastic deposits [12,30].

The radiogenic enrichment of the Jurassic samples could be deviated from open ocean evaporite,
however, the dolomitizing fluids are not in agreement with the involvement of the evaporites which are
missing here. If a high strontium ratio represents the involvement of evaporites, then it is expected that
a high strontium ratio would correlate with the depletion of oxygen values. Mostly, the dolomitizing
fluids that have high strontium ratios would have been enriched with heavier oxygen isotope values,
confirming the involvement of evaporites (e.g., [48]). However, this scenario is not in agreement with
our Jurassic dolomite samples and the regional geology, therefore the interaction of hot dolomitizing
fluid mostly interacted with the Argentera crystalline basement before flowing up to the Jurassic
carbonate rocks.

In contrast to Jurassic dolomites, some Triassic dolomites have significantly lower 87Sr/86Sr values
with respect to the open marine facies values. The depletion of 87Sr/86Sr ratios started from the Late
Triassic up to the Turonian recording pulses of mid-oceanic hydrothermal fluxes that related to the
opening and closure of the North Atlantic Ocean [27]. There were several short-term excursions
of radiogenic depletion of 87Sr/86Sr ratios highlighting these pulses. The authors of [49] reported
excursions of very low 87Sr/86Sr ratios during three short periods (Early Jurassic, Early Cretaceous and
Late Cretaceous) that are linked to the rate of hydrothermal activity as a consequence of increased
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ocean-crust production at the mid-oceanic ridges. Therefore, some of our data in the Triassic could be
partly influenced by the short-term excursions of strontium depletion after the deposition of Triassic
sediments. In addition, following McArthur’s Graph, our data display that Type II saddle dolomites
are associated with a jump-down of the 87Sr/86Sr isotope values. The repetition of the jump-down and
jump-up graph of each type of dolomite follows the same trends in the Triassic and Jurassic samples
(Figure 15). The graph suggests that the Triassic and Jurassic sections had the same stratigraphic
position (not separated) prior to the precipitation of the calcite phase (Type IV).

The ultimate diagenetic phase (Type IV) records the highest enrichment radiogenic composition
(0.712023) from the Triassic and the lowest 87Sr/86Sr ratio (0.708680) from the Jurassic samples. This phase
attributed to the late stage of calcite cementation and was consistent with the very depleted δ18OVPDB

values and the lowest δ13CVPDB values (cf. [50]). The meteoric water has the lowest δ 18OVPDB values
and highest 7Sr/86Sr ratios (0.709630 to 0.70948, [51]). The increasing recharge from meteoric water
could apply to the late stage of Fe-poor calcite precipitation and is probably related to an uplift of
the buried Triassic–Jurassic rocks (Figures 11–14). The late calcite cement C1J in the Jurassic section
shifted toward decreasing Sr isotope values, and appears to be more affected by other sources besides
meteoric water (in contrast to Triassic calcite value). On the basis of the tectonic graph, C1T and C1J

are attributed to two different fluids, which were stratigraphically separated during the uplifting
of these units (outcrops). Consequently, the lowering of Sr isotope compositions (C1J) in this study,
especially in the Jurassic section, could be partly linked to the pulses of the seafloor hydrothermal
activity that lowered the 87Sr/86Sr ratios. During the late calcite event, the former dolomitized rocks
were strongly brecciated with an in situ accumulation of crushed fragments. This event reveals that
an intense tectonic activity was ongoing during the late fluid migration [30,52,53], which could be
associated to Late Cretaceous–Eocene times, where general strike-slip fault systems occurred in the
European paleomargin [52,53].

The Triassic–Jurassic carbonate seawater in Provençal Domain could partly have been influenced
by the input of various rates of weathering and erosion of young volcanic rocks and/or old granitic
rocks. These inputs probably persisted after the deposition of Mesozoic succession in Provencal
Domain. Finally, fluctuations in the rising and falling of 87Sr/86Sr seawater signatures have already
been reported [26,27], therefore, the values of the 87Sr/86Sr fluctuations are the important factors and
may have influence the diagenesis products beside the hydrothermal fluids and meteoric waters in
Provencal Domain (Figure 15).

6. Conclusions

The main conclusions derived from this integrated field, petrographic and geochemical study of
dolomitization in the Mesozoic carbonate succession, Provençal Domain, Maritime Alps, SE France
show that:

1. The succession is extensively dolomitized with abundant breccia and zebra textures, and complex
fracturing paths due to the influence of repeatedly injections of hydrothermal fluids.

2. Three diagenetic settings are recognized:

(i) An eogenetic realm with weak diagenetic imprints. This setting is confirmed by δ18OVPDB

and δ13CVPDB values that fit the inverse “J” Lohmann curve and meteoric line models.
(ii) A second mesogenetic setting in two phases, the first one started with the generation of

wispy stylolites (“early dolomite”), and various networks of fractures as well as zebra
and breccia fabrics. The fabrics are associated with a first generation of medium- to
coarse-grained dominantly euhedral saddle dolomites (Type II) formed through the
migration of hot dolomitizing fluids. This occured during early Cretaceous times and was
related to the extensional and transtensional tectonics of the European paleomargin of the
Alpine Tethys. In the second phase (our Type III dolomite), further physical brecciation
and cataclastic fractures cross cut the Type II dolomite under deeper burial conditions
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with late stylolite-related fractures (tension gashes). The δ18OVPDB values become more
depleted with subsequent increases in the saddle crystal sizes. The δ18OVPDB saddle
dolomite values (up to −8.3%� in Type II and up to −11.6%� in Type III) suggest that
at least two pulses of hydrothermal fluids during the precipitation of saddle dolomites
occurred. The chemical composition of the successive saddle dolomites was progressively
modified from nonferroan to ferroan-rich in an open system and the positive co-variant
trends of 87Sr/86Sr vs. δ18OVPDB strongly support an origin from from hot fluids in a deep
burial-reducing mesogenetic environment.

(iii) The ultimate diagenesis is related to the late phase of calcite cement precipitation,
synchronous with Fe and Mn depletion and extra-negative δ18OVPDB-δ13CVPDB values.
A meteoric water under near-surface conditions during telogenesis and uplifting of the
Triassic–Jurassic succession is inferred.

3. The depletion and enrichment of radiogenic strontium signals could also be linked to the pulses of
mid-oceanic hydrothermal fluxes and an input of riverine fluxes during the opening and closure
of the North Atlantic Ocean, beside the involvement of hydrothermal fluids and meteoric waters
on Triassic–Jurassic successions.
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Abstract: Trace and rare earth elements (REEs) are considered to be reliable indicators of chemical
processes for the evolution of carbonate systems. One of the best examples of ancient carbonate
successions (Berdiga Formation) is widely exposed in NE Turkey. The Lower Cretaceous limestone
succession of Berdiga Formation may provide a case study that reveals the effect of ocean paleoredox
conditions on diagenetic alteration. Measurement of major, trace and REEs was carried out on the
Lower Cretaceous limestones of the Berdiga Formation, to reveal proxies for paleoredox conditions
and early diagenetic controls on their geochemistry. Studied micritic limestone microfacies (MF-1 to
MF-3) indicate deposition in the inner platform to a deep shelf or continental slope paleoenvironment
during the Hauterivian-Albian. The studied limestone samples mainly exhibit low Mg-calcite
characteristics with the general chemical formula of Ca98.35–99.34Mg0.66–1.65(CO3). They are mostly
represented by a diagnostic REE seawater signature including (1) slight LREE depletion relative to the
HREEs (ave. 0.72 of Nd/YbN and ave. 0.73 of Pr/YbN), (2) negative Ce anomalies (Ce/Ce* = 0.38–0.81;
ave. 0.57), (3) positive La anomaly (La/La* = 0.21–3.02; ave. 1.75) and (4) superchondritic Y/Ho
(ave. 46.26). Studied micritic limestones have predominantly low Hf (bdl to 0.5 μg/g), Sc (bdl to 2 μg/g)
Th (bdl to 0.9 μg/g) contents suggesting negligible to minor shale contamination. These findings
imply that micritic limestones faithfully record chemical signals of their parental and diagenetic fluids.
The succession also exhibits high ratios of Eu/Eu* (1.01–1.65; ave. 1.29 corresponding to the positive
Eu anomalies), Sm/Yb (1.26–2.74; ave. 1.68) and La/Yb ratios (0.68–1.35; ave. 0.9) compared to modern
seawater and wide range of Y/Ho ratios (29.33–70.00; ave. 46.26) which are between seawater and
hydrogenetic Fe-Mn crusts. Several lines of geochemical evidence suggest water-rock interaction
between parental seawater and basaltic rocks at elevated temperatures triggered by hydrothermal
activity associated with Early Cretaceous basaltic magma generation. The range of Ce/Ce* values is
suggestive of mostly oxic to dysoxic paleoceanographic conditions, with a sudden change to dysoxic
conditions (Ce/Ce* = 0.71–0.81), in the uppermost part of the MF-1. This is followed by an abrupt
deepening paleoenvironment with a relative increase in the oxic state of the seawater and deposition
of deeper water sediments (MF-2 and MF-3) above a sharp transition. The differences in microfacies
characteristics and foraminifera assemblage between MF-1 and overlying facies (MF-2 and MF-3) may
also confirm the change in paleoceanographic conditions. Therefore, REEs data obtained from studied
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limestones have the potential to contribute important information as to regional paleoceanographic
conditions of Tethys during an important period in Earth history.

Keywords: platform carbonates; REE + Y chemistry; paleoceanographic proxies; diagenetic proxies;
NE Turkey

1. Introduction

The rare earth element and Y (REE + Y) signature of carbonates have been widely used to
reconstruct the paleoenvironmental history of seawater in deep time [1–6]. REE + Y have similar
coherent chemical properties in the marine system and exhibit systematic changes in the chemical
properties across the REE (La to Lu) series due to the progressive filling of the f-electron shell [7–13].
This causes different fractionations of Lantonides in natural systems; heavier REEs (HREE, from Ho to
Lu) tend to be preferentially complexed, while lighter REEs (LREE, from La to Nd) are preferentially
scavenged by particles [13]. Further, the rare earth elements (REEs) occur in the trivalent state
in seawater with the exception of multiple oxidation states for Ce and Eu [13]. Ce (Ce3+, Ce4+)
and Eu (Eu2+, Eu3+) are redox-sensitive elements, and they show distinct geochemical behaviour
compared to other Lantonides [13,14]. Ce (Ce3+, Ce4+) and Eu (Eu2+, Eu3+) are generally considered
a natural proxy for revealing interaction processes between particles and solutions, and redox
reactions [15–18]. These geochemical features allow carbonate sedimentologists to reconstruct ancient
environmental conditions [19–22].

