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ABSTRACT

Authigenic calcite abundantly forms during various diagenesis stages of shales. It meticulously records infor-
mation on diagenetic fluid (organic/inorganic) migration and fluid-rock interactions, is important for under-
standing the burial diagenetic evolution, tectonic history, burial history, hydrocarbon generation and
accumulation in sedimentary basins. Calcium sources for authigenic calcite include pore water, calcium minerals
dissolution, and clay mineral transformation. Organic carbon sources of authigenic calcite refer to organic matter
that undergoes diagenetic thermal evolution, redox reactions, and bacterial effects. Inorganic carbon primarily
arises from carbonate dissolution, magma degassing, and thermal decomposition of carbonates during meta-
morphism. During early burial diagenesis, the sulfate-methane transition zone maintains high porewater alka-
linity through anaerobic oxidation of methane, promoting calcite nodule formation. Upon entering the
hydrocarbon generation window, periodic opening and closing of fractures occur at lamina interfaces due to
overpressure from hydrocarbon phase transitions and crystallization forces. In these fractures, calcite solubility
decreases with fluid pressure reduction, leading to fibrous vein precipitation under strong overpressure condi-
tions and bladed or equant crystal formation under weak overpressure conditions. Influenced by tectonic shear
and compressive stresses, fibrous and bladed crystals intersect the fracture plane obliquely at varying angles.
Authigenic calcite in shale strata serves as a valuable tracer for sedimentary basin evolution, fluid evolution, and
burial history due to its extensive and multi-stage formation process. However, its complex history retains
characteristics from various sources and evolution stages, resulting in distinct isotope fractionation features.
Calcite formed during early burial diagenesis undergoes late-stage diagenetic alteration, accumulating carbon
isotope features from multiple processes. This complexity presents difficulties in retracing the formation process.
Utilizing physical and numerical simulations based on burial conditions aids in analyzing authigenic calcite
genesis and reconstructing its formation history. The formation history can be determined through in-situ micro-
area isotope testing and analyzing fluid inclusions for temperature, pressure, and composition.

1. Introduction

evolution, tectonic history, hydrocarbon generation processes and
accumulation in sedimentary basins (Sass et al., 1991; Raiswell and

Authigenic calcite is widespread in shales, undergoing various stages
of burial diagenesis (Irwin et al., 1977; Irwin, 1980). Formed through
the co-evolution of multiple components during diagenesis, it meticu-
lously preserves detailed information on diagenetic fluid (organic/
inorganic) migration, accumulation, and fluid-rock interactions
(Heydari and Wade, 2002; Wehrmann et al., 2011; Jiang et al., 2018; Liu
et al, 2023). This is crucial for understanding burial diagenetic

Fisher, 2000; Day-Stirrat et al., 2008; Liang et al., 2018).

The occurrence of authigenic calcite manifests in diverse modes,
featuring single crystals in equant, bladed, or fibrous shapes, aggregate
into laminae, nodules, or veins under the influence of chemical equi-
librium states of the hydrothermal system, crystallization forces, and
abnormal pressure conditions (Cobbold et al., 2013; Heimhofer et al.,
2017). Material sources encompass the sedimentary water body, clay
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minerals, precursor carbonate minerals, and organic matter, magmatism
and thermal metamorphism induced by tectonic movements also
contribute (Dittrich and Obst, 2004; Roberts and Holdsworth, 2022).
The phase transition of calcium carbonate, represented by aragonite
transformation, and clay mineral transformation, represented by illiti-
zation, provide Ca?t for authigenic calcite formation (De Segonzac,
1970; Zhang et al., 2014; Martin-Garcia et al., 2019; Mills et al., 2021).
During burial diagenesis, organic matter undergoes thermal evolution,
redox reactions, and bacterial effects, resulting in the release of sub-
stantial amounts of organically sourced CO, and biomethane through
the “alkalinization reaction with reductive carbon,” driven by oxidants
05, NO3, MnO,, Fe503, FeOOH, and SO%’(Raiswell, 1988; Boetius et al.,
2000; Wallmann et al., 2008; Bradbury and Turchyn, 2018; Munnecke
et al.,, 2023). The upwelling of deep hydrothermal fluids and meta-
morphism of carbonate rocks under tectonic activities contribute inor-
ganic carbon for authigenic calcite formation (Hower et al., 1976;
Vanneste et al., 2012; Milesi et al., 2020).

Due to the continuity of burial diagenetic evolution, eventually
formed authigenic calcite exhibits mixed-source characteristics, with its
carbon and oxygen isotopic signatures representing superimposed re-
cords of multi-stage reactions and alterations (Loyd et al., 2012; Luan
et al., 2019; Fadhel and Gallala, 2020). It is essential to note that the
location of calcite formation in different burial zones may vary
depending on the depositional environment. For example, in a closed,
anoxic water body, bacterial sulfate reduction (BSR) might occur in the
water body rather than in the sediments. Consequently, the carbon and
oxygen isotope values of precipitated calcite may deviate from their
typical ranges, and the mineral assemblages may also differ (Liu et al.,
2019a, 2019b; Cui et al., 2022).

Additionally, fluid-rock interactions often lead to the formation of
various reservoir spaces, including calcite intergranular pores, dissolu-
tion pores, shale foliation joints, and microfractures. These channels for
diagenetic fluid migration play a crucial role in hydrocarbon migration
and accumulation (Aplin and Macquaker, 2011; Loucks et al., 2012;
Liang et al., 2017; Milliken et al., 2012; Zhang et al., 2016). Liang et al.
(2018) highlighted the contribution of the recrystallization process from
micritic calcite to sparry calcite in carbonate-rich shales to matrix
effective porosity, emphasizing the significance of the compositionally
abrupt interfaces at the edge of calcite laminae as a primary pathway for
hydrocarbon migration. Vein calcite development frequently coincides
with hydrocarbon migration, supported by abundant primary
hydrocarbon-bearing fluid inclusions in laminar fibrous-grained calcite
veins, providing direct evidence of vein expansion concurrent with
hydrocarbon-bearing fluid migration (Pan et al., 2016; Rodrigues et al.,
2009; Wang et al., 2018, 2022, 2023).

This review systematically discusses the occurrence modes and
characteristics of authigenic calcite, explains its material sources and
formation processes at different stages, and considers the formation
mechanisms of authigenic calcite from early burial diagenesis to thermal
decarboxylation. Considerable attention is devoted to investigating the
organic-inorganic interactions and fluid-rock interactions involved in
different processes. Additionally, this review explores the development
of reservoir space in shales and the processes of hydrocarbon migration
and accumulation during authigenic calcite formation.

2. Occurrence modes and characteristics
2.1. Occurrence modes

Authigenic calcite in shales manifests in various modes, including
laminae, lenses, nodules or veins. The crystals primarily categorized
based on their grain size and long-to-short axis ratio. Chilingar et al.
(1967) defined crystals with a grain size less than 5 pm as micritic
crystals, those with a grain size between 5 and 20 pm as microsparry
crystals, and those exceeding 20 pm as sparry crystals. Folk (1974)
suggested that sparry calcite typically possesses a grain size above 10

Earth-Science Reviews 258 (2024) 104935

pm, extending up to about 1 mm. Scholle and Schluger (1979) estab-
lished the grain size boundary between microsparry and fine crystals at
20-30 pm and the boundary between fine and medium crystals at 50 pm.
Micritic calcite crystals occurrence most in the form of laminae(Fig. 1,
A1-A3), sparry calcite crystals are further classified as fibrous (Fig. 1,
B1-B3), bladed (Fig. 1, C1-C3), or equant (Fig. 1, D1-D3) based on their
long-to-short axis ratio. Fibrous and bladed crystals align parallel to the
direction of growth or compete during growth.

