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Abstract

Abstract

Diagenesis research is an important basis for hydrocarbon reservoir characterization and
exploration in sedimentary rocks. The diagenetic products-based classical geological methods
have shortcomings in quantitative characterization of the evolution of diagenetic geo-bodies
and physical properties (porosity-permeability) of reservoirs at multiple spatial-temporal scales,
which limits the prediction of precise diagenetic trends. Reactive transport modeling (RTM) is
an emerging approach for diagenesis research, with the unique capability of quantification and
forward modeling of the coupled thermo-hydro-chemical diagenetic processes. Using
TOUGHREACT simulator, this thesis investigates the two most important fluid-rock
interactions in carbonate rocks, i.e., dolomitization and karstification, based on generic model

analyses and a case study in the Ordos Basin, China.

The reflux dolomitization (mineral replacement reaction of calcite by dolomite) in evaporated
seawater environment is modeled as a kinetic process. Increased dolomite, decreased calcite
and dynamic gypsum evolution (precipitation followed by dissolution) are observed during
simulation. The gypsum precipitation, which occurs in the dolomitization front zone, is likely
related to the combination of released Ca* during dolomitization (2 mole CaCO; replaced by
1 mole MgCa(COs)2) and SO4* in the solution. Collectively controlled by pore-increment via
dolomitization and pore-infill by gypsum cementation, the rock porosity-permeability trend
displays a dynamic variation of slight decrease followed by substantial increase. Sensitivity
analyses suggest that higher brine salinity, temperature, reactive surface area and brine
injection rate accelerate the reaction rate, while the degree of dolomitization can only be
enhanced under conditions of higher brine salinity and temperature, as well as fine-grained
rock fabric such as in micrite. The eogenetic karst process is modeled in a one-dimensional
vadose meteoric water-rock system. There is a downward decreasing trend in carbonate
dissolution and rock porosity due to the decrease in calcite solubility and enrichment of CaZ*
and HCOj3™ in the deeper part. The duration of subaerial exposure and rainfall recharge
significantly determine the karst-affected depth and porosity increment. The atmospheric

carbon dioxide concentration has a minor impact on the extent of karst, but it facilitates the
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Abstract

dissolution rate under high pCOx conditions. The influence of atmospheric pCO; variation over
geological time on the porosity increment has also been reconstructed. The differences in
dissolution rates and extent of karst between limestone and dolostone can be interpreted as the
result of different rate-determining reaction mechanisms, i.e., thermodynamically controlled

calcite and kinetically controlled dolomite.

Integrated geological and RTM study shows that the Ordovician Majiagou Formation reservoir
in the Ordos Basin displays a typical characteristic of early diagenesis-control where the major
reservoir porosities were formed during the syngenetic to early diagenetic stage. The reflux
dolomitization occurred mainly in the restricted-evaporative environment, giving rise to a
maximum 7.3% porosity increment of lagoon-facies micrite. Cyclic depositional sequences
and lithofacies, and intercalated gypsum layers resulted in different brine fluxes and rock
reactivities, and eventually multistage reflux dolomitization events that are featured by varying
degrees of dolomitization and heterogeneous distribution of dolomite zones. The eogenetic
karst developed mainly in the shoal-facies grainstone due to its relatively high paleo-
topographic position and high-frequency sea level fluctuations. The dissolution lens and high-
porosity zone concentrate at the core part of shoals. The duration of subaerial exposure and
meteoric water leaching ranges between 30110 ka, leading to porosity increments of 1.5-6.7%
(average 3.1%) in shoal-facies grainstone. Further exploration of the Majiagou Formation
reservoir should particularly focus on sedimentary environment and paleo-geomorphology that

have significantly affected the occurrence and distribution of dolomitization and karstification.

In summary, this study makes an attempt to quantitatively characterize the diagenetic fluid-
rock interactions and to reconstruct the diagenesis-porosity evolution of carbonate reservoirs
through an emerging RTM approach. Some controversies in carbonate diagenesis research,
which cannot be well explained by classical geological methods, have also been discussed. The
results are helpful to better understand the spatial-temporal distribution and co-evolution of
diagenesis-mineral-porosity during the complicated diagenetic processes with their potential

controlling factors, and to reduce the uncertainty of reservoir quality prediction.
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1.1 Motivations and objectives