The Upper Jurassic-Lower Cretaceous Berdiga Formation, which consists dominantly of platform
carbonates are widely exposed in the Eastern Pontides, NE Turkey. This carbonate succession
is one of the best-preserved examples of ancient shallow marine environmental systems in the
passive continental margin of Laurasia [23]. The carbonate succession is well defined in terms of
its stratigraphical and sedimentological characteristics [23–37]. Sediments are platform carbonates
which are represented by varying lithofacies ranging from supratidal to continental slope [23,27–33,38].
The platform carbonates have undergone multiple stages of diagenesis, including dolomitization and
recrystallisation [23,31–34,39]. Dolomitization was interpreted to have been initiated by seawater
and/or partly modified seawater prior to compaction during shallow-moderate burial, and massive
dolomite bodies were then continuously recrystallised by the circulation of episodic diagenetic fluids
with elevated temperatures during deeper burial [31]. The recrystallisation processes have been related
to widespread Late Cretaceous to Cenozoic magma generation [23,31–33].

Although the diagenetic history seems complex, the mechanisms and origins of dolomitization
have been well described in recent studies [31]. However, there has not been an attempt to investigate
the micritic limestone strata that are least diagenetically altered and should, therefore, provide proxies
for paleoredox conditions and early diagenetic controls on their geochemistry. Consequently, this study
focuses on the limestone strata outcropping in the Mescitli area in the southern part of Eastern Pontide
(NE Turkey). Here, we present a petrographic analysis coupled with REE+Y characterisation of the
limestone succession. The main purpose of the current study is (1) to determine ancient seawater
composition using marine carbonates of NE Turkey, from inner platform to slope paleoenvironments;
(2) to define the redox conditions and discuss the paleoceanographic proxies and (3) to discuss the role
of potential diagenetic influence on REE signals of ancient carbonates.

2. Geological Setting

Turkey comprises a series of tectonic units, which are separated by ophiolitic suture zones [40,41].
The Sakarya Zone consists of east-west trending Alpine continental fragments along with northern
Turkey and is generally known as the Eastern Pontides, constituting a significant part of the
Alpine-Himalayan system. Magmatic, metamorphic and sedimentary Mesozoic to Cenozoic rocks
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are widely exposed in Eastern Pontide (e.g., [40,41]), and a well-constrained tectono-magmatic and
stratigraphic framework has been established (Figure 1). Eastern Pontide can roughly be separated
into two main subzones based on its dominant lithological differences from north to south [40–42]
(Figure 1). The northern subzone is mainly characterized by Late Mesozoic and Early Cenozoic
magmatic rocks [42–49], while the southern subzone is predominantly characterized by Jurassic
carbonate and clastic sedimentary rocks [50–54].

Figure 1. Location and simplified geological map of the Mescitli area [54].

The Mescitli Area (Gümüşhane, NE Turkey) is located in the southern part of the Eastern Pontide,
where Upper Jurassic-Lower Cretaceous carbonates are well exposed (Figure 1). In the southern
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part, the Hercynian basement mainly constitutes a metamorphic unit dated as 320.3 ± 1.7 Ma [55]
and Upper Carboniferous Gümüşhane granitoid [56,57]. These basement rocks are generally overlain
by the Lower to Middle Jurassic volcano-sedimentary successions consisting mainly of siliciclastics,
basalt–andesite and associated volcanoclastic, deposited within an extensional (rift) basin, and rarely
Ammonitico-Rosso limestone facies [58,59]. Upper Jurassic to Lower Cretaceous carbonate successions
(Berdiga Formation) [35] lie conformably over the volcano-sedimentary successions. Based on benthic
foraminiferal assemblages, the platform carbonates in the Eastern Pontides are of Oxfordian to Albian
age [27–29,35–37]. In the Mescitli Area, the lower part of the Berdiga Formation is completely
dolomitized [31] while the upper part comprises a well-preserved limestone succession which is the focus
of this study. The succession is overlain by an Upper Cretaceous unit which comprises three different
sedimentary assemblages: (1) yellowish coloured, sandy limestones, (2) globotruncanid-bearing—red
pelagic limestones and (3) siliciclastics locally with interbedded felsic tuff [40,53,54,60,61]. Both Hercynian
basement and post-Hercynian volcano-sedimentary associations are cut by Eocene granitic intrusions
and unconformably overlain by the Early Cenozoic volcano-sedimentary sequence [44,46,62,63].

3. Studied Section

The studied Upper Jurassic Lower Cretaceous carbonate successions are widely exposed in the
southern part of Eastern Pontides [23,27–39]. The succession is generally composed of platform
carbonates, and their lithofacies reflects lateral and vertical changes in the environment from a
supratidal to a continental slope facies [23,27–39]. This study is based upon the carbonate succession
located in the Mescitli area of the Eastern Pontides (Figures 1, 2 and 3a–c). Here, the succession is
estimated to be up to 400 m thick [31,38] and is subdivided into two informal lithological units/intervals
based on the vertical change in macro-facies and microfacies characteristics [31] (Figure 2).

At the base, a 150 m thick-dolomite lithofacies overlies the basaltic rocks of Early to Middle
Jurassic volcano-sedimentary successions (Figure 3a). The dolostones are light grey to grey coloured,
thick to medium bedded (30–50 cm) and locally massive (Figure 3a). The middle and upper parts
comprise approximately 230 m thick limestone succession which does not display significant diagenetic
alteration petrographically, and hence primary microfacies textures are well preserved (Figures 2,
3a–c and 4a–i), namely: (1) Benthic foraminiferal packstone microfacies (MF-1), (2) Reworked skeletal
grainstone/packstone microfacies (MF-2) and (3) Sponge spicule wackestone/mudstone microfacies
(MF-3) [31,38]. Of these, the benthic foraminiferal packstone microfacies (M-1) forms the basal part
of the limestone succession. It is nearly 70 m thick, grey to dark grey coloured, thick to medium
bedded (0.5–1.5 m) and locally massive (Figure 2). It includes Pseudolituonella gavonensis Foury, 1968,
Arenobulimina spp., Praechrysalidina sp., Miliolidae and Textularidae. The presence of Pseudolituonella
gavonensis, Arenobulimina spp., Praechrysalidina sp. suggest a Hauterivian-Aptian age [31,38]. The high
abundance of benthic foraminifera assemblages and a relative absence of deep-water bioclasts implies
deposition in an inner platform paleoenvironment.

Reworked skeletal grainstone/packstone microfacies (MF-2) conformably overly the benthic
foraminiferal packstone microfacies (MF-1) and comprise approximately 80 m thick, light grey to grey
coloured, thick to medium bedded (25–75 cm) limestones (Figure 3b). The predominant carbonate
components are diverse, fragmented skeletal assemblage (echinoids, pelecypoda, brachiopoda (punctate
shells), thin-shelled ostracoda, bryozoa) and peloids. Most of the biotic components are broken and
reworked, except for small benthic foraminifera [64]. Rare plagioclase and basaltic extraclasts are
observed in the base of the microfacies. The absence of a diverse and abundant benthic foraminiferal
community and the fragmented assemblage of heterotrophic skeletal fragments implies that the
deposition of MF-2 took place in a deeper water environment than MF-1 [31,38].
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Figure 2. Stratigraphy, lithofacies and foraminifera distribution in the Berdiga Formation of the Mescitli
(Gümüşhane, NE Turkey) [31,38].

Sponge spicule wackestone/mudstone microfacies (MF-3) constitute most of the upper part of the
studied succession (Berdiga Formation). The contact between microfacies MF-2 and MF-3 is a gradual
facies change. MF-3 microfacies comprises approximately 180 m thick, grey to dark grey mudstone
and wackestone that is mostly characterized by sponge spicules and glauconite. The other carbonate
components are allochthonous benthic foraminifera, intraclasts and rarely peloids. Besides, rare small
benthic foraminifera assemblage including Lenticulinidae, Nodosariidae, Gaudryina sp., Verneuilina sp.,
Bolivinopsis sp., Spirillina sp. are also observed in the lower part of the lithofacies. The abundance and
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size of allochthonous skeletal fragments gradually decrease throughout MF-3 whilst the proportion of
micrite increases upward. Planktonic foraminifera, including Microhedbergella, are also observed in the
most upper part of the MF-3. The mud-rich texture and decrease in abundance/size of allochthonous
skeletal fragments indicate that the depositional environment was deeper than the MF-2. Overall,
the assemblage and the presence of the planktonic foraminifera may suggest that this was the deepest
part of the succession, corresponding to a deep shelf or slope. This is consistent with coeval carbonate
succession, which is reported in the Başoba Yayla area (Trabzon, NE Turkey) [34,37]. It has also been
noted that the age of the most upper part of the formation is the Albian owing to the presence of
Microhedbergella rischi Moullade, 1974 [65]. Therefore, it can be inferred that the age of MF-2 and MF-3
is likely Albian [31,38].

Figure 3. General lithological and macro-micro sedimentological features of the inner platform to slope
environment in the interval of the Berdiga Formation (Hauterivian-Albian). (a). Field view of the
Mescitli stratigraphic section; (b) thick to medium bedded Limestone (MF-1); (c) limestone with chert
(MF-2 and MF-3).

4. Material and Methods

Upper Jurassic-Lower Cretaceous carbonates are well exposed along the Mescitli section (Figures 1
and 3a–c). The study area is situated in Mescitli-İkisu (40.528656, 39.380240), nearly 10 km north-west
of Gümüşhane (NE Turkey). The 230 m of Upper Jurassic to Lower Cretaceous neritic micritic limestone
of the Berdiga Formation was examined and sampled, and 100 rock samples were collected with a
20 to 50 cm spacing. A total of 80 samples of the Mescitli section were petrographically analyzed.
Microfacies types were described based on fundamental principles of limestone classification and
microfacies concept [66,67].

Representative samples from the different microfacies (Figures 2, 3a–c and 4a–i) were selected
for geochemical analysis (Table 1). Selected samples are all micritic limestones (MF-1 to MF-3) not
exhibiting petrographic evidence of significant post-depositional alteration such as recrystallization.
Representative thin sections and a mirror-image slab of each thin section were polished to evaluate (i)
weathering (ii) presence of clay minerals or basalt extraclasts (iii) micro-fissures filled with calcites
or clastic components and (iv) fracturing, all of which were avoided during geochemical sampling.

170



Minerals 2020, 10, 683

The micritic orthochemical carbonate particles corresponding to the matrix micrite of each polished
slab were sampled by micro-drilling using a hand drill.

Major, minor and trace elements, including REE of selected matrix micrite of each sample,
were carried out by ACME Analytical Laboratories, Ltd. (Vancouver, BC, Canada). The major elements,
trace elements, and REEs in the carbonates were determined by inductively coupled plasma–mass
spectrometry (ICP–MS). Analyses used ~0.2 g of powdered sample digested in 10 mL 8 N HNO3,
of which 1 mL was diluted with 8.8 mL deionised water, and 0.1 mL HNO3. To monitor the precision
and accuracy, 1 mL of an internal standard (including Bi, Sc, and In) was added to the solution.
For more details of these methods, please see the website of http://acmelab.com. Detection limit (dtl)
of CaCO3, MgCO3, SiO2, Al2O3, Na2O, K2O, TiO2, P2O5, MnO is 0.01 wt % with exception of Fe2O3

(dtl = 0.04 wt %) and Cr2O3 (dtl = 0.002 wt %). Detection limits for Ba, Ni and Sc, are 1, 20 and 1 μg/g,
respectively. Detection limits for Hf, Zr, Y, La, Ce are 0.1 μg/g. Detection limits for Th and Nd are 0.2
and 0.3 μg/g, respectively. Detection limits for Tm, Tb, Lu are 0.01 μg/g; for Pr, Eu and Hu are 0.02 μg/g;
for Er is 0.03 μg/g; for Sm, Gd, Dy and Yb are 0.05 μg/g.