Al. Micritic calcite crystals in laminae, under plane-polarized light;
A2. Field of view taken from A1, under plane-polarized light; A3. Field of
view taken from A2, under plane-polarized light; B1. Fibrous sparry
calcite crystals with a long-to-short axis ratio > 6, under plane-polarized
light; B2. Field of view taken from B1, under plane-polarized light; B3.
Field of view the same as B2, under cross-polarized light; C1. Bladed
sparry calcite crystals with a long-to-short axis ratio > 1.5 and < 6,
under plane-polarized light; C2. Field of view taken from C1, under
plane-polarized light; C3. Field of view the same as C2, under cross-
polarized light; D1. Equant sparry calcite crystals with a long-to-short
axis ratio < 1.5, under plane-polarized light; D2. Field of view taken
from D1, under plane-polarized light; D3. Field of view the same as D2,
under cross-polarized light.

2.2. Geochemical characteristics

From Cambrian to Cenozoic, authigenic calcite exhibits a wide dis-
tribution in shales of both marine and terrestrial facies, displaying
diverse crystal shapes, intricate modes of occurrence, and varied
geochemical features (Raiswell et al., 2002; Cobbold et al., 2013; Liu
et al., 2019a, 2019b; Li et al., 2020) (Fig. 2). The 50 and 5'3C are
widely applied to study the origin of authigenic minerals, influenced by
temperature, fluids properties, and precipitation kinetics (Tremaine
et al., 2011; Devriendt et al., 2017). The value of 880 is inversely
correlated to temperature, the relationship is ca 4 °C for every change of
1 %o in the 880 value (Swart, 2015). The effects of kinetic and pH on
5180 are usually discussed together, with faster precipitation rates at
higher pH favoring the incorporation of lighter isotopes (5'°0 and 5'2C
relative to 8'80 and §'3C) (Tremaine et al., 201 1; Devriendt et al., 2017).
For the 8'3C, the temperature does not have a direct effect on its value,
but affect it by influencing fractionation coefficients, respiration, and
photosynthesis. The 8'3C values of ambient DIC are controlled by the
fixation of CO, during photosynthesis, the weathering of carbonate
rocks (Li et al., 2010), and the oxidation of organic matter (OM) (Clayer
et al., 2018). Between pH values of ca 4 to 10, there is a strong covari-
ance between 3'3C and 5'®0 values in carbonate minerals affected by
changes in pH.

3. Material sources
3.1. Sources of calcium ions

The sources of Ca" for authigenic calcite in shales primarily include
(1) pore water, (2) transformed clay minerals, (3) dissolved early-stage
calcareous materials, and (4) hydrothermal fluids.

3.1.1. Pore water

During the shallow burial stage, the pore water is interconnected
with the sedimentary water body, facilitating material exchange be-
tween pore water and the aquatic environment. Ca2* is predominantly
contributed by terrestrial carbonate weathering or sourced from shallow
lacustrine carbonate platforms, bioclastic beaches, microbial reefs, and
calcareous species like stonewort and shellfish (Talbot and Kelts, 1986;
Jiang et al., 2007). Microalgae play a role in this process by taking up
HCOs3 through photosynthesis, decomposing it into CO, and OH™ with
carbonic anhydrase. The negatively charged surface of the cell mem-
brane adsorbs Ca?* from the water body, forming the nucleation center
of calcite. The extracellular polymeric substances secreted by the cells
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Fig. 1. Types of authigenic calcite crystals in shales.

are then adsorbed onto the crystal surface and, together with the calcite,
sink to the lake bottom, forming calcium carbonate sediments (Dittrich
and Obst, 2004).

When the Ca/Mg ratio of the solution is below 1.25, calcium car-
bonate predominantly exists as aragonite. Aragonite is replaced by
calcite when Ca/Mg > 1.25 (Fig. 3). The dissolution of aragonite and
precipitation of calcite occur gradually in a thin film of solution with low
permeability, rather than through flat-flow transmission. As this trans-
formation progresses, the film gradually shifts toward the aragonite. The
solution becomes sub-saturated with aragonite, causing aragonite to
dissolve in a non-equilibrium process. Simultaneously, the solution be-
comes saturated with calcite, leading to calcite precipitation in an
equilibrium process (Fig. 4) (Mucci and Morse, 1983; Frisia et al., 2002;
Treble et al., 2005; Zhang et al., 2014).

The dissolution of aragonite releases Mg?*, Ca®*, and Sr?* into the
solution. Ca?' transfers into the precipitated calcite, while Mg?" and
Sr?* tend to remain in the solution, resulting in high Mg/Ca and Sr/Ca
ratios near the mineral phase boundaries (Pingitore, 1976; Martin-
Garcia et al., 2019). Rhombic microcrystals growing beside aragonite
and crystal defects within aragonite serve as preferential nucleation sites
for secondary calcite (Fisher et al., 1995; Maliva et al., 2000). Several
adjacent nucleation sites coalesce, and mosaic-like calcite crystals

develop under the influence of fine-scale transformation in the thin film
and a slow transformation rate (Pingitore, 1976, 1980). These small
calcite grains gradually coalesce into large-sized crystals under the
control of Ostwald ripening (Gal et al., 2013; Perrin et al., 2014; Demény
et al., 2016; Pederson et al., 2019; He et al., 2021) (Fig. 4).