Carbonate rocks are important hydrocarbon reservoir rocks and have attracted great attention
of petroleum geologists since the rise of petroleum industry. It is estimated that around 50-60%
of the world's conventional oil and gas resources are reservoired in carbonate rocks (Burchette,
2012). In comparison with clastic rocks, carbonate rocks are more sensitive to diagenesis
because the formation and preservation of most secondary pores in carbonate rocks are directed
controlled by diagenetic fluid-rock interactions. In the past few decades, the study of diagenesis
has been an important basic work for carbonate reservoir characterization and exploration, with
the fundamental goal of precisely predicting the influence of diagenesis on reservoir quality
and heterogeneity at multiple spatial-temporal scales. With the development of oil and gas
exploration, the accuracy of reservoir heterogeneity characterization is increasingly required,
and the classical description and conceptual diagenetic models based on observational results
can no longer meet the requirements of precise prediction of high-quality reservoirs. As such,
quantifying diagenesis with relevant fluid-rock interaction processes has become a rising field

of research and is attracting an increasing attention.

The study of diagenesis has a long history with various methods. The current approaches for
carbonate diagenesis study (e.g., petrographic observation, mineralogical and geochemical
analyses of drilling core samples) are mostly diagenetic products-based. Although these
methods help to trace the origins and chemical properties of diagenetic fluids and reveal the
diagenetic environment through qualitative description and elemental-isotopic signals of rock
samples, they cannot provide quantitative constraints of the diagenesis-mineral-porosity co-
evolution. Meanwhile, these methods are more or less limited in terms of spatial-temporal
resolution (Xiao et al., 2018), which introduces great uncertainties to reservoir quality
prediction, especially in areas that are poorly explored or away from well control. Besides,
there remains some controversies regarding carbonate diagenesis that cannot be well explained

by the current classical research approaches.
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Numerical simulation (represented by reactive transport modeling; RTM) of diagenetic fluids-
rock interactions is an emerging method for diagenesis study. Preliminary studies in the past
two decades have shown that this approach is effective to quantitatively/semi-quantitatively
evaluate the diagenetic processes and their impacts on reservoir properties, and hosts broad
development and application prospects because of its economic efficiency and flexible spatial-
temporal resolution (Xu et al., 2004; Xiao et al., 2018). At present, the RTM approach has been
applied in both natural diagenesis (including carbonate and clastic rocks) at geological scale
and artificial diagenesis at production scale (e.g., Whitaker and Xiao, 2010; Gabellone et al.,
2016; Zhang et al., 2019; Hamon et al., 2021). Nevertheless, these findings will never be the
final conclusions for RTM study of diagenesis, as there is always a contradiction between the
complexity of real geological diagenetic events and the simplification of setting models. Thus,
ever since the RTM method was applied in diagenesis study, a constant objective has been
setting up geological and numerical models and parameters more closely to the diverse real

geological environments.

To enrich the fluid-rock interactions theory associated with carbonate diagenesis and to reduce
uncertainty of reservoir quality prediction, this thesis provides forward modeling of the two
important diagenetic processes (i.e., dolomitization and karstification) using RTM approach,
focusing on the spatial-temporal evolution of minerals and porosity, diagenetic trend and their
potential controlling factors. The results are used and try to explain some of the controversies
in current diagenesis study. RTM simulation of diagenesis has also been employed in a case
study (the Ordovician Majiagou Formation, Ordos Basin, China), which helps to reconstruct
the diagenesis-porosity evolution of carbonate rocks in a more accurate way than previous

studies, and also provides new clues for further prediction of high-quality reservoirs.
1.2 State of the art and scientific challenges
1.2.1 Overview of carbonate diagenesis

(1) Definition and classification

The formation of sedimentary rocks goes through two main stages. The first stage includes

2
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weathering, transport, deposition, and other geological processes that predate burial of
sediments, which is broadly defined as sedimentation and involves a variety of physical,
chemical, and biological processes. The second stage involves various post-sedimentation (i.e.,
during burial) geological processes, known as diagenesis and metamorphism. Therefore, the
carbonate diagenesis refers to any physical, chemical and biological process that alters
carbonate rocks after sedimentation (until metamorphic conditions are reached) (Nader, 2017).
In terms of the duration and process, the sedimentation stage is characterized by short time and
rapid progress, while the diagenesis experienced prolonged time and slow progress. No matter
what the sedimentary rocks look like today, they are the result of a long period of diagenetic
alteration. In general, the study of diagenesis of sedimentary rocks includes the multiple
diagenetic process and their controlling factors, involving various issues such as lithification
of initial loose sediments, element redistribution and mineralization, and rock porosity
evolution. Particularly, for carbonate rocks, when the ambient conditions of the rocks and
intrinsic fluids change, or upon migration of extrinsic fluids into a rock-mass, processes such
as dissolution, precipitation, and mineralogical and porosity-permeability changes may occur.
These issues are directly related to the spatial-temporal distribution and evolution of mineral
and hydrocarbon resources in sedimentary rocks, and the basic theory of the formation process
of sedimentary rocks. Therefore, investigation of carbonate diagenesis has become a

fundamental task for the exploration and development of hydrocarbon carbonate reservoirs.