The measured REEs data of all micritic limestone samples were normalized to those of
post-Archean Australian Shale (PAAS) which are previously reported (e.g., [68]). The equations
of (i) Eu/Eu* ratio = EuN/(SmN + GdN)0.5, (ii) Pr anomaly = Pr/Pr* = PrN/(0.5CeN + 0.5NdN), (iii) La
anomaly = La/La* = LaN/(3PrN − 2NdN), and (iv) Ce anomaly = Ce/Ce* = 3CeN/(2LaN + NdN) are
used to express Eu, Pr, La and Ce anomalies in the studied limestones [69,70].

Figure 4. Benthic foraminiferal packstone microfacies (MF-1) (a,b). The transition zone between MF-1 and
MF-2, showing basalt extraclasts and carbonate components (c). Reworked skeletal grainstone/packstone
microfacies (MF-2) (d–f). Sponge spicule wackestone-mudstone microfacies (MF-3) (g–i). Bf: benthic
foraminifera, Mf: micritized foraminifera, Mi: miliolid, Sp: sparite, Cc: carbonate component, B: basalt
extraclast, Ab: allochthonous bioclasts, Ss: Sponge spicule, Gl: Glauconite, Ca: Calcisphere.
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5. Results

5.1. Petrography

The petrographical analyses of the Lower Cretaceous carbonate succession, corroborated by
previously published sedimentological and paleontological data [31,38], allows us to determine
microfacies characteristics (Figure 2 and Figure 10) for the studied stratigraphic section in the Mescitli
area. Three microfacies were identified by petrographic analysis based on their depositional textures
and fauna. These are 1) Benthic foraminiferal packstone microfacies (MF-1), (2) Reworked skeletal
grainstone/packstone microfacies (MF-2) and (3) Sponge spicule wackestone/mudstone microfacies
(MF-3). Based on the benthic foraminiferal assemblages (Figure 2), the studied limestone succession
was deposited during the Hauterivian-Albian interval (Figure 2 and Figure 10).

Benthic foraminiferal packstone microfacies (MF-1) is dominated by shallow water benthic
foraminiferal packstone with rare wackestone layers (Figure 4a). It has a mud-supported texture
(micritic matrix) (10–60%), with frequent occurrence of small benthic foraminifera (30–50%) such
as miliolidae (Figure 4a,b) that are strongly micritized (Figure 4b). Rare thin-shelled ostracods are
observed along with peloids (15–25%) and fine-grain micritic intraclasts (5–10%). The fine-grain
intraclasts are commonly carbonate mud (30–40%). In some parts of the thin section, sparite and
micrite coexist. Besides, MF-1 show low biotic diversity and deep water bioclasts such as calcisphere
and planktonic foraminifera are not observed. At the transition zone between MF-1 and MF-2 locally
rare sand to silt-sized- plagioclase grains and basaltic extraclasts occur, that slightly decrease toward
the top of the facies (Figure 4c).

Reworked skeletal grainstone/packstone microfacies (MF-2) comprise a high abundance skeletal
component (30–50%), peloids (5–10%) and intraclasts (5–10%) (Figure 4d–f). The bioclastic components
are represented by upward decreasing allochthonous skeletal fragments including, echinoids, molluscs,
very rare small benthic foraminifera and undifferentiated shell fragments. The most frequent and
common bioclasts through the MF-2 are echinoderms and bivalves. Other bioclasts, in order of
abundance, are thin-shelled ostracods, sponge and sponge-spicules (Figure 4d–f). Most of the biotic
components vary in size from 200 to 600 μm long and are broken and reworked, except for small
benthic foraminifera. Benthic foraminiferas are rare and infrequent. Relatively high biotic diversity
of bioclasts is observed compared to the MF-1 (Figure 4–f). Sponge spicule wackestone/mudstone
microfacies (MF-3) is differentiated from MF-2 mainly by its mud-dominated texture, the predominance
of the sponge spicules and lower abundance of reworked bioclasts (Figure 4g–i). MF-3 mostly consists
of wackestone to mudstone beds, as well as sponge spicules, rare reworked skeletal components,
pseudo-peloids, and rare intraclasts occur. The intraclasts are composed of rounded micritic grains.
Reworked skeletal components become thinner and sparser towards the top of MF-3 (Figure 4g),
and the most upper part of the microfacies consists of rare reworked skeletal components (Figure 4h),
but with a high abundance of planktonic forams, including Calcisphaerulidae (Figure 4i). MF-3 also
contains locally common authigenic components (glauconitic grains). Deep-water bioclasts such as
calcispheres and sponge spicule are observed at the top of MF-3.

5.2. Major and Trace Elements

The chemical analyses of the micritic limestone samples are represented in Table 1. Studied
limestone samples exhibit low Mg-calcite characteristics with the main chemical formula of
Ca98.35–99.34Mg0.66–1.65(CO3). Major element contents in limestone (Mescitli Section) exhibit high
CaCO3 varying from 98.35 to 99.35 (mole %) and low MgCO3 ranging between 0.66 and 1.65 (mole
%). They have SiO2 contents ranging from 0.57 to 21.90 wt % (average: 4.95 wt %), Al2O3 contents
ranging from 0.14 to 3.57 wt % (average: 0.83 wt %), Fe2O3 contents ranging from 0.08 to 0.46 wt %
(average: 0.19 wt %), K2O contents varying 0.04 to 1.79 wt % (average: 0.36 wt %) and P2O5 varying
from 0.02 to 0.35 wt % (average: 0.08 wt %). Na2O (below detection limit (bdl), <0,01 to 0.03 wt %),
MnO (<0.01 to 0.02 wt %), TiO2 (<0.01 to 0.08 wt %; average: 0.03 wt %) and Cr2O3 (<0.002 to 0.003 wt

173



Minerals 2020, 10, 683

%) contents are all low (Table 1). The analytical results also show low contents of Hf (<0.1 to 0.50 μg/g),
Sc (<1 to 2.0 μg/g), Th (<0.2–0.9 μg/g), Zr (1.9–20.4 μg/g) elements.

The studied limestones have variable ΣREEs (1.90–39.43 μg/g and ave. 10.74 μg/g), Y (0.70–8.80 μg/g;
ave. 3.49 μg/g) and Ho (<0.02 to 0.30; ave. 0.09 μg/g) contents. Their Y/Ho (29.33–70.00; ave. 46.26)
and Eu/Sm (0.18–0.39; ave. 0.28) ratios are mostly similar to those of seawater while their Sm/Yb
(1.26–2.74; ave. 1.68) ratios are slightly higher than those of modern seawater [59] (Table 1). Following
normalization of REEs to post-Archean Australian Shale (PAAS; [68]) the limestone samples exhibit
(i) depleted LREE relative to HREE (Nd/Yb)N (0.46–1.12; average 0.72) and (Pr/Yb)N (0.50–1.40; 0.73)
(ii) negative Ce/Ce* (0.38–0.81; ave. 0.57) (iii) slight positive Eu/Eu* (1.01–1.65; ave. 1.29), (iv) slightly
flat Pr/Pr* (1.00–3.29; ave. 1.26) anomalies and (v) positive La/La* anomaly (0.21–3.02; ave. 1.75).
The samples mostly plot in area IIIb of the Pr/Pr* vs. Ce/Ce* ratios [68], which confirm that the Ce
anomalies are not an artefact of La—interference (Figure 5a). Eu/Eu* ratios exhibit no correlation with
Ba/Sm (Figure 5b). Ce/Ce* ratios show fluctuation (Table 1) with a steady increase throughout the
MF-1 part of the studied section. The uppermost part of MF-1 exhibits slightly lower Ce/Ce* anomalies
and is followed by a sharp decrease in the Ce/Ce* anomalies at the base of MF-2. MF-2 and MF-3
are represented by relatively low Ce/Ce* anomalies. There is no significant difference in Ce anomaly
between MF-2 and MF3.

Figure 5. Plots of the Pr/Pr* vs. Ce/Ce* ratios diagram [69] (a), and Ba/Sm vs. Eu/Eu* ratios (b) of
studied limestones. See the text for further details.

6. Discussion

6.1. Siliciclastic Impurities

To reveal the possible potential influence of terrigenous input on paleoredox indicators within the
studied limestone, it is necessary to identify possible contamination by siliciclastics. This is important
because contamination by terrestrial clays can control the primary REEs + Y contents of ancient marine
carbonates [4,6,71,72]. A small quantity of terrestrial particulate matter (i.e., shale), which has high REE
contents with distinctly non-seawater-like patterns [73], may dramatically modify original REE patterns
and cause a decrease in both the extent of LREE depletion and Y/Ho ratios [3,4,74]. Several lines of
evidence suggest that the studied limestone displays a diagnostic seawater signature: (1) negative Ce
anomalies (0.38–0.81; average 0.57), (2) depleted LREE and (3) superchondritic Y/Ho (average 46.26)
(Figure 6a) (e.g., [4]). Although the limestone exhibits a slight enrichment of LREE compared to modern
seawater of South Pacific deep water [11] their PAAS normalized patterns exhibit a seawater-like
signature compared to the North American Shale Composite (Figure 6a,b) [75]. Furthermore, their
general PAAS normalized patterns (i.e., Ce* with an average of 0.57; Nd/YbN with an average of
0.72; Pr/YbN with an average of 0.73 values) are compatible with well-preserved brachiopods [8,75]
(Figure 6b,c).
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Figure 6. PAAS-normalized REE patterns of the studied limestone succession (a). Plot of the Pr/YbN

values vs Al2O3 (wt %) contents (b) and Pr/YbN value vs. Ce/Ce* ratios (c). Modern seawater data
from South Pacific deep water [11] and North American Shale Composite from [76].

The Y/Ho ratios can be used as a tracer to assess whether carbonate samples reflect primary marine
signature or siliciclastic components [2,4,77–79]. Y and Ho are isovalent trace elements which have a
similar charge and radius, and they are considered to display extremely coherent behaviour as twin pairs
in a geochemical system characterized by charge-and-radius-controlled (CHARAC) [10]. According to
the previous work [77,78,80], an aqueous marine system is characterised by non-CHARAC trace element
behaviour, and electron structure must be considered as an important additional parameter which
may cause trace element fractionation processes such as chemical complexation. The complexation
behaviour of a trace element is additionally influenced by its electron configuration and by the
character of chemical bonding between a central ion and a ligand [79,80]. For this reason, Ho is
scavenged more readily from seawater than Y due to differences in geochemical behaviour in surface
complexation [79–84]. According to the literature, high Y/Ho ratios (average of 61 ± 12) occur in the
upper 200 m of seawater [7,11,12,64,85–91]. However, other studies have proposed that typical Y/Ho
ratios in marine carbonates that are free of contamination from terrigenous material show a wider
range of values (44–74) or a chondritic value of 28 [78,80]. The studied limestones display high Y/Ho
ratios with an average of 46.26 (29.33–70.00), which is consistent with detritus-free marine sediments
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(average 45.50) [69]. Further, the lack of correlation between Y/Ho ratios, Ce/Ce*, and Al and Zr
contents in the studied limestone implies little or negligible terrestrial contamination [74].