3.1.2. Clay mineral transformation

The transformation of clay minerals is significantly influenced by
temperature, exhibiting regular variations with burial depth. Clay
mineral transformation emerges as a crucial mechanism driving
compositional changes in shales at temperatures exceeding 70 °C. As
burial depth and ground temperature increase, the water content and
composition of clay minerals undergo gradual changes. Illustratively,
the illitization of smectite involves the absorption of K and AI** from
the ambient medium while continuously losing interlayer water. This
process results in the transformation of smectite into I/S mixed-layers
and ultimately into illite. During this transformation, each mol of
smectite releases 2 mol of Ca?* (Eq2). In environments rich in Mg?",
smectite transforms into C/S mixed-layers and then chlorite, with each
mol of smectite releasing 0.1 mol of Ca®" (Eq3).
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Authigenic Calcite in Shales
N.| Country Area Hostage Hostname | Occurrence |Size(um)| Formation Origin of C Carbon and Oxygen isotope characterization of sparry calci References
1 China Junggar Basin Middle Permian Lucaogou FKquant 20-200 Recrystallize | DIC g Wuetal 2017
2 China Bohai Bay Basin Locet Shahgjic Fibrous 30-300 Fracture filling | DIC ol tal.. 2020
7 ) China Bohai Bay Basin Eo Shahejie Fibrous 10-200 Fracture filling | BEM+TSR 5 Zbang ctal., 2016
4 | China Junggar Basin Middle Permian Lucaogou Kquant 5-30 Fracture filling | DIC a Zhang etal., 2017
5 | China Bohai Bay Basin | Focenc Shahcjie Equant 30-200 Reerystallize | BSR < Luanetal . 2019
6 UK Scollund Latc Mesoproterozoic| Stoer Fibrous 20-60 Fracuure lilling | DIC - Paracll ctal., 2014
7 South Africa [ Karoo Basin Lower Permian Dwyka i Concretions. DIC BSR SM'17 Herbert etal., 2007
$ | America | Calitornia Devonian Antrim Cquant 30-500 Fracture filling | DIC-BFM Budai etal.. 2002
9 | Canadu Quebee Devonian Escuminac Fibrous Fracture illing | DIC-SMTZ ELAlbani etal., 2002
10 UK Wessex Basin Lower Jurassic Charmouth Fibrous 20-400 Fracture filling | DIC Mengetal . 2017
11 | Canada Quebee Ordovician Bockmantown-licaton| Fibrous 1000-5000 | Fracture filling Sejourne etal., 2005
12 | China Yanlizo Basin Precambrian Xiamaling Equant 20200 Conerctions Livetal, 2019
13 | China Sichuan Basin Upper Ordovician Wufeng Kquant 50-500 Fracture filling Gaoetal, 2019
14 | China Tanjiaba Lower Permian Chihsia Fibrous 20-70 Fracture filling Yuetal., 2015
15 | Canadu Quebee Devonian Escuminac Equant Coneretions E1Albani et al.. 2002
16 | China Sichuan Basin Lower Silurian Longmaxi FKquant 50-500 Fracture filling Wu 021
17 | UK Wessex Basin Lower Jurassic Charmouth Cquant Coneretions Meng etal.. 2017
18 Amcrica Califorma Cretaceous Holz Equant Concrelions N-R.+F¢-R.-Mn-R.4+SMTZ loydetal, 2012
19 China Jiulongwan / i Equant Concretions. BSRISMTZ(in sea water) Cuictal, 2021
20 Tunisia Basins Latc Albian Mouclha Fquant 30-200 Pore filling DIC-SMTZ Fadhel et al., 2020
21 California Miocene Monterey Equant Conc: c Loydetal , 2012
2 Appalachian Basin | Upper Devonian Rhinestreet 7 Concretions Lash and Blood et al., 2004
2 Kopet Dagh Basin | Late Cretaccons Sanganch Bladed 50-100 Coneretions | DIC-BSR Mahboubi etal., 2010
24 Minch Basin Upper Jurassic Staflin Fibrous 50 Fracture filling | BSR+SMTZ Vendry ctal., 2006
25 Kopet Dagh Basin | Late Cretaceous Sanganeh Equant 500-1200 | Concretions DIC BSR Mahboubi ctal.. 2010
26 Sichvan Basin Triassic ianguan Lquant / ! TSR Wuetal., 2013
27 Kopet Dagh Basin | Latc Cretaccous Sanganch Bladed 20-50 BSR Mahboubi ctal., 2010
28 Araripe Basin Cretaceous Santana EquanttBladed | 20-200 Congretions BSRISMTZ Heimbofer ctal., 2017
20 Lancamer Kllsosin | Late Cretaccons Caton Fquant Conerctions | DIC-BSR-SMTZ Raiswell etal, 2002
30 | China Zhongling ! ! Equant Cone BSR+SMTZ(in sediment) Cuietal,, 2022
31| Tunisia ‘Tunisia Basins | Late Albian Defla Fibrous 20-50 Eracture filling | BSRISMIZ Fadiicl and Gallala et al., 2020
32 America Michigan Basin Nevonian Antrim Fquant 30-500 Fracture filling | BSR+SMTZ Budai etal ., 2002
-40 -35 -30 -25 -20 -15 -10 -5 O S 10 15 2 5 30 35 40
=3''C,,,, of sparry calcitc @ DIC: dissolved inorganic carbon @ Mn-R.: mangancsc(MnO2) reduction © BSR: bacterial sulphate reduction @ BFM: bacterial frementation methanic
"0, of sparry calcite @ N-R.: nitrate reduction @ Fe-R.:iron(Fe203+FeOOH) reduction © SMTZ: sulfate-methane transition zone @ TSR: thermochemical sulfate reduction

Fig. 2. Distribution, occurrence characteristics, and isotopic features of authigenic calcite in shale.
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¢ 10H,0(Sme) + 4.5 K™ 4 8A1*" K5 s Mg, Fe; 5Al55Sis50100 (OH) 4, (111) + Nat + 2Ca?t + 2.5Fe*t + 2Mg?* + 3Si*" + 10H,0 2

Cap1Nag 2Fe; | MgAISi, 4010(OH), +1.5Fe?* +1.2Mg*" +1.4A1>" +7.6H,0 =Fe; sMg, , Al 4Sis 010 (OH)g +0.1Ca®" +-0.2Na* +0.85i0,+9.2H" 3)

3.1.3. Dissolution of early-stage calcareous materials

Early-stage calcareous components, such as shells and micritic
calcite, dolomite, gypsum, and anhydrite formed during shallow burial
diagenesis, contribute to the carbonate pool through dissolution.

3.1.4. Hydrothermal fluids

Calcium is an effective isotopic tracer in hydrothermal systems.
Calcium-bearing igneous minerals (e.g., plagioclase feldspar, amphi-
bole, and lepidolite) readily dissolve in hydrothermal fluids (Brown
et al., 2013). Calcium isotope fractionation in calcite is controlled by
surface reaction kinetics (Lemarchand et al., 2004; DePaolo, 2011). The
shorter the Ca—O bond length, the easier it is to enrich heavy isotopes,
and the larger the 54 /%0Ca value (Huang et al., 2010). Calcite related
with hydrothermal usually characterized by light rare earth elements
(LREE) enrichment, positive Eu anomalies and high Y/Ho values, and
the origin of the hydrothermal fluids can be judged by &% /°Ca,

8735r/86Sr and Sr/Nb (Huang et al., 2011). The extent to which mineral
precipitation affected by hydrothermal fluid action can be judged from
the relationship between rare earth elements (REE) and large ionic
lithophilic elements (LILE) (Rb, Sr, Ba, etc.) (Ottonello et al., 1979;
Woodhead et al., 1993; Wang et al., 2024). Associated minerals may
include quartz, zeolite, fluorite, dolomite, ankerite, pyrite, and barite,
depending on differences in the cation species and enrichment of hy-
drothermal fluids (Jiao et al., 2018; Pan et al., 2021; Qi et al., 2024).

3.2. Sources of carbonate ions

Carbonate sources are divided into three main parts. (1) Original
Carbonates: Carbonates involved in calcite dissolution-reprecipitation,
controlled by organic acids/carbonic acid, with carbon atoms origi-
nating from calcite formed in early diagenesis; (2) Organically Sourced
CO3: CO; generated from the diagenesis and pyrolysis of organic matter,
and hydrocarbon oxidation.; (3) Inorganic COy: CO, originating from
mantle degassing, degassing of melting rocks in the middle and lower
crust and upper-mantle wedge, and thermal decomposition of

. . . Ton Rate of introduction
Zone Dlagenetlc reactions concentration of diagenetic CO,
0 5 ) ] A
'z | Bacterial | 1 @Oxic C,H,0,+20,—2HCO, +H 0, £
I oxidation respiration o ) ) NO )
. Nitrogenous neo, | icno;] | 5C.H,0,+3H+8NO, —10HCO, +4H,0+4N, 7
T | o o 1] e i m—— !
x ae: ic f 3 !
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w r 2
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o cH, g
= i
i
i
10° :
5 Decarboxylation and thermal cracking E
] = i
2 IR-COOH | | R_COOH »RH+CO, :
[=9 Abiotic (M@ 02 -1 " : !
% reactions \% E’ i
3 i
' —— -] 7777 | sulfatet+petroleum— H '
v TSR S0k LG calcite+H,S=H,0+CO.+S+altered petroleum i 5% 5(\/1?])]3) T, @

BSR:Bactcrial sulphatc reduction Isotopically light CO,

TSR:Thermochemical sulfate reduction Isotopically heavy CO,

@ Ducto Fe''oxidation

® Due to thermal decarboxylation
SMTZ:Sulfate-mcthanc transition zone ~ ====- Isotope data from Kimmeridge Clay carbonate rich bed(Irwin, 1977)

A: Oxidant
D B (&) B: The product form of C
C: The reactant form of C

Fig. 5. Carbon source and carbon isotope in different diagenetic burial zones. (Modified from Irwin et al., 1977; Munnecke et al., 2023).
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carbonates during metamorphism.