Finally, several trace elements including Hf, Sc, Th, Zr and Al2O3 are considered to be particularly
sensitive to shale contamination, as they occur in detrital alumosilicate minerals in much greater
volume in average shale than in marine carbonates [4–6,17–19,64,71,85,92,93]. The studied micritic
limestones predominantly exhibit low Hf (<0.02 to 0.5 μg/g), Sc (<1 to 2 μg/g) Th (<0.2 to 0.9 μg/g)
contents, which supports the observation that contamination by detrital minerals is minor to negligible
(Table 1). Relatively low Zr (1.90–20.40 μg/g, an average of 5.27 μg/g) and Al2O3 (0.14–3.57 wt %,
an average of 0.83 wt %), with a good correlation between Zr and Al2O3, suggest a minor amount of
shale contamination (Figure 7a). However, total REE concentration is poorly correlated with Zr and
Al2O3, implying that this small volume does not dramatically contaminate the REE concentration in
these samples [2] (Figure 7b,c). Plotting Y/Ho, Eu/Eu* and Ce/Ce* versus and Zr contents in Figure 7d–f
shows no positive correlation, as would be expected if there was low detrital contamination [3–5].

Figure 7. Plots of the Zr (μg/g) vs. Al2O3 (wt %) contents (a); ΣREE (μg/g) vs. Al2O3 (wt %) contents
(b); Zr (μg/g) vs. ΣREE (μg/g) contents (c); Y/Ho ratios vs. Zr (μg/g) contents (d); Zr (μg/g) contents vs.
Eu/Eu* ratios (e); Zr (μg/g) contents vs. Ce/Ce* ratios (f).

To sum up, the contamination of carbonate samples by terrestrial materials can be defined as
minor or negligible based on these multiple and independent analyses including (1) their seawater
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signature; (2) similar Y/Ho ratios to those of the marine carbonates free of contamination and (3) lower
Sc, Th, Zr and Al2O3 contents as discussed above.

6.2. Diagenetic Influence

REEs, in particular Ce and Eu, are widely used to reconstruct the redox evolution of the carbonate
system [1,64,85,94]. Carbonate minerals, especially calcite, can be considered long-term repositories of
lanthanides [8,95]. Therefore, carbonate sedimentologists have focused on a wide range of marine
carbonate components such as reefal microbialites (e.g., [6,17]), reefal carbonate (e.g., [4]), laminae
of ooids (e.g., [85]), belemnites (e.g., [8]) and micritic limestones (e.g., [86]) for the reconstruction
of ancient paleoenvironmental conditions. Their REE + Y patterns do not always exhibit a typical
seawater signature, even though the REE signature is thought to be inherited from their parental
seawater [1–4,18,82,87–90] because original REE patterns can be significantly altered during diagenesis
under high water-rock ratios [4,6,81,91]. However, complete mineral dissolution is necessary to lead to
an effective loss of trace elements, including REEs, from the mineral lattice (e.g., [95]).

Many studies have focused on using REEs to provide a better understanding of the influence
of thermodynamic and kinetic parameters on the partitioning of individual REEs during calcite
precipitation [90,91,95,96]. Mineral dissolution is considered unlikely to destroy the geological record
encoded by the distribution pattern of REEs in calcites based on experimental studies, though some
have questioned this interpretation because of differences between the experimental system and natural
settings (e.g., REE concentration in solution) [96]. Further, a large amount of information on REEs
in natural carbonates have been compiled [95,96], and several parameters have been investigated
to assess the potential diagenetic influence on the REE signature of carbonates [1–4]. It has been
shown that the progressive REE scavenging during post-depositional modification may produce a
positive correlation between the Ce anomaly and REE [70,71,91]. However, our samples do not display
a notable positive correlation between Ce and REE content (Figure 8a). Furthermore, the studied
carbonates show a negative correlation between Eu/Eu* and REE concentration (Figure 8b), implying
that such a diagenetic influence is absent [91]. Finally, a negative correlation between Ce/Ce* and
La/SmN ratios have been used as evidence of diagenetic influence on Ce [97–99], and this correlation is
not apparent in our carbonates (Figure 8c). Similarly, an absence of correlation between Ce/Ce* and
Eu/Eu* implies a negligible or absence of influence of post-depositional alteration on the measured
Ce/Ce* [3,7,74,84,87,100]. Our samples display a weak correlation (Figure 8d–f), which implies
negligible or no diagenetic impact on Ce anomalies. This conclusion is also supported by petrographic
observations of the micritic limestone, which do not show significant recrystallization.

Given these conditions, the relationship between Ce/Ce* and Pr/Pr* can be used to characterize
redox conditions using shale-normalized REE contents [69]. In assessing whether an apparent Ce
anomaly is true, and not a function of La-enrichment, the data was analysed using the Ce/Ce* versus
Pr/Pr* analysis [69] (Figure 5a), whereby area (I) no Ce anomaly; (IIa) positive La anomaly causes
apparent negative Ce anomaly; (IIb) negative La anomaly causes apparent positive Ce anomaly;
(IIIa) real positive Ce anomaly; (IIIb) real negative Ce anomaly; (IV) positive La anomaly disguises
positive Ce anomaly [69,99]. The position of samples from this study in area IIIb indicates that they
display real Ce anomalies (Figure 5a). In addition, Eu/Eu* can be contaminated by interference with
Ba during ICP-MS analysis [101], but Eu/Eu* ratios exhibit no correlation with Ba/Sm, implying that
calculated anomalies are real positive Eu anomalies (Figure 5b).

177



Minerals 2020, 10, 683

Figure 8. Plots of the ΣREE (μg/g) contents vs. Ce/Ce* ratios (a); ΣREE (μg/g) contents vs. Eu/Eu*
ratios (b); Ce/Ce* vs. La/SmN ratios (c); Ce/Ce* vs. Dy/SmN ratios (d); ΣREE (μg/g) vs. P2O5 (wt %)
contents (e); Eu/Eu* vs. Ce/Ce* ratios (f); Mg/Ca vs Eu/Eu* (g) and Mg/Ca vs. Ce/Ce* ratios (h).

It has been shown that the micritic limestones mainly show a seawater signature, with LREE
depletion, positive La anomaly (La*) and a mostly negative Ce anomaly (Ce/Ce* = 0.38 to 0.81, average
0.57). However, they also exhibit a wide-range of Eu anomalies (Eu*/Eu = 1.01–1.65; 1.29). This pattern
is missing in the general characteristics of normal marine carbonates [102] and is generally considered
as an indicator of reducing, high-temperature fluids [77,83,103,104]. Similar patterns are recorded
in many distinct marine systems affected by hydrothermal fluids associated with ferromagnesian
rocks [71]. Such hydrothermal fluids are usually reported at mid-ocean ridges and back-arc spreading
tectonic setting, where water-rock interactions with mafic rocks provide additional REE to ambient
seawater [69,77,80]. Therefore, the Eu/Eu* ratios in this study may imply water-rock interaction
with basalts. However, previous studies have shown that basaltic rocks are absent throughout the
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Lower Cretaceous, and there is no evidence of Early Cretaceous magma generation in the study area
(Eastern Pontide, NE Turkey). Although it is widely accepted that the Early Cretaceous was a stable
tectonic regime due to a lack of igneous activity [50,61]. The eastern Pontide experienced multistage
basaltic magma generation during the Late Cretaceous [43,49] and early Cenozoic acidic magma
generation is also recorded [44–46,63]. This Upper Cretaceous to Cenozoic magma generation has
led to recrystallisation and geochemical modification of the underlying dolomites at a late-stage of
their diagenetic history [32–34]. However, the studied Lower Cretaceous limestones do not show
petrographical evidence of such recrystallisation (Figure 4a,b). Furthermore, the studied limestone
samples exhibit low Mg-calcite chemistries (Ca98.81–99.52Mg0.48–1.19(CO3)) [105], indicating that they
are chemically stable [106–113]. Further, there is neither petrographical evidence for recrystallization
which associated with Late Cretaceous to Cenozoic magma generation nor geochemical pieces of
evidence, for example, the lack of apparent correlation between Mg/Ca vs. Ce/Ce* and Eu/Eu* ratios
which imply less influence of late diagenetic processes on their REE chemistry (Figure 8g,h). Therefore,
Late Cretaceous to Cenozoic magma generation during this later diagenetic stage is probably not
responsible for high the Eu/Eu* ratios of the studied limestone.

Nevertheless, Lower Cretaceous calc-alkaline lamprophyre and high-Nb alkaline basaltic dykes
have been discovered in the Eastern Pontide [114], and this may have provided hydrothermal fluids
to the depositional environment, which changed the temperature and/or redox conditions prior to
diagenetic stabilization (e.g., [81]). To test this, Sm/Yb vs. Eu/Sm and La/Yb vs. La/Sm plots were
constructed (Figure 9a,b). The data show an overlap with hydrogenetic-Fe-Mn crusts and relatively
higher La/YbN values than seawater are observed, implying the presence of some early absorption
processes [3,115] (Figure 9b). It has been proposed that hydrothermal fluid possess higher Sm/Yb and
chondritic Y/Ho values (∼28) than modern seawater [71]. Plotting Y/Ho versus Sm/Yb (Figure 9c),
studied samples overlap with the samples of Pongola Iron Fm. which were affected by hydrothermal
fluid during their sedimentation processes [71]. They also plot on the line of hydrothermal fluid
(1–5%) suggesting a contribution of hydrothermal fluid Figure 9c. Although the studied samples have
relatively lower Eu/Sm ratio compared to the high-T hydrothermal fluids. They possess similar Eu/Sm
ratio to the hydrogenic Fe-Mn crusts (Figure 9d) and samples plot in an area between seawater and
hydrogenetic- Fe-Mn crusts which may confirm the influence of the hydrothermal fluid. To sum up,
even though the studied limestone formed in an open marine environment, (i) the positive Eu anomalies,
(ii) high Sm/Yb and La/YbN ratios and (iii) the Y/Ho range between seawater and hydrogenetic Fe-Mn
crusts suggest some modification by hydrothermal fluids which are most likely to be associated with
Early Cretaceous magma generation (Hauterivian-Albian) [77,83,103,104,116,117].
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Figure 9. Plots of the Eu/Sm vs. Sm/Yb (a); (La/Sm)N vs. (La/Yb)N (b); Sm/Yb vs. Y/Ho (c); and Eu/Sm
vs. Y/Ho (d) [21,71,115].

6.3. Early Cretaceous Paleoenvironmental Implications

It has been shown that the studied limestones mostly display a seawater signature including
(1) negative Ce anomalies, (2) superchondritic Y/Ho (47 ± 4), and depleted LREE relative to HREEs
((Nd/Yb)N = 0.46–1.12; ave. 0.72 and (Pr/Yb)N = 0.50–1.40; 0.73) (Figures 6a–c and 10). The Ce*
anomaly in carbonates is considered as a superior proxy for revealing the redox-state of the ancient
seawater [3,8,74]. The studied samples exhibit negative Ce* anomalies, typical of modern oxygenated
seawater [9,77,78,80,84,91,118]. However, anoxic conditions may weaken the Ce depletion as a
result of redox reactions leading Ce3+ oxidation to insoluble Ce4+ because dissolved Ce3+ which is
partially scavenged from seawater in the anoxic marine system [13,20,119,120]. The lack of significant
negative-Ce anomalies in many marine sediments has been considered as evidence of the anoxic
seawater [100,121]. Besides, it has been suggested that a pronounced negative Ce* anomaly can be
divided into three: (a) smaller than <0.5; (b) ~0.6–0.9 and (c) ~0.9–1.0 which represents oxic, suboxic
and anoxic marine water, respectively [19].

The studied limestone is interpreted to have experienced progressive modification through
interaction with reducing, high-temperature diagenetic fluids, and this caused the slight enrichment of
Eu. However, no notable positive correlation between Eu anomalies versus Ce are present, which may
indicate that modification of Eu was not accompanied by the modification of their Ce* values.
Consequently, the wide range of negative Ce distributions may point to a change in paleoceanographic
conditions from slightly suboxic to oxic paleo-redox state of ancient seawater but still remaining
<0.9 [3]. MF-1 located in the lower part of the studied limestone succession is interpreted to have
been deposited in an inner platform paleoenvironment during the Hauterivian-Aptian based on the
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microfacies characteristics and foraminifera assemblages (e.g., the high abundance of the benthic
characteristics of foraminifera assemblages, lack of deep-water bioclasts and low biotic diversity) [31,67]
(Figure 1.) It exhibits a wide range of Ce anomalies (0.38–0.81), with a steadily increasing trend upward
in the succession, coincident with interpreted increasing palaeo-water depth (Figure 10, Table 1).
The uppermost part of MF-1 exhibits slightly weaker Ce/Ce* anomalies implying a relatively suboxic
state of the ancient seawater. This is followed by a sharp decrease in the Ce/Ce* anomalies at the
base of MF-2, suggesting a sudden change in the redox state of contemporaneous seawater. There is
then a gradual transition to the overlying MF-3, indicating oxic seawater (Figure 10, Table 1) which
remained relatively stable until the end of MF-3. This is despite the progressive deepening of the basin,
which might have been caused a slight decrease in oxygenation as relative sea-level increased [15].

Figure 10. Diagrammatic sketch illustrating probable environment evolution of middle and upper part
of the Berdiga Formation during the Hauterivian-Albian in Eastern Pontide. (a) During MF-1 deposition,
the inner platform environment with relatively low sea level with oxic to dysoxic paleoceanographic
conditions. (b) During MF-2 and MF-3 deposition, an outer platform to continental slope environment
with relatively high relative sea level and a well-oxygenated open marine environment. (c) Inset
showing the relative position of each phase with respect to ΣREE (μg/g) Y/Ho, Eu/Eu* and Ce/Ce*
variations. Ce/Ce* shows dyspoxic (Ce* = 0.71–0.81) conditions in most upper part of the MF-1.
MF-1: benthic foraminiferal packstone microfacies corresponding to inner platform environment,
MF-2: reworked skeletal grainstone/packstone microfacies corresponding to other platform, and MF-3:
Sponge spicule wackestone-mudstone microfacies continental corresponding to slope environment.

The differences in microfacies characteristics and foraminifera assemblage between MF-1 and
overlying MF-2 may also confirm a change in paleoceanographic conditions because MF-2 is represented
by the predominance of allochthonous bioclastic components which are broken and reworked, high
biotic diversity and scarcity of small benthic foraminifera implying a deeper shelf environment relative
to the MF-1. Furthermore, the presence of the rare plagioclase and basaltic extraclasts in the transition
zone from MF-1 to MF-2 (Figure 4c) is likely associated with the basaltic magma generation, which has
been recently reported [114]. This basaltic magma generation is probably caused by synsedimentary
tectonic activity. The syn-sedimentary tectonic regime may also cause progressive deepening of the
basin. Furthermore, the submarine basaltic magma generation may also influence on the sudden change
in paleo-redox conditions of ancient depositional environment. This likely result in the oxygen-deficient
conditions, which produce our relatively high Ce/Ce* data (0.71 to 0.81) in the uppermost part of MF-1.

The Ce/Ce* anomaly at the MF1 /MF2 boundary is marked, and coincides with a change in facies
from shallow water, benthic foraminiferal packstone to reworked skeletal packstone that is dominated
by fragmented, allochthonous, largely heterotrophic fauna. This could reflect a facies transition from
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shallow water, platform top (MF1) to deeper water slope (MF2) setting, consistent with the overall
deepening of the succession. However, the presence of fragmented organisms suggests depositional
energy remained moderate, and water depths were not sufficiently deep for oxygenation to be reduced;
the overlying MF3 sediments are more likely to be deeper water but remain oxic. The decrease
in the Ce/Ce* anomaly coincides with a decrease in ΣREE, Y/Ho and Eu/Eu* anomaly (Figure 10).
Dating of benthic foraminifera indicates that a timing that is broadly consistent with the onset of
OAE1a [122], where global temperatures rose, and ocean acidification occurred as a result of rising
CO2 concentrations during emplacement of Large Igneous Provinces. It is, therefore, possible that the
MF1/MF2 boundary records this event, both in the increase in hydrothermal activity – which modified
Eu/Eu*—and the decrease in seawater oxygenation that decreased Ce/Ce*. In this sense, the change in
facies from MF1 to MF2 might not simply reflect a rise in relative sea level, and it might also indicate
decreasing carbonate productivity and preservation.

Paleo-redox evolution can be controlled by the function of temperature, fluid chemistry of
paleo-oceanic system triggered by complex tectono-sedimentary evolution of the Eastern Pontide. It is
therefore recommended that paleoceanographic studies demonstrate more conclusively the occurrence
of oxygen-deficient conditions in the Tethys ocean, within the study area. Our results have the
potential to contribute new information to this discussion because a paleoceanographic reconstruction
of the studied section can be established based on the faunal content, microfacies characteristics,
and REE data. MF-1 represents an inner platform setting with mostly oxic conditions during the
Hauterivian-Aptian. However, a sudden change in redox-state of ancient seawater, corresponding
dysoxic conditions, is recorded in the most upper part of the MF-1. This is followed by an abrupt
deepening paleoenvironment with a relative increase in the oxic state of the seawater and the deposition
of the deeper water microfacies (MF-2 and MF-3) above a sharp transition. This represents a relative
sea-level rise triggered by the evolution of the Tethys in the Eastern Pontide resulting deepening
of the basin and is also recorded in age-equivalent carbonates in NE Turkey [37]. Previous studies
have indicated that the extensional tectonics and rifting in the Cretaceous in NE Turkey [25,37,50,61]
terminated in the middle Cretaceous, such that deeper paleoenvironmental conditions could be
consistent with thermal subsidence, even though carbonate sedimentation continued until the end of
Albian or Turonian [25,37,123]. Similarly, in this study, MF-1 represents an inner platform setting with
mostly oxic conditions during the Hauterivian-Aptian. However, a sudden change in redox-state of
ancient seawater, corresponding dysoxic conditions, is recorded in the most upper part of the MF-1
(Figure 10). This is followed by an abrupt deepening paleoenvironment with a relative increase in the
oxic state of the seawater and the deposition of the deeper water microfacies (MF-2 and MF-3) above a
sharp transition. Moreover, an abrupt paleoenvironmental change is represented by the presence of
MF2 and MF3 which include dark grey limestones with chert nodules, mud-rich textures, allochthonous
skeletal fragments and sponge spiculitics and presence of the planktonic organism, all consistent with
deeper water sedimentation. These characteristics can be indicative of an increase in the water depth.
The gradual transition to MF-3 with a predominance of mud-rich texture, a decrease in abundance
of allochthonous skeletal fragments support the transgressively deepening of the paleoenvironment
which continued up to late Albian. It has also been recorded the sponge spicule wackestone with
Microhedbergella rischi within the most upper part of MF-3 [37,51]. Thus, the presence of the planktonic
organism may characterise the deepest part of the paleoenvironment which corresponding to the
slope [65]. Further, their REEs data confirm that their oxic conditions remained stable throughout the
deeper facies (MF-2 and MF-3), even considering the distal microfacies. The current work, therefore,
supports that the shallower part of the paleo-ocean remained relatively less oxic and became suboxic
during the Late Aptian-Albian, while deeper facies, which display an overall transgressive motif, were
developed in relatively more oxic paleo-oceanic conditions up to the end Albian (Figure 10).
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7. Conclusions

The study of the Lower Cretaceous limestone succession, corroborated by detailed microfacies
analysis and REE geochemistry, allows us to present new data on ocean paleoredox conditions
(Figure 10) and the extent of diagenetic alteration for the studied stratigraphical section in Mescitli area
(Eastern Pontides, NE Turkey). Our primary results are as follows:

1. Analyzed micritic limestone samples mainly exhibit a seawater signature including (1) slight
LREE depletion relative to the HREEs (ave. 0.72 of Nd/YbN and ave. 0.73 of Pr/YbN), (2) negative
Ce anomalies (Ce*/Ce = 0.38–0.81; ave. 0.57), (3) positive La anomaly (La*/La = 0.21–3.02; ave.
1.75) and (4) superchondritic Y/Ho (ave. 46.26).

2. Micritic limestone also shows slight positive Eu* anomalies (Eu*/Eu = 1.01–1.65; ave. 1.29) and
relatively higher Sm/Yb (1.39–1.26; ave. 2.05) and La/YbN (0.68–1.35; 0.96) ratios compared to
the modern seawater. This may imply the presence of water-rock interaction between parental
seawater and basaltic rocks at elevated temperatures triggered by hydrothermal activity associated
with Early Cretaceous basaltic magma generation.

3. The studied sections exhibit negative Ce* anomalies, varying from 0.38 to 0.81, which may
confirm mostly oxic to dysoxic paleoceanographic conditions. Further, dyspoxic (Ce* = 0.71–0.81)
conditions are also recorded in the most upper part of the MF-1 Microfacies during the late
Aptian-early Albian.

4. The current work suggests that the shallower part of the paleo-ocean remained relatively less
oxic and became suboxic during the Late Aptian-Albian, while deeper facies displaying overall
transgressive trend were developed in relatively more oxic paleo-oceanic conditions up to end
of Albian.
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Cretaceous Carbonate Sequence in the Başoba Yayla Area (Trabzon, NE Turkey). Turk. J. Earth Sci. 2000, 8,
125–135.

38. Yildiz, M.; Ziya Kirmaci, M.; Kandemir, R.; Taslı, K. Benthic Foraminiferal Assemblages and Facies Analysis
of the Late Jurrasic-Early Cretaceous Platform Carbonate Succession in the Mescitli-İkisu Area (Gümüşhane,
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Formation in and Around Gümüşhane. Ph.D. Thesis, Karadeniz Technical University, Trabzon, Turkey, 2004,
unpublished work.