3.2.1. Original sedimentary carbonates

Fine-grained sedimentary rocks, with low permeability, make it
challenging for external fluids to infiltrate. Consequently, carbon atoms
in authigenic calcite mainly derive from original carbonates and the CO5
generated from organic matter. Calcite dissolution and reprecipitation,
controlled by organic acids (mainly acetic acid), utilize carbon atoms
mainly from previously dissolved calcite, preserving the 5'3C value of
recrystallized calcite. In contrast, if the calcite dissolution and repreci-
pitation controlled by carbonic acid source, the carbon atoms partly
from early-formed carbonate minerals and partly from carbonic acid.
The percentage of carbon atoms originating from carbonic acid can be
determined by quantitative calculations, using the §'3C value of CO,
from organic matter as —25 %o PDB.

Percantage of carbon atoms inrecrystallized calcite from carbonic acid =

Earth-Science Reviews 258 (2024) 104935

II- Bacterial Anaerobic Oxidation Zone: Organic matter is succes-
sively oxidized by NO3, MnO,, and FepO3 (Whiticar, 2002; Munnecke
et al., 2023). The upper boundary depends on O diffusion, the lower
boundary depends on SO~ concentration, and sulfate-reducing bacte-
rial activity (Irwin et al., 1977). NO3 oxidation occurs at the top,
releasing CO2, HCO3, and Nj. As depth increases, MnO» oxidizes organic
matter, releasing CO2, HCO3, and Mn?* (Froelich et al., 1979; Boetius
et al., 2000). At the bottom, Fe>* reacts with organic matter to produce
HCOg3, Fe2+, and OH™ (Boetius et al., 2000). Throughout this zone, both
HCO3 concentration and pH increase from top to bottom, with CO,
transferring into the pore water as HCO3. Carbon isotopes hardly frac-
tionate, and the bicarbonates generated are generally very light (5'>C
between —20 %o and — 25 %o).

III-Bacterial Sulfate Reduction Zone: The lower boundary is
controlled by SOF~ diffusion, with SO~ and FeOOH acting as oxidants.

5"3C(recrystallized calcite) — §'*C(original calcite)

3.2.2. Organic sourced CO2

Organic matter undergoes thermal evolution, redox reactions, and
bacterial effects during burial diagenesis, laying the groundwork for the
formation of authigenic calcite (Irwin et al., 1977; Irwin, 1980; Lash and
Blood, 2004). Organic matter serves as a carbon source, providing HCO3
for calcite formation while also regulating alkalinity (Schrag et al., 2013;
Sun and Turchyn, 2014; Bradbury and Turchyn, 2018). Additionally, it
contributes to the driving force of calcite recrystallization by releasing
acids that dissolve original carbonates (Sass et al., 1991; Meng et al.,
2017).

Five reaction zones are delineated based on reactant concentrations,
product concentrations, isotopic characteristics of the products, and
bacterial activity ranges (Irwin et al., 1977; Munnecke et al., 2023).
Progressing from the shallow oxidation zone to the bacterial fermenta-
tion zone, the “alkalinization reaction with reductive carbon” is driven
by oxidants Oz, NO3, MnOj, Fe,O3, FeOOH, and SO3 successively
(Claypool and Kaplan, 1974; Boetius et al., 2000) (Fig. 5). With
increasing burial depth, organic acid-type methane and hydrogen-type
methane produced by bacterial fermentation promotes the reaction of
bicarbonates and divalent cations in methane-bearing sediments
without alkalinization processes (Wallmann et al., 2008; Munnecke
et al.,, 2023). Theoretically, the HCO3 concentration and pH of the
system gradually increase after sediments enter the oxidation zone and
before entering the bacterial fermentation zone, reaching a maximum at
the sulfate-methane transition zone (SMTZ). The carbon isotope value of
HCOj3 formed in different reaction zones exhibits significant variation,
and the carbon isotopic features of HCO3 from different reaction zones
are superimposed in authigenic calcite, resulting in multi-source char-
acteristics. The 8'3C value of organically sourced CO, typically falls
below —10 %o, ranging from —30 %o to —10 %o (Raiswell, 1988; Lin et al.,
2016; Lash, 2018).

I-Bacterial Oxidation Zone: The top zone in the sequence of buried
organic matter undergoing diagenetic evolution, with the upper part in
direct contact with the sedimentary water body. The lower boundary is
controlled by Oy concentration (Fig. 5). In this zone, organic matter is
oxidized by O3 to produce HCO3. Carbon isotopes hardly fractionate,
and the generated bicarbonates are generally very light (5'3C between
—20 %o and — 25 %o) (Raiswell, 1988). The pore water in this zone has
low alkalinity, and significant carbonate precipitation is unlikely.

5'3C(CO, generated from hydrocarbon source rocks) — §*C(original calcite)

The reaction of organic matter with SO%’ generates HCO3 and HsS,
crucial for calcite formation in the bacterial-dominated diagenetic
evolution stage (Dale et al., 2009; Thullner and Regnier, 2019). The
reaction with FeOOH, depending on the occurrence form of iron, pro-
duces Fe?* and HCOj3. Direct participation of FeOOH in the reaction
generates OH™ (Irwin, 1980), a significant alkalinization reaction con-
verting dissolved CO and HCO3 into CO3 (Liuet al., 2019a, 2019b). In
sulfate reduction, carbon isotopes experience minimal fractionation,
and the produced bicarbonates are predominantly very light (5'3C be-
tween —20 %o and — 25 %o). As burial depth nears the bacterial
fermentation zone, the carbon isotope value is positively shifted due to
the influence of bacterial fermentation-produced CO (8*3C of roughly
+15 %o) with significant isotopic fractionation (Peketi et al., 2015).
SMTZ (Sulfate-Methane Transition Zone), dominated by anaerobic
oxidation of methane (AOM), exists below the sulfate reduction zone
and above the bacterial fermentation zone (Fig. 5). Its boundaries are
controlled by CHy diffusion from bacterial fermentation and SO~
diffusion from sulfate reduction. SO reacts with CH, to produce HCO3
and HS™ (Bourque et al., 2001; Tribovillard et al., 2012; Milesi et al.,
2020). During AOM, the generation of each unit of dissolved inorganic
carbon is concomitant with the production of two units of total alka-
linity, resulting in an elevated pH of pore water within the SMTZ and the
subsequent precipitation of carbonates (Blouet et al., 2021; Meister
et al., 2022). Approximately 80 % of sulfates are utilized by methane
during AOM within the SMTZ (Egger et al., 2018; Xu et al., 2023). In the
complete stratigraphy of buried sediments, this layer attains the
maximum pH and accumulated carbonate concentration, creating
favorable conditions for the formation of calcite nodules (Meng et al.,
2017; Zhang and DePaolo, 2020).