59. Kandemir, R.; Yılmaz, C. Lithostratigraphy, facies, and deposition environment of the lower Jurassic
Ammonitico Rosso type sediments (ARTS) in the Gümüşhane area, NE Turkey: Implications for the opening
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Abstract: Carbonate reservoirs, especially dolomite reservoirs, contain large reserves of oil and gas.
The complex diagenesis is quite challenging to document the dolomite reservoirs formation and
evolution mechanism. Porosity development and evolution in dolomite reservoirs primarily
reflect the comprehensive effect of mineral dissolution/precipitation during dolomitization.
In this study, multicomponent multiphase flow and solute transport simulation was employed
to investigate dolomitization in the deep carbonate strata of the Tarim Basin, Northwest China,
where active exploration is currently under way. One- and two-dimensional numerical models with
various temperatures, fluid compositions and hydrodynamic characteristics were established to
quantificationally study dolomitization and its effect on porosity. After determining the main control
factors, detailed petrologic characteristics in the studied area were also analyzed to establish four
corresponding diagenetic numerical models under different sedimentary environments. These models
enabled a systematic analysis of mineral dissolution/precipitation and a quantitative recovery of
porosity evolution during various sedimentation-diagenesis processes. The results allowed for a
quantitative evaluation and prediction of reservoir porosity, which would provide a basis for further
oil and gas exploration in deep carbonate reservoirs.

Keywords: carbonate reservoirs; sedimentation; diagenesis; dolomitization; porosity

1. Introduction

Carbonate reservoirs are widely distributed over the world and crucial for oil and gas exploration
because of their proven reserves. However, carbonate reservoirs are usually developed with complicated
crack/pores during diagenesis, which make the reservoir prediction difficult and hinder the development
of oil and gas exploration [1–7] It is of great importance to understand the effect of diagenesis on the
reservoir porosity evolution as it is one of the key factors affecting the reservoir quality.

The formation and evolution of reservoir porosity are the topic of carbonate reservoir research
and constitute the premise for the efficiency improvement of oil and gas exploration [5,8–10].
In carbonate reservoirs, reservoir porosity evolution is mainly the result of carbonate minerals
dissolution and precipitation, such as dolomitization [11–14]. Fluid–rock reactions are usually the main
factor for the porosity evolution because it results in carbonates dissolving to form voids, although
in some cases minerals may precipitate to fill such voids [2,15,16]. However, the reservoir condition
(e.g., temperature, pressure, mineral species, formation water hydrochemistry and fluid dynamics) is
crucial to the porosity evolution during the long process of diagenesis [9,17–22].
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As the most important carbonate reservoir, dolomite has received wide attention [13,23–25].
With the continuous exploration and discovery of oil and gas in deep-buried dolomite formations, a
string of new issues has arisen. The most important issue is how dolomitization affects the reservoir
porosity during various sedimentation–diagenesis processes [26–29]. This, however, has not received
notable attention as the majority of previous research works focused on qualitative testing and analysis
of dolomitization, which did not provide a systematic description of carbonate minerals under different
burial conditions during the whole diagenetic process [30].

In this study, the deep strata of the Tarim Basin in Northwestern China were selected to establish a
number of one- and two-dimensional numerical models under various diagenetic conditions. This allowed
us to analyze the effect of temperature, fluid and hydrodynamic conditions on dolomitization, and for the
quantitative evaluation of the reservoir porosity change induced by dolomitization. Then, quantitative
recovery of porosity evolution during various sedimentation–diagenesis processes was successfully
implemented. The results allowed for a quantitative evaluation and prediction of reservoir porosity,
which would provide a basis for further oil and gas exploration in deep carbonate reservoirs.

2. Geological Background

2.1. Tectonic Locations

Tarim Basin is one of the most important petroliferous basins in China, which contains thick
marine carbonate deposits. The most well-developed carbonate sequence within the basin is the
Cambrian-Ordovician carbonate, which is also the key intervals for oil and gas exploration [31–33].
The Ordovician carbonate reservoirs in the Shunnan (SN) area, located in the central uplift of the
Tarim Basin, are selected in this study, as shown in Figure 1, based on [33,34].

Figure 1. Tectonic locations of the Shunnan (SN) area in the northern slope of the middle Tarim Basin.
(a) Location of Tarim Basin in China; (b) Location of SN in Tarim Basin; (c) Tectonic map.

2.2. Diagenesis

A good overview of the typical diagenesis in the studied area has been provided by various
previous research, as shown in Figure 2 [32,33,35,36] A series of core and thin sections and other
petrological analyses show that the diagenesis mainly includes micritization (Figure 2a), cementation
(Figure 2b–g), structural fractures (Figure 2e), dissolution (Figure 2f), dolomitization (Figure 2h–k),
and silicification (Figure 2l).
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Figure 2. Typical diagenesis types of the Middle-Lower Ordovician carbonate. (a) SN6, 7325.50 m, sparry
dolomitized calcarenite, small scale, cathodoluminescence; (b) SN4, 6361.13 m, micrite calcarenite,
plane polarized light; (c) SN6, 7325.50 m, sparry dolomitized calcarenite, plane polarized light;
(d) SN6, 6849.50 m, micrite clastic limestone, cathodoluminescence; (e) SN1, 6639.70 m, micrite
calcarenite, plane polarized light; (f) SN7, 6876.40 m, sparry calcarenite, plane polarized light;
(g) SN6, 6849.50 m, micrite calcarenite, plane polarized light; (h) SN6, 7318.50 m, sand cutting fine
crystalline dolomite, plane polarized light; (i) SN6, 7319.43 m, fine-medium crystal residual sandy
dolomites, cathodoluminescence; (j) SN7, 6534.10 m, micrite clastic limestone, cathodoluminescence;
(k) SN4, 6461.00 m, micrite calcarenite, plane polarized light; (l) SN4, 6673.22 m, siliceous limestone,
orthogonal polarization.

The diagenetic evolution of the Ordovician reservoirs in the Tarim Basin is complex, which mainly
experience submarine diagenesis, meteoric diagenesis and the deep burial diagenetic settings.
It is characterized by an early weak cementation, a late compaction and pressure solution,
formation of stylolite, dissolution and karstification, mixed dolomitization in the supergene stage and
the rupture and formation of multiphase fractures, which are all favorable conditions for developing
favorable reservoirs [28,37].

Several studies suggest that the syngenetic karst and inter-stratal karst of the upper highstand
system under the Middle-Lower Ordovician III interface are controlled by paleotopography and
paleo-fault [38]. Such eogenetic karst reservoirs have a “quasi-layered” development model, and are
filled by the subsequent formation of carbonate cement. In the late diagenetic stage, acidic hydrothermal
fluids with medium-low temperature, high salinity and rich SiO2 penetrated along the fault zones,
leading to hydrothermal alterations such as hydrothermal dissolution, silica replacement and quartz
precipitation to become the main controlling factors for the formation of reservoirs. Liu [39] theorized
that the Middle-Lower Ordovician dolomites in the SN area are mainly resulted from shallow burial,
burial (transitional environment) and deep burial dolomitizations. The fine-grained dolomite strata
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formed during the burial stage have the best reservoir properties, causing grain bank metasomatism and
sustained dolomitization of the mud-sized dolostone formed under a shallow burial environment [37].

The diagenetic evolution sequence of the reservoirs in the studied area is summarized in Figure 3.
According to the diagenetic history, the diagenetic evolution process in the studied reservoir can be categorized
into six consecutive stages, including sedimentary-parasyngenetic, parasyngenetic-shallow burial,
supergene, shallow burial, middle-deep burial and the deep burial stages.

Figure 3. Diagenetic evolution of the Middle-Lower Ordovician carbonate.

2.3. Sedimentary Environments

The diagenetic evolution of the Ordovician carbonate rocks in the SN area occurred under
different sedimentary environments. According to the diagenesis and petrological characteristics,
the sedimentary environment can be divided into four categories: (1) marine phreatic environment in
a subtidal zone, (2) meteoric fresh water and fresh water phreatic environment in a supralittoral zone,
(3) seawater and freshwater interaction environment in an intertidal zone and (4) seawater evaporation
environment in a shoal setting.

3. Model Setup

3.1. Model Tools

The model tool employed is a multicomponent multiphase flow and solute transport software
TOUGHREACT, which introduces reactive chemistry into the multiphase fluid and heat flow code
TOUGH. The numerical method for fluid flow and chemical transport simulations is based on the
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integral finite difference (IFD) method for space discretization. Thermal, hydraulic and chemical fields
are coupled to model fluid flow, solute transport and reactions simultaneously [40].

At present, TOUGHREACT has been widely used in diagenesis-related research, enhanced
geothermal system, CO2 storage and other geological study. It can accommodate any number of
chemical species present in the liquid, gas and solid phases. Several porosity–permeability models are
available to calculate the reservoir porosity and permeability changed by mineral transformation in
real time. Mineral dissolution and precipitation are simulated by equilibrium and kinetic equations,
which are showed as follows [40].

3.1.1. Equilibrium Mineral Dissolution/Precipitation

The mineral saturation ratio can be expressed as

Ωm = K−1
m

NC∏

j=1

c
vmj

j γ
vmj

j m = 1, . . . , NP (1)

where m is the equilibrium mineral index, Km is the corresponding equilibrium constant, c is
concentration, γ is thermodynamic activity coefficient, and Nc is aqueous species. At equilibrium,
we have

SIm = log10 Ωm = 0 (2)

where SIm is called the mineral saturation index.

3.1.2. Kinetic Mineral Dissolution/Precipitation

Kinetic rates could be functions of non-basis species as well. Usually the species appearing in rate
laws happen to be basis species.

rn = f
(
c1, c2, · · · , cNC

)
= ±knAn

∣∣∣1−Ωθn
∣∣∣η n = 1, . . . , Nq (3)

where positive values of rn indicate dissolution, and negative values precipitation, kn is the rate constant
(moles per unit mineral surface area and unit time), which is temperature dependent, An is the specific
reactive surface area per kg H2O and n is the kinetic mineral saturation ratio.

3.2. One-Dimensional Flow

In order to clearly distinguish and understand the influence of any single factor on mineral
transformation and porosity evolution, and to avoid multi-factor interference, a simple and typical
one-dimensional model was established. The total length of this horizontal direction model was
150 m, divided into 50 equidistant grid cells. Fluid was injected from the left side at a constant rate,
which promoted the flow of formation water from the left to the right.

In the Base Case, parameters were set according to the actual physical properties and chemical
conditions of the carbonate reservoir studied. The initial temperature was set to 40 ◦C and the initial
pressure was set to equal to the atmospheric pressure. The initial state of the reservoir was assumed to
be homogeneous, and the initial porosity was 0.35. At the beginning of the model run, the minerals in
the formation were all calcite. The flow rate of fluid in the formation was set to 4 m per year, while the
pH of the inflowing external water was 8.5, and the Mg/Ca ratio was 5.25. Thirteen different models,
Cases 1–13 were set up to compare the effects of different factors on dolomitization, such as temperature,
flow rate, seawater concentration, Mg/Ca ratio, pH and SO4

2− concentration. The specific conditions
of these various experiments are listed in Table 1. The values not specified in Table 1 are shown with a
dash (-) and indicate same conditions as the Base Case. Table 2 displays four seawater concentrations
involved in the simulation.
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Table 1. Parameters setting for one-dimensional flow models.

Model No. T (◦C) Flow Rate (m/yr) Seawater Index Mg/Ca pH SO4
2− (mmol/L)

Base Case 40 4 1# 5.25 8.5 22.208
Case 1 - - - - 222.08
Case 2 - 2 - - - -
Case 3 - 8 - - - -
Case 4 - - 2# - - -
Case 5 - - 3# - - -
Case 6 - - 4# - - -
Case 7 - - - 52.5 - -
Case 8 - - - 10.5 - -
Case 9 - - - - 6.5 -
Case 10 - - - - 9 -
Case 11 60 - - - - -
Case 12 80 - - - - -
Case 13 100 - - - - -

Table 2. Multiple seawater concentrations for one-dimensional flow models.

Seawater Index Saltness (ppt)
Ca2+ Mg2+ K+ Na+ Cl− HCO3

− SO4
2−

mmol/L

1# 27 8.075 42.375 8.051 368.130 428.310 1.836 22.208
2# 15 4.475 23.333 4.436 202.696 235.775 1.016 12.219
3# 42 12.750 66.458 12.641 577.913 672.620 2.754 34.854
4# 32 9.625 50.417 9.564 437.913 509.380 2.180 26.417

3.3. Vertical Profile Flow

Shallow areas, close to the surface were not water-saturated, which inevitably led to unsaturated
areas to exit. As different groundwater levels must affect the hydrodynamic conditions in the
reservoir, two different groundwater levels (50 m and 100 m) were set to compare their effects on the
dolomitization. Except for the different groundwater levels, the simulation conditions in both models
were the same.

The initial mineral in the model was calcite, and the initial water type was set as shallow
formation water, with a low concentration of K+, Ca2+, Na+, Mg2+, Cl−, SO4

2−, HCO3
−, etc.

During the simulation, external fluids were continuously injected into the reservoir from the upper side
of the formation. The external fluid had the same properties as seawater with higher concentrations of
Ca2+ and Mg2+.

3.4. Diagenesis Evolution

Based on the six successive diagenetic stages categorized in Section 2, six corresponding sub-models
were established. The parameters of temperature, pressure and fluid for each diagenetic stage were
taken from measured data of the reservoirs studied (Table 3).

In four different sedimentary environments models, the parameter settings were as follows: the
simulated temperature and pressure was 25 ◦C and 0.1 MPa respectively. The seawater component
had a salinity of 35 ppt [41]. The initial mineral was calcite, and the mineral content of each sub-model
was based on real-time data from the previous stage.

1� Marine phreatic environment in the subtidal zone. Under the influence of tides, seawater leaks
from the surface. The infiltration rate corresponds to the water exchange rate between seawater
and formation.

2� Meteoric fresh water and freshwater phreatic environment in the supralittoral zone. The diagenetic
process consists of two sub-processes: (1) the atmospheric freshwater leaching process, with the
following parameters: infiltration rate referenced to the infiltration rate of rainfall in equatorial
regions, fluid composition corresponding to the equatorial region rainwater composition. (2) The
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shallow layer water flow process, with the fluid defined as mixed atmospheric fresh water and
formation water.

3� Seawater evaporation environment in shoal. The infiltration rate corresponds to that at the surface.
4� Seawater and freshwater interaction environment in intertidal zones: The diagenetic process

includes two sub-processes: (1) atmospheric freshwater leaching with an infiltration rate
corresponding to the annual rainfall in the equatorial region and a fluid composition referring
to the rainwater component in the equatorial region. (2) Seawater infiltration process after
sea level rise. The infiltration rate corresponds to the water exchange rate between seawater
and formation.

Table 3. Parameters of six sub-models corresponding to different diagenetic stages.

Sub-Models
No.

Diagenesis Stage
Diagenetic
Time (Ma)

Buried
Depth (m)

Temperature
(◦C)

Fluid
Composition

Mineral
Composition

1# Sedimentary-parasyngenetic
stage 488–465 0–100 25 seawater, meteoric

fresh water
micritization,
calcite cement

2# Parasyngenetic-shallow
burial stage 465–460 50–600 25–40 mixed water,

formation water calcite cement

3# Supergene stage 460–455 0–50 25 meteoric fresh
water calcite cement

4# Shallow burial stage 455–445 50–600 25–40 formation water calcite cement

5# Middle-deep buried stage 445–252 600–4600 40–120 formation water,
hydrothermal

calcite, dolomite,
siliceous cement

6# Deep buried stage 252–0 4600–7000 120–165 formation water calcite cement

4. Results

The main chemical reactions occurring in carbonate reservoirs are shown in reaction formulas (4)–(6).
With the intrusion of external fluid, the original balance was disrupted, which made the calcite
dissolve and release Ca2+ and CO3

2−, which could then combine with Mg2+ in the external fluid to
generate dolomite. The released Ca2+ could combine with SO4

2− to generate gypsum under certain
conditions in this process.

CaCO3 → Ca2+ + CO3
2− (4)

2CaCO3 +Mg2+→ CaMg (CO3)2 + Ca2+ (5)

Ca2+ + SO4
2− → CaSO4 (6)

4.1. One-Dimensional Flow

Relative content of calcite, dolomite and porosity evolution in the Base Case are shown in Figure 4.
At the initial model (T = 0 My), the relative content of calcite, dolomite and gypsum were 0.65,
0.00 and 0.00, respectively. Calcite nearer the injection point (left of the model, X = 0 m) dissolved first
and gradually transformed into dolomite. All calcite was converted to dolomite within 15 m from the
injection point at 0.5 My, while the content of calcite was 0.00 and the content of dolomite was close to
0.60 within 60 m from the injection point at 1 My. The porosity within 15 m from the injection point
was up to about 44% at 0.5 My and reached its maximum from the injection point within 60 m at 1 My.
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Figure 4. Calcite and dolomite content and porosity evolution (Base Case).

In Case 1, the concentration of SO4
2− in the injected water was 10 times higher than that in the

Base Case. Results in Figure 5 show that the calcite nearest to the injection point dissolved first and
gradually transformed to dolomite. No calcite was found within 70 m of the injection point after
1 My, when the dolomite content was up to 0.55. During the transformation of calcite to dolomite,
the generated Ca2+ moved continuously to the right area as the water flows. When Ca2+ and SO4

2−
concentrations in the system reached the conditions for gypsum precipitation, gypsum was formed.
As the curve of gypsum content shows, the content reached the highest value at a distance of 10 m
from the injection point after 0.5 My. With continuous injection of external fluids, more and more
gypsum precipitated. The gypsum content was close to 0.4 between 20 and 80 m from the injection
point after 1 My. The porosity increased to about 0.45 within 20 m of the injection point after 0.5 My,
whereas it decreased to about 0.05 between 20 and 80 m from the injection point after 1 My.

Figure 5. Calcite and dolomite content and porosity evolution (Case 1).

The change of porosity in different models is shown in Figure 6. The main difference between
Case 2, Case 3 and the Base Case was hydrodynamic conditions. The fluid velocity in Base Case was
4 m/yr, while that of Case 2 and Case 3 was 2 m/yr and 8 m/yr, respectively. In Case 2, the porosity
exhibited a significant increase only within 5 m of the injection point after 0.5 My. It took 0.8 My for
the porosity to increase to about 44% in the range of 20 m from the injection point. However, in Case 3,
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the range where the porosity increased to 44% was close to 40 m from the injection point after 0.5 My
and became nearly 90 m after 0.8 My.

Figure 6. Porosity evolution in each model (Case 2–Case 13).

The difference between Case 4, Case 5, Case 6 and the Base Case was the injected seawater. In the
Base Case, Seawater 1# was injected, while Seawater 2#, 3# and 4# were injected to Case 4, Case 5
and Case 6, respectively (Table 2). The salinities of the four types of seawater were 27 ppt, 15 ppt,
32 ppt and 42 ppt, respectively. The porosity in Case 4 was seen to increase significantly and reached a
maximum of 46%. The porosity higher than 0.44 at 1 My was within 30 m in Case 4, while within 90 m
and 75 m in Case 5 and Case 6, respectively.

The difference between Case 7, Case 8 and the Base Case was the Mg/Ca ratio in the injected fluid.
The Mg/Ca ratio in the Base Case was 5.25, while that in Case 7 and Case 8 were 10 times and 2 times
that of the Base Case. The porosity in the whole simulation range increased to more than 0.4 after
0.5 My in Case 7 while the range was only about 50 m in Case 8.
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Case 9 and Case 10 differed from the Base Case in pH values of the injected fluid, which was 8.5
in the Base Case, against 6.5 and 9 for Case 9 and Case 10, respectively. Within 20 m of the injection
point, the porosity in Case 9 was 44% at the injection point, whereas 41% in Case 10.

Case 11, Case 12 and Case 13 differed from the Base Case with regards to the reservoir temperature,
which was 40 ◦C for the Base Case, against 60 ◦C, 80 ◦C and 100 ◦C, for Cases 11, 12 and 13, respectively.
These porosity evolution curves were largely different.

4.2. Vertical Profile Flow

The calcite and dolomite content at three key times for groundwater levels of 100 m and 50 m
are shown in Figure 7, respectively. Regardless of the level of the groundwater, the external fluid
first infiltrated into the saturated zone, after which it infiltrated into the reservoir from the surface,
initiating a reaction. The reaction was enhanced at the interface between the unsaturated and the
saturated zone. In the unsaturated zone, the reaction was gradually developed in the fluid flow path as
a result of the accumulation of ions. For a groundwater level of 100 m, the reaction extended to more
than 200 m in the horizontal direction, while for a groundwater level of 50 m, the reaction expanded to
100 m in the horizontal direction after 0.2 My.

Figure 7. Calcite and dolomite content distribution after 0.01 My, 0.05 My and 0.2 My. (a–c) Calcite
with groundwater level of 100 m; (d–f) Dolomite with groundwater level of 100 m; (g–i) Calcite with
groundwater level of 50 m.
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4.3. Diagenetic Evolution

4.3.1. Marine Phreatic Environment in the Subtidal Zone

Porosity evolution under marine phreatic environment is shown in Figure 8. Strong seawater
cementation resulted in a calcite cement content of 5.1% during the sedimentary-parasyngenetic stage.
During the parasyngenetic-shallow burial stage, seawater with high concentration of Ca2+ and Mg2+

was filled, which led to a strong cementation and to a drop of porosity to 20%. Dissolution occurred
with the development of numerous secondary pores during the supergene stage. During the shallow
burial stage, a large amount of dolomite and calcite precipitated, which decreased porosity to 18%.
As a considerable amount of calcite was replaced by dolomite, the porosity decreased to 4.8% during
the middle-deep burial stage. Finally, the porosity decreased to 1.6% because of calcite cementation in
the deep burial stage.