IV-Bacterial Fermentation Zone: This zone has the highest yield and
concentration of biogenic CHy, connected to the SMTZ (Lash, 2018).
When SO3~ diffuses down from the overlying sulfate reduction zone,
depleted by CH4 generated by fermentation through AOM, CH4 con-
centration rises rapidly (Fig. 5). Intense carbon isotope fractionation
during fermentation produces CH,4 with light carbon (6'3C of roughly
—75 %o) and CO, with heavy carbon (51°C of roughly +15 %s) (Claypool
and Kaplan, 1974).

V-Thermal Decarboxylation Zone: The upper boundary is controlled
by burial temperature, marking the start of abiotic pyrolysis in organic
matter diagenetic evolution. Organic matter decarboxylation produces
complex hydrocarbons, generating CO» (8'C of roughly —20 %) with a
heavier carbon isotopic composition than sulfate reduction (3'3C
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Table 1
Elemental characteristics of multi-source authigenic calcite.
Indicators ~ Sources Range or trend References
Meteoric water Negative anomaly ~ Rozanski et al., 1993
8'%0 Craig and Gord
Marine water Positive anomaly raig and bordon,
1965
M microbial
OM microbia ~34% to —20%  Dai et al., 1996
degradation
oM therr.nal —15%0 to —25%o Himmler et al., 2022
degradation
83C OM oxidation ~25%0 to —10%o
OM cracking —15%0 to —10%o
Magma mantle source —8%o to —4%o
Carbonate
. —4%o to 3%o
metamorphosis
High
Ocean coﬁcentration
St Shen et al., 2010
Low
Atmosphere .
concentration
MOR hydroth 1
OR hy rothermal 0.704
fluids
878r/86sr Continental crust sial 0.7084+ Banner, 2004
rock
Marine carbonate 0.720+
Eu Hydrothermal fluids Positive anomaly Robbins et al., 2016
Ce Sea water Negative anomaly ~ Frimmel, 2009
Y/H River water 27-39 Lawrence et al., 2006
° Sea water 44-74 Bau and dulski, 1999

between —20 %o and — 25 %o) but lighter than bacterial fermentation
(8'3C of roughly +15 %o). Thermochemical sulfate reduction (TSR) oc-
curs when oil reacts with an aqueous solution of sulfate produced by the
dissolution of sulfate minerals at temperatures of 110-140 °C, TSR leads
to significant alteration of petroleum and generates a variety of reduced
forms of sulfur (S and H5S) and oxidized forms of carbon (carbonate
minerals and CO2) as well as a combination of water, sulfides, organo-
sulfur compounds and bitumen (Claypool and Kaplan, 1974; Bildstein
et al., 2001; Cai et al., 2010; Jiang et al., 2015) (Fig. 5).

3.2.3. Inorganic origin of CO,

CO; of inorganic origin primarily arises from mantle degassing,
degassing of melting rocks in the middle and lower crust and upper-
mantle wedge, and thermal decomposition of carbonates during meta-
morphism. It can be differentiated from organically sourced CO5 by
variations in 8'3C values. CO, of inorganic origin typically exhibits a
813C value above —8 %o, predominantly ranging between —8 %o and 3 %o
(Fig. 6). The CO originating from carbonate rocks or minerals during
dynamic metamorphism, contact metamorphism, and regional meta-
morphism generally aligns closely with the §'3C value of original car-
bonate rocks (0 + 3 %o). CO2 of volcano-magmatic or mantle origin
typically bears a '3C value around —6 =+ 2 %, released from the Earth’s

interior through faults or fractures during magmatic activities (Barth
and Bjgrlykke, 1993).

3.3. Sources identification

Geochemical information used to identify calcite sources mainly
includes trace element (Sr, Mn, Fe, Zn, Cu, Cd, etc.) (Pingitore Jr and
Eastman, 1985; Shen et al., 2010), isotopic characterization (644/ 4OCa,
813C, 8180, 87Sr/86Sr, etc.) (Tremaine et al., 2011; Huang et al., 2011;
Swart, 2015; Devriendt et al., 2017), and rare earth element charac-
terization (3 _REE, L/H, 8Eu, 8Ce, Y/Ho, etc.) (Ritter et al., 2015; Rob-
bins et al., 2016) (Table.1), isotopic characterization 6 40Ca, 613C,
6180, 87Sr/86Sr, etc.) (Tremaine et al., 2011; Huang et al., 2011; Swart,
2015; Devriendt et al., 2017). C-O-Sr isotopes are widely used to trace
the fluids source and evolution (Himmler et al., 2022). Carbon isotopes
are mostly used to identify organic and inorganic sources (Broom-
Fendley et al., 2017). The ion concentrations, oxygen isotopes, stron-
tium isotopes, and value of Y/Ho are mostly used to identify inorganic
fluids sources such as meteoric water, formation water, and deep hy-
drothermal fluids (Craig and Gordon, 1965; Rozanski et al., 1997; Shen
et al., 2010). The furtherly distinguish of hydrothermal fluids mainly
relies on the rare earth element (REE) contents, distribution modes, and
depletion characteristics (Woodhead et al., 1993; Shields and Webb,
2004; Lawrence et al., 2006).

Despite the large consensus on the origin of calcite, calcite source
studies are still mainly focused on the exploration of inverse processes
based on geochemical experiments and statistical data. While these
studies are of great value, geochemical signals do suffer from many
problems, such as attenuation over time and interference from multi-
factorial geological factors. It has been demonstrated that mineral
transformation mechanisms, crystallization kinetics, and depositional
rates all have an impact on elemental enrichment and partitioning
(Tremaine et al., 2011; Devriendt et al., 2017). In this case, numerical
simulation may be a potential means of explaining calcite sources and
formation pathways, which can more realistically reflect the super-
position of multiple geologic factor (Giuffre et al., 2015).

4. Formation mechanisms
4.1. Authigenic calcite nodules formed during early burial diagenesis

Early diagenetic carbonate nodules are authigenic mineral aggre-
gates formed in sediments through microbial respiration or organic
matter oxidation (Sellés-Martinez, 1996). They develop by absorbing
bicarbonates produced during organic matter decomposition and are
often distributed in organic-rich mudstones. Previous studies suggest
that carbonate nodule formation is associated with AOM during inter-
mittent pauses in sedimentation within the SMTZ (Lash and Blood,
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2004). In this reaction zone, downward-diffusing aqueous sulfate and
upward-diffusing methane are consumed by anaerobic methane-
oxidizing bacteria and sulfate-reducing bacteria, fostering calcite for-
mation due to the alkalinity maintenance within the SMTZ (Fig. 7).
Some argue that carbonate nodule formation may initiate in the nitrate
reduction zone above the BSR zone (Liu et al., 2019a, 2019b). Research
supporting this notion highlights differences in trace element content
and rare-earth element partitioning patterns between the core and rim of
calcite crystals. This suggests that relatively high levels of Mn and Fe and
a specific Mn/Fe ratio at the rims may indicate rim formation in the
manganese reduction zone, indicating the possibility of core precipita-
tion starting in the nitrate reduction zone above the manganese reduc-
tion zone (Curtis et al., 1986) (Fig. 7).

SWI: sediment-water interface; BSR: bacterial sulphate reduction;
MEZ: methanogenesis; SMTZ: sulfate-methane transition zone.