Figure 8. Porosity and typical mineral content evolution under marine phreatic environment.

4.3.2. Meteoric Fresh Water and Freshwater Phreatic Environment in the Supralittoral Zone

Porosity evolution under meteoric fresh water and freshwater phreatic environment is shown in
Figure 9. With the synergistic effect of fresh water leaching, freshwater cementation and mechanical
compaction, the porosity decreased to 38% during the sedimentary-parasyngenetic stage. As sea
levels rose, the overlying seawater seeped into the stratum, and the porosity decreased to 22.2%
in the parasyngenetic-shallow burial stage. During the supergene stage, dissolution occurred in
the freshwater leaching environment, and the porosity increased to 33.9%, while during the burial
stage, calcite cementation and dolomitization made the porosity decrease to 14.5%. As high salinity
acidic hydrothermal fluid acted as diagenetic fluid, contributing to cementation, dissolution and
dolomitization, porosity was almost constant throughout the middle-deep buried stage. Poor fluidity
of formation water led to the weak cementation of calcite and the porosity reduced to 4.2% during the
deep burial stage.
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Figure 9. Porosity and typical mineral content evolution under meteoric fresh water and freshwater
phreatic environment.

4.3.3. Seawater Evaporation Environment in Shoal

Porosity evolution under seawater evaporation environment is shown in Figure 10. During the
sedimentary-parasyngenetic stage, cementation, dolomitization and mechanical compaction were
the main reactions and porosity decreased to 36%. In the parasyngenetic-shallow burial stage,
poor fluidity of the infiltration fluid caused a large amount of calcite cement, resulting in a decrease
in porosity. The porosity increased to 30.5% during the supergene stage. Due to calcite cementation and
dolomitization, porosity decreased to 18.2% during the shallow burial stage. During the middle-deep
buried stage, a large amount of calcite was converted into dolomite and a small amount of siliceous
cement was formed, resulting in porosity decrease. Lastly, porosity decreased to 10.8% during the
deep burial stage.

Figure 10. Porosity and typical mineral content evolution under seawater evaporation environment.
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4.3.4. Seawater and Freshwater Interaction Environment in Intertidal Zones

Porosity evolution under seawater and freshwater interaction environment is shown in Figure 11.
Dissolution, cementation and mechanical compaction were the main diagenetic processes during the
sedimentary-parasyngenetic stage, and the porosity decreased to 35%. The porosity decreased to 19.7%
because of calcite cement during the shallow burial stage and increased to 29% under the action of
atmospheric freshwater leaching during the surface stage. In the shallow burial stage, the pore water
gradually evolved into dolomitized fluid, causing calcite cementation and dolomitization and the
porosity decreased to 13.9%. During the middle-deep buried stage, acidic hydrothermal fluid with
medium-low temperature, high salinity and rich SiO2 penetrated along the fault zone, and the porosity
decreased to 9.3%. However, the porosity increased to 19.0% after hydrothermal alteration. The poor
fluidity of the formation water and low porosity-permeability resulted in a weak cementation and a
porosity decrease of 17.1% during the deep burial stage.

Figure 11. Porosity and typical mineral content evolution under seawater and freshwater interaction
environment.

5. Discussion

5.1. Effect of Geological Factors on Dolomitization

The effect of the temperature, flow rate, fluid properties and other geological factors on
dolomitization varied [23,42,43]. Results of one-dimensional models indicated that if the flow rate of
the external fluid, i.e., the hydrodynamic condition, was different, the degree of dolomitization varied.
The porosity change extent was consistent under various flow rate conditions, but different amounts
of time were needed for the porosity to reach the same level. In short, the better the hydrodynamic
conditions, the faster the fluid migration, which then pushed the reaction and expands the scope
of dolomitization.

In two-dimensional models, comparing different groundwater surfaces, it was found that when
the groundwater level was low, a 100 m unsaturated zone exist in the shallow layer, which contained
much more gas. When external fluid entered the formation, it took a longer path to reach saturation,
while more pores need to be filled in the meantime. Therefore, the reaction occurred later, and the
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degree of reaction was also weak due to the large number of ions being diluted during the porous
flow process.

Different solution properties also lead to various levels of dolomitization [13,43]. The higher
the Mg/Ca ratio in the fluid, the better the precipitation of dolomite, due to the large amount of Mg
needed in the dolomitization process. However, the pH value of the fluid only had a limited influence
compared with other factors.

Dolomitization is a reaction that involves a volume decrease, i.e., the volume of minerals is
reduced with the conversion of calcite to dolomite, so that the number of pores within the reservoir
increases [13,23]. However, if a large amount of gypsum that can occupy some pores is formed in
this process, then the porosity will decrease. The results of this study demonstrated that the amount and
the degree of precipitation gypsum were various under different diagenetic temperatures, which led to
a large disparity in reservoir porosity.

5.2. Comparison of Model and Test Results during Successive Diagenetic Stages

Diagenetic models’ results were consistent with test data both in mineral transformation and
porosity evolution. In models, calcite and dolomite contents increased and the porosity decreased
from 45% to about 35% throughout the sedimentary-parasyngenetic stage (488–465 Ma), meanwhile,
an observation also shows that the main diagenesis was carbonate cementation. It is worth noting that
the porosity evolution varied under different sedimentary environments, which was determined by
the complex fluid composition.

The depth ranges in the parasyngenetic-shallow burial stage (465–460 Ma) was 50–600 m. As sea
levels rose, the overlying seawater seeped into the formation and replenished Ca2+ and HCO3

− in the
pore water. Both test and model results indicate that increased temperature and pressure with the
burial depth was beneficial to calcite cementation.

During the supergene stage (460–455 Ma), deeply buried rocks were uplifted below the diving
surface due to tectonic movements and underwent short-term erosion and weathering. With the
leaching and dissolution of meteoric fresh water, fresh water with low ion concentration infiltrated
into the formation, thus dissolving calcite, which led to the development of a large number of
secondary pores.

During the shallow burial stage, porosity and mineral contents evolution show that the main
diagenetic reactions were cementation and dolomitization, associated with a porosity decrease. As the
burial depth increased, a gradual increase of formation temperature favored the overcoming of the
dynamic obstacles to dolomite formation, which were dominant at the beginning of the shallow burial
stage [44]. High-salinity concentrated seawater is the diagenetic fluid at this stage, which can easily
flow downward under the effect of gravity and cause convection with low-density seawater at the
bottom. Following the penetration of the high-salinity seawater in the stratum, calcite would begin to
cement, causing the Ca2+ concentration in the fluid to decrease, and the Mg2+/Ca2+ to increase, which is
beneficial for the fluid to overcome the kinetic obstacles. Calcite can then be replaced by dolomite,
hence resulting in the decrease in calcite content with burial time. Previous studies have also shown
that massive dolomitization of sediments is the main diagenesis in the shallow burial stage [45,46].

During the middle-deep burial stage, the diagenetic fluids were medium-high salinity, SiO2-rich
and CO2-rich deep hydrothermal fluids. SiO2 had a relatively high saturation in the hot liquid, whose
temperature was about 200 ◦C after entering the formation (the formation temperature was about 100
◦C). As the fluid flowed upward, reactions became different because of the different crack and fracture
system in the formation. Strong hydrothermal dissolution happened in the fault zone of SN4 and SN5,
with a developed fracture system.

During the deep burial stage (252–0 Ma), the temperature and pressure were high, which was
conducive to the cementation and dolomitization. Calcite cementation occurred when high Ca2+ fluid
entered the formation from the Lower Cambrian source rock, leading the content of calcite to increase
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and the porosity to decrease. With the high concentration of Ca2+, the Mg/Ca continuously diminished,
which is unfavorable for the dolomite precipitation.

5.3. Implications for Reservoir Evolution under Various Sedimentary Environments

The carbonate rock in the studied area experienced complex diagenesis under different sedimentary
environments [43]. The various diagenetic phenomena observed were in the present results from the
comprehensive effects of the sedimentary environments [47].

In the marine phreatic environment, cementation and compaction were the main diagenesis.
As the carbonate deposits were all located below the sea level, the diagenetic fluid was seawater with a
high concentration of Ca2+ and Mg2+, which favored the formation of calcium carbonate but not that
of dolomite. A large number of thick ring-like cements and fibrous calcite cements could be seen in the
thin slices of the SN6, which is a typical single well representative of sedimentary diagenesis in the
seawater subsurface flow environment.

In the meteoric water and freshwater phreatic environment, dissolution, cementation and
compaction were the main diagenesis. With the sea level decline, some carbonate sediments
became exposed. Atmospheric fresh water leach causing calcite dissolution porosity increased.
With continuous infiltration, the saturation increased and calcite cement was formed, leading the
porosity to decrease. A large number of fenestrae secondary pores and few equiaxed-granular
freshwater cements filling the slab hole could be seen in the thin slices of the SN7, which is a typical
single well of sedimentary diagenesis in the meteoric fresh water and freshwater phreatic environment.

In the seawater evaporative environment, dolomitization and compaction were the main diagenesis.
Under dry climatic conditions, strong evaporation caused seawater to concentrate. High salinity
seawater flowed into the formation, resulting in an increase in the concentration of Mg2+ and Ca2+ in
the pore water. This hypersaline water with a high concentration of Mg2+ increased the probability of
effective collision between Mg2+ and CO3

2−, increasing the dolomite content. SN3 and SN5 are typical
wells of the sedimentary diagenesis in the seawater evaporation environment.

In the seawater and freshwater interaction environment, cementation, dissolution and compaction
were the main diagenesis. Controlled by secondary sedimentary cycles and the sea level decline
temporarily, carbonate deposits in the intertidal zone were exposed to the atmosphere. Afterwards,
as the sea level rose, carbonate deposits were submerged again by seawater. A large number of
intragranular and intergranular dissolved pores and casting pores were formed in SN4, and the pores
were filled with equiaxed-granular freshwater cements and fibrous calcite seawater cements formed
during the parasyngenetic stage.

6. Conclusions

A series of test analysis and numerical simulation were combined to study the effects of various
factors (such as temperature, flow rate, seawater concentration, Mg/Ca ratio, pH and SO4

s concentration)
on dolomitization during diagenesis in carbonate reservoirs. The degree of dolomitization varied with
the flow rate and other hydrodynamic conditions of the external fluid. The better the hydrodynamic
conditions, the faster the fluid migration, which then pushed the reaction and expanded the
scope of dolomitization. Different solution properties and minerals also led to various levels of
dolomitization. During successive diagenetic stages under different sedimentary environments with
various temperatures, minerals, solutions and other conditions, reservoir experienced complicated
fluid–rock reactions. The diagenetic process and porosity evolution curves in four different sedimentary
environments were re-established in the studied area. The main controlling factors of dolomitization
were identified, which is helpful to clarify the genesis and distribution of carbonate reservoirs. As the
fluid–rock interaction mechanism in carbonate reservoirs is a complex process, further experimental
and numerical simulation studies are planned to elaborate and enhance our understanding.
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