While the exact location and timing of carbonate nodule formation
remain controversial, most scholars concur that nodules develop before
the compaction of clay minerals. This consensus is supported by the
preserved framework of the nodules (Fig. 8A), the primitive spherulitic
structure of encapsulated algae, and the typical “card house” sedimen-
tary feature (Fig. 8B, C) (Lash, 2018; Liu et al., 2019a, 2019b). These
porous, low-density aggregates are primarily found in the BSR zone and
shallower nitrate reduction, manganese reduction, and iron reduction
zones. With increasing burial depth, accelerated sulfate reduction rates,
heightened alkalinity, and AOM in an environment with reduced
deposition rates, the aggregates become filled with carbonates and
eventually densify within the SMTZ (Raiswell and Fisher, 2000, 2004).
Cui et al. (2022) noted that the specific location of the reaction zones for
calcite aggregate formation is related to the nature of the sedimentary
water body. In a closed, anaerobic aquatic environment, the location of
the BSR zone may shift upward into the sedimentary water body,
resulting in different isotopic characteristics between calcite aggregates
in laminae and nodules (Fig. 8D).

A. A concretion with sharp contact with the surrounding and lateral
shale laminations, Xiamaling Formation, North China (Liu et al., 2019a,
2019b); B and C. “Cardhouse” structures (arrows) in the replacive layer,
Xiamaling Formation, North China (Liu et al., 2019a, 2019b); D.

Dolomite matrix with '3C-depleted, methane-derived authigenic calcite
(MDAC) cements, upper Doushantuo Fm, Zhongling, S. China (Cui et al.,
2022).

4.2. Recrystallization

Recrystallization is the primary mechanism for the formation of
equant-grained authigenic sparry calcite laminae. The specific processes
include dynamic recrystallization and dissolution-precipitation. The
“dissolution-precipitation” recrystallization increases the volume of
shallow-buried micritic calcite crystals formed at the sediment-water
interface, the bacterial anaerobic oxidation zone, and the sulfate
reduction zone, ultimately resulting in the formation of equant-grained
sparry calcite laminae (Fig. 9). As micritic calcite crystals coarsen, their
5'3C value decreases, indicating that carbon atoms in the microsparry
and sparry calcite originate not only from micritic calcite but also from
organic sources.

Calcite phase transformation is achieved through dissolution-
recrystallization facilitated by fluids. Under this recrystallization
scheme, materials are transferred through a solution film, and crystal
growth follows Ostwald ripening. Smaller crystals, with relatively large
specific surface free energy, preferentially destabilize in the supersatu-
rated solution and dissolve to provide materials for the growth of larger-
grain crystals (Fig. 10). Dynamic recrystallization is triggered by the
reduction of dislocation density in deformed crystals. Dissolution with
organic acids and carbonic acid initiates recrystallization along the
contact between micritic calcite lamina and organic-rich lamina.
Recrystallization gradually extends to the interior of micritic calcite
laminae, eventually transforming them into sparry calcite laminae
(Fig. 10).

OM: organic matter; CM: clay minerals; MC: micritic calcite; SC:
sparry calcite.

When calcite precipitates directly from aqueous solution, the path-
ways by which crystals are precipitated are more varied. Besides the
classical ion-by-ion addition, non-classical crystallization mechanisms,
such as multi-ion polymer and nano-particle attachment, could be sig-
nificant, the relative contribution of non-classical crystallization
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Fig. 8. Morphology and internal components of carbonate nodules.

pathways increases with saturation state and can, under high supersat-
uration levels, be comparable to or greater than the classical pathway
(Zhang and Wang, 2024) (Fig. 11). Trace element partitioning patterns
and stable isotope fractionation strongly influenced by crystallization
kinetics indicate the different precipitation pathways for calcite
(Gabitov et al., 2014; Webb et al., 2009; Giuffre et al., 2015; Watkins
et al., 2017; Zhang and DePaolo, 2020).

4.3. Fracture filling

The formation of fracture veins relies on the episodic opening and
closing of fractures. Current research focuses on understanding fracture
opening mechanisms, material transport, and precipitation modes under
different fracture opening scales.

4.3.1. Fracture opening mechanisms

The opening of shale fractures is influenced by tectonic stresses,
anomalous fluid pressures, and crystallization forces of diagenetic
mineral transformations (Bots et al., 2012; Philipp, 2012; Cobbold et al.,
2013). It is primarily governed by fracture mechanics, adhering to the
Mohr-Griffith-Coulomb failure criterion. Stresses in different directions
affect the formation of fractures with different morphologies, resulting
in calcite veins with a variety of morphologies.

In the context of tectonic movement, fractures can be classified into
three types: tensile fractures, tensile shear fractures, and shear fractures.

(1) Tensile Fractures: In the context of tensile rupture in rocks,
adherence to the Griffith criterion involves the formula for the
failure envelope (Means and Li, 2001; Sibson, 2004), expressed as
1% = 4To, + 4 T2. Here, 7 is shear stress, oy, is normal stress, and T
is the tensile strength of the rock. On the Mohr diagram, each
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(a) The classical view that the forward reaction occurs via mono-ion attachment only. (b) The current view reported by Zhang and Wang (2024): the forward reaction
occurs via both classical (mono-ion attachment) and non-classical (multi-ion polymer or nano-particle attachment) crystallization mechanisms.

10



C. Liang et al.

A TA

2T

G
T?=4TO,+4T’

7 \

Fig. 12. Mohr-Griffith-Coulomb failure criterion (Bons et al., 2012).

A o,

03«—l
%HH“H”H‘”h‘H\‘MHH(W“(‘WH‘JHJHI

inversion

lCU

Fig. 13. Stress inversion and typical calcite vein structures (Sun et al., 2023).
A. Stress inversion; B. Domal structures; C. Sigmoidal veins; D. Conjugate en-
echelon vein arrays.

point on the Mohr’s circle signifies the stress state of a specific
plane. The Mohr-Griffith-Coulomb failure envelope establishes
the critical stress state of a plane. The rock undergoes rupture and
forms fractures on the plane when the Mohr’s circle contacts the
failure envelope.

Typically, tensile fractures are oriented perpendicular to 63, and the
critical stress state is denoted by point B (—T, 0) on the Mohr diagram,
where the circle meets the Griffith failure envelope (Figs. 12A, B). At this
point, shear stress (1) equals 0, and 63 = —T. Tensile rupture occurs
when the differential stress (61-63) is below 4 T (Sibson, 2004).

(2) Tensile Shear Fractures: In cases where the Mohr’s circle in-
tersects the failure envelope on the left side of the vertical axis
(on < 0), the plane experiences both tensile and shear stresses,
resulting in the formation of tensile shear fractures (Figs. 12A, C).
At this juncture, the differential stress (61-03) ranges between 4
and 5.66 T. This type of fracture typically opens obliquely. The
system’s symmetry leads the Mohr’s circle to intersect the failure
envelope twice, generating a set of conjugate fractures symmet-
rically aligned on both sides of the principal stress direction with
opposite shear directions.

(3) Shear Fractures: When the Mohr’s circle intersects the failure
envelope on the right side of the vertical axis, the rock undergoes
shear rupture following the Coulomb failure criterion. The for-
mula for the failure envelope is T = C + po,, where C is the
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cohesion of the rock mass, and p is the internal friction coeffi-
cient. In this scenario, the plane experiences compressive and
shear stresses, leading to the formation of shear fractures without
tensile opening (Figs. 12A, D). The differential stress (61-03) at
this point surpasses 5.66 T (p = 0.75).

In shale, horizontal fractures parallel to the laminae are most com-
mon, and the tectonic stress is the primary mechanism for the opening of
those horizontal fractures. In most sedimentary basins, the overburden
of the sediment acts as the maximum principal effective stress (1)
which is usually vertical, whereas the least principal effective stress (¢3)
is normally horizontal (Sun et al., 2023). Therefore, it is unfavorable for
the formation of horizontal fractures under normal conditions (Cobbold
et al., 2013; Wang et al., 2018). When lateral tectonic compression oc-
curs, 01 and 63 are reversed, creating the horizontal maximum principal
effective stress and the vertical minimum principal effective stress
(Fig. 13A). At this time, the horizontal fractures open. Under the action
of tectonic force, the formation of domal structures, sigmoidal veins,
conjugate en-echelon vein arrays and other structures can also indicate
the tectonic compressio. Domal structures (Fig. 13B) result from local-
ized shortening and thickening of bed-parallel veins, indicating the
horizontal shearing (Ukar et al., 2017). Sigmoidal veins (Fig. 13C) are
formed by the breakup of uniform calcite veins, which can indicate the
existence of horizontal shearing or shear extension. The 61 is consistent
with the orientation of the sigmoidal vein, while 63 was perpendicular
to the central planar orientation of the calcite veins (Sun et al., 2023). In
conjugate en-echelon vein arrays (Fig. 13D), the calcite veins in both
arrays were parallel and arrayed at the same angles, the veins formed in
shear zone and the orientation of 61 was parallel to the acute angle
bisector of the conjugate calcite veins (Bons et al., 2012; Sun et al.,
2023).

Apart from lateral tectonic compression, fluid overpressure and shale
anisotropy are also important mechanisms that influence the opening of
fractures (Eckert et al., 2014; Ferrill et al., 2020, 2022; Washburn et al.,
2024). When fluid overpressure exceeds the weight of the overburden,
the minimum principal effective stress decreases to a tensile state, and
the rock eventually undergoes tensile damage, producing horizontal
fractures (Cobbold and Rodrigues, 2007). And the shale anisotropy will
minimize its tensile strength in the direction perpendicular to the
laminae, resulting in the formation of parallel fractures at the laminae
surface (Wang et al., 2018; Sun et al., 2023).

Tectonic forces influenced the development of fractures, while
anomalous fluid pressures and the crystallization forces promoted the
growth of calcite veinlets (Hilgers and Urai, 2005; Sun et al., 2023).
Fractures formed by minerals’ own crystallization forces and anomalous
fluid pressures are predominantly parallel to the laminae. Crystals
developed under crystallization forces typically exhibit an equant shape
(Fig. 14A). Under overpressure conditions, bladed or fibrous crystals
with a C-axis perpendicular to the fracture plane can form (Fig. 14A).
Besides single continuous veins parallel to the laminae, oblique veins
and antitaxial veins are common. Oblique veins consist mainly of fibrous
or bladed sparry calcite (Fig. 14B), with calcite grains adjacent to the
overlying rock showing evident shear deformation (Fig. 14C), linked to
co-shearing during crystal growth in the surrounding rock. Antitaxial
calcite veins typically feature a median axis composed of equant crystals
(Figs. 14D, E), with bladed sparry calcite developing on one or both sides
of the axis (Figs. 14D, E). It is suggested that bladed calcite grows with
equant calcite at the median axis as the material source, gradually filling
fractures that periodically open and close under anomalous fluid
pressures.

4.3.2. Material transport and precipitation modes under different scales
The transport mechanisms of vein-forming materials involve diffu-
sive flow and fluid flow, each dominating under distinct fracture
opening widths (Fisher and Brantley, 1992; Hilgers and Urai, 2002).
When the width is less than 10 pm, diffusive flow prevails, driven by a
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A. Fibrous, equant, and bladed crystals in calcite veins parallel to the laminae, NY1 3748 m; B. Bladed sparry calcite obliquely intersected with the vein wall, NY1
3442.3 m; C. Tilted fibrous sparry calcite due to co-shearing, FY1 3195.5 m; D. Bladed sparry calcite developed on one side of an axis constituted by equant crystals,
FY42 3160.4 m; E. Bladed sparry calcite developed on both sides of an axis constituted by equant crystals, FY42 3160.4 m.
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chemical potential gradient. Vein-forming materials, sourced mainly
from surrounding rock fluids, are carried in a confined or stagnant
medium over short distances (<cm to dm). Fibrous veins easily form
under strong overpressure as fluid migration reduces mineral solubility
with decreasing pressure (Elburg et al., 2002).

In contrast, fluid flow takes precedence when the fracture opening
width exceeds 10 pm. Here, materials can be transported over longer
distances (> m to km), with fluid moving from high to low potential
through interconnected channels. The final chemical properties of the
fluid, along with reaction intensity with surrounding rock, determine

12

mineral precipitation. Unlike strong overpressure in diffusive flow, fluid
flow doesn’t necessarily require high overpressure, resulting in mostly
bladed vein crystals (Oliver and Bons, 2001; Philipp, 2012).

The periodic processes of “fracture opening-vein precipitation from
fluid flow-vein precipitation from diffusive flow-fracture closing-frac-
ture opening under fluid overpressure” lead to crystals exhibiting
characteristics of multiple generations (Fig. 15).

Step 1: Organic-rich shale without fractures. Step 2: Fluid expansion,
resulting from clay mineral dehydration and organic matter evolution,
leads to fractures under overpressure conditions. As fluid pressure
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Fig. 16. organic-inorganic synergies of diagenetic evolution. (Modified from Tissot et al., 1974; Worden et al., 2016; Cao et al., 2022).

decreases, mineral solubility declines within the fractures. Step 3: Dis-
solved calcium is transferred into the fracture and precipitates under
solubility changes. Initially, with a fracture opening width exceeding 10
pm, materials are transported mainly by fluid flow, forming bladed or
fibrous crystals under overpressure. Step 4: Vein-forming materials
continually precipitate, and the vein-forming space gradually shrinks.
When the remaining space width falls below 10 pm, the transport
mechanism shifts from fluid flow to diffusive flow. Step 5: The fracture is
completely filled, completing the initial “opening-closing” cycle. Pres-
sure accumulates to reopen the fracture, and Step 3 repeats, forming the
second-phase calcite precipitated from fluid flow. Step 6: Step 4 repeats,
forming the second-phase calcite precipitated from diffusive flow.

5. Relationship with hydrocarbon migration and accumulation
5.1. Organic-inorganic synergies in diagenetic evolution

In early diagenetic stage (Ro < 0.5 %), the pore volume and water
content of sediments are drastically reduced by mechanical compaction.
The water that is not discharged in time bears the overlying pressure and
forms the undercompaction equilibrium overpressure (Bjgrlykke, 1993).
The fluids are weakly acidic influenced mainly by fresh water in stage A
(Ro < 0.3 %), while in stage B (Ro: 0.3 %-0.5 %), the fluids properties
turn to weakly basic under the effect of bacterial biochemistry, where
the calcite prefer to precipitate (Fig. 16). Entering the middle diagenetic
stage (Ro: 0.5 %-2.0 %), stratigraphic temperatures generally exceed
80 °C, clay minerals undergo structural transformation, ion exchange
and dehydration (Dessouki et al., 2021). The released cations enter the
diagenetic fluids for migration or form microcrystalline calcite and

Calcite structure and porosity evolution
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Fig. 17. Variations in calcite structure and porosity (pictures of micrite calcite are after Lambert et al., 2006).
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microcrystalline quartz around clay minerals (Worden et al., 2016). The
hydrocarbons generated in the middle diagenetic stage are mainly oil
and primary cracking gas, meanwhile, the organic acids make fluids
weakly acidic and dissolve feldspar, calcite, etc. (Tissot et al., 1974;
Seewald, 2003; Macquaker et al., 2014). Dehydration of clay minerals
and hydrocarbon generation may cause different-level overpressure of
the shale strata, resulting in the formation of recrystallized calcite in two
forms (Fig. 16): (1) equant crystals (Weak/Moderate overpressure: fluid
pressure < crystallization force); (2) fibrous crystals (Moderate/Strong
overpressure: fluid pressure > crystallization force) (Bethke, 1986;
Bohacs et al., 2013; Li et al., 2020). Under the influence of calcite
recrystallization, the nanopores are converted to micropores with a
significant increase in pore size, the porosity increases by approximately
5 %-11 % (Loucks et al., 2009; Mastalerz et al., 2013; Chen et al., 2022;
Yu et al., 2022). Calcite recrystallization under acidic fluid conditions
benefits from dissolution inhibition in deep environments. It has been
proved that the dissolution-precipitation of calcite is a reversible dy-
namic equilibrium process driven by organic-inorganic interactions, and
its dissolution is inhibited with deepening of burial (Helgeson et al.,
1993; Yuan et al., 2015). In shallow open system, the dissolution rate of
calcite is much higher than that of feldspar, while in deep closed system,
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the calcite equilibrium constant (K) is 3-5 orders of magnitude lower
than that of feldspar, and this phenomenon is further exacerbated with
deepening of burial and increasing temperature (Cao et al., 2022). In the
late diagenetic stage (Ro >2.0 %), the hydrocarbons generated are
mainly secondary cracked gases. The transition of hydrocarbons from
the liquid phase to the gas phase may trigger new overpressure
phenomena.

5.2. Formation of reservoir space

Intergranular pores, intragranular pores, organic-matter pores, and
fractures developed during shale diagenesis collectively constitute shale
hydrocarbon reservoirs (Loucks et al., 2012; Milliken et al., 2012).
Throughout calcite burial diagenesis, crystal size and morphology vary
significantly, leading to the development of diverse pore structures at
different crystal evolution stages, creating reservoir space for
hydrocarbons.

In the micritic calcite stage, rhombic micritic calcite, compacted
only, and dense anhedral micritic calcite, cemented under the catalysis
of clay mineral aluminosilicate, exhibit the lowest porosity. Rounded
micritic crystals formed through organic acid dissolution have a grain
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size of approximately 0.9 pm, 30 % smaller than rhombic micritic
crystals and dense anhedral micritic crystals, resulting in an 8 %-13 %
increase in porosity (Spotl et al., 1999; Lambert et al., 2006) (Fig. 17). As
recrystallization progresses, micritic calcite transforms into sparry
calcite. Recrystallized equant sparry calcite forms along the abrupt
interface between the micritic calcite lamina and organic-rich lamina,
extending into the micritic calcite lamina.

Liang et al. (2018) reported the significant contribution of these
evolution processes to reservoir space development. They demonstrated
that intergranular pores generated by recrystallization during the
transformation serve as the main space for hydrocarbon storage.
Recrystallized calcite, with a grain size of 20-100 pm and pores up to 50
pm in diameter, plays a crucial role in creating reservoir space.

5.3. Hydrocarbon accumulation and fluid tracing

Authigenic calcite, formed through the co-evolution of multiple
components during shale burial diagenesis, serves as a detailed record of
diagenetic fluid migration and accumulation (Pironon and Bourdet,
2008; Zeng et al., 2020; Zhang and DePaolo, 2020).

Jochum et al. (1995) conducted an analysis of fluid inclusions within
calcite veins in horizontally fractured argillaceous rocks. They
concluded that the formation of horizontal fractures is directly linked to
the exceptionally high pressure generated by the initial hydrocarbon
explosion from the source rock. Rodrigues et al. (2009) reported that
bedding-parallel fibrous calcite veins form during the late stages of shale
diagenesis through carbon and oxygen isotope analysis. Overpressure
conditions were confirmed during the during the hydrocarbon migration
process and identified as contributing to the creation of horizontal
fracture. Wang et al. (2018) proposed that laminar fibrous-grained
calcite veins with abundant primary hydrocarbon-bearing fluid in-
clusions provide direct evidence of vein expansion coinciding with the
migration of hydrocarbon-bearing fluids. Additionally,
hydrocarbon-bearing fluids are observed throughout all stages of
bedding-parallel vein formation. In-situ U—Pb dating of calcite offers
precise chronological constraints on hydrocarbon charging and tectonic
activities within an absolute time frame (Rochelle-Bates et al., 2021;
Cong et al., 2022).

With the shales of the Wufeng and Longmaxi Formations (WLF) in
southern Sichuan Basin as a case study, we have synthesized information
on burial history, changes in tectonic strength, calcite U—Pb dating
data, and patterns of fluid pressure variation from previous studies. The
goal was to investigate the contributions of tectonic stress, fluid over-
pressure, and crystallization forces to fracture opening during the for-
mation of calcite veins (Fig. 18).

The analysis indicates that calcite veins in the WLF shales primarily
formed during the Hercynian compressional uplift period, the Indochina
and Yanshan subsidence periods, and the Himalayan compressional
uplift period. Tectonic activities were notably intense during the Indo-
china, Yanshan, and Himalayan periods, with calcite veins predomi-
nantly filling low-angle/high-angle fractures, often containing shale
fragments. The oil-generation window initiated during the Indochina
period, with calcite already containing hydrocarbon inclusions. How-
ever, the pressurization effect of hydrocarbon generation was relatively
weak, and the strata experienced normal geostatic pressure, with a
pressure coefficient ranging from about 1.0 to 1.2. Tectonic stresses
predominantly controlled fracture opening, resulting in equant-shaped
calcite crystals under crystallization forces.

During the Yanshan and Himalayan periods, a substantial amount of
organic matter transformed into oil and gas, leading to considerable
strata pressurization (pressure coefficient approximately 1.2 to 1.8). In
addition to tectonic fractures, the precipitation of calcite veins was
influenced by fluid overpressure. This led to the formation of bladed or
fibrous crystals perpendicular or obliquely intersected with the vein
wall. The angle and direction of the oblique intersection were deter-
mined by fracture-forming stresses.
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6. Research outlook

The formation of authigenic calcite in shales encompasses various
stages of burial diagenesis, from shallow burial to thermal decarboxyl-
ation, and is significantly influenced by regional tectonic activities. This
calcite bears superimposed records of multi-stage reactions and alter-
ations, providing detailed information on the migration and accumula-
tion of diagenetic fluids. Additionally, it preserves characteristics
reflecting multiple sources and distinct evolution stages, resulting in
notable isotope fractionation features.

Calcite formed during early diagenesis stage undergoes late-stage
diagenetic alteration, and its carbon isotope features represent cumu-
lative results of various processes. This complexity makes retracing the
formation process of authigenic calcite challenging. The use of physical
and numerical simulations based on burial conditions is essential for
analyzing the genesis of authigenic calcite and reconstructing its for-
mation history.

Authigenic calcite in shale strata serves as a valuable tracer for
sedimentary basin evolution, fluid evolution, and burial history due to
its widespread development and multi-stage formation process. Deter-
mining the formation history can be achieved through in-situ micro-area
isotope testing and analyzing fluid inclusions for temperature, pressure,
and composition. Although recent advancements in accurate chrono-
logical age determination have been made through calcite U—Pb dating,
concerns remain regarding the detection accuracy, specifically related to
the low U and Pb content. Continued research in these areas promises
further insights into the complex processes governing authigenic calcite
formation in shale environments.
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