The classification of diagenesis of sedimentary rocks can be varied. According to the type of
driving force, diagenesis can be divided into physical-dominant processes (e.g., compaction),
chemical-dominant processes (e.g., mineral precipitation, dissolution and replacement) and
biological-dominant processes (e.g., bacterial sulfate reduction and biomineralization) (Huang,
2010). In terms of the influence on hydrocarbon reservoirs, diagenesis can be constructive
(reservoir spaces increase), destructive (reservoir spaces decrease) or retentive (reservoir
spaces adjustment and preserve) (Zhang et al., 2014). According to the different lithofacies of
sedimentary rocks, diagenesis can also be divided into carbonate diagenesis, sandstone
diagenesis, mudstone (shale) diagenesis, etc. (Bjorlykke and Jahren, 2012). In addition to the

above classification schemes, considering the sensitivity of carbonate to the variations in
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ambient environmental conditions and pore fluid properties, the most common classifications
of carbonate diagenesis are based on diagenetic environment (realm) and diagenetic stage

(relative time).

(2) Diagenetic environments (realms)

The concept of “diagenetic environment” is used to characterize the environmental conditions
and pore fluid properties under which the diagenesis occurs, which is also frequently named
“diagenetic realms” (Fig. 1.1). Due to the coverage of new sediments, diagenetic environment
is distinct from the sedimentary environment, including physical properties (e.g., temperature,
pressure and flow pattern of pore water), chemical properties (e.g., water composition, pH and
Eh values) and biochemical properties. The diagenetic environment changes continuously as
the sediments are buried or briefly exposed and then burial, or tectonically uplifted to the
surface after burial. As such, the physicochemical conditions controlling the diagenetic process

are also changing, and the most important controlling factor is the properties of pore water.
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Carbonate sediments can be involved in several types of pore fluid condition including marine
seawater, meteoric freshwater and burial fluid. Each pore fluid type could result in specific
fluid-rock interactions that can be identified by unique mineral assemblages, rock fabrics and
geochemical indicators. Meanwhile, each digenetic realm, which is inherently associated with
the prevailing type of fluid, constitutes a unique diagenetic environment. According to the
properties (origins) of the pore fluid and whether it fills with the pore spaces, five types of
diagenetic environment of carbonate rocks can be classified: seawater environment, meteoric
water environment, seawater-meteoric water (mixing water) environment, burial environment

and telogenetic environment (Fig. 1.1).

Seawater diagenetic environment is also called submarine diagenetic environment. Generally,
the supratidal zone is in the sub-environment of vadose seawater and the intertidal-subtidal
zone is in the sub-environment of phreatic seawater. Seawater diagenesis occurs in an early
syngenetic stage just after the sediments deposition, and is characterized by pervasive
cementation (e.g., isopachous fibrous aragonite/calcite cementation), mineral replacement (e.g.,
evaporative pumping- and shallow seepage reflux-related dolomitization) and biological

effects (e.g., bioturbation and microbial-related micrite envelope).

Meteoric diagenetic environment is associated with the intermittent short-term exposure
(generally less than 1 Ma) of carbonate sediments during the periods of relative sea level fall.
Bounded by water-table (phreatic surface), the meteoric diagenetic environment consists of a
vadose zone in the upper part and a phreatic zone in the lower part. According to the saturation
state of CaCOs3 in the pore water, the vadose sub-environment can be further divided into a
dissolution zone that is featured by fabric-selective dissolution and karstification caused by
undersaturated meteoric water, and a precipitation zone that is featured by minor meniscus,
pendent and spelean cementation. The phreatic sub-environment comprises three distinct zones:
an upper dissolution zone where the (high pCO-containing) pore water is still unsaturated with
regard to carbonate and moldic and vuggy porosities are well developed; a mid-precipitation
zone where the pores are filled with CaCOs-saturated water and active water circulation

promotes rapid cementation (e.g., equant calcite cement) and porosity destruction; a lower

5

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



1 Introduction

stagnant zone where the equilibrium between pore water and CaCOs has been established and

cementation is weakly developed due to the absence of water circulation and replenishment.

Mixing water diagenetic environment is the mixing zone between the seawater phreatic sub-
environment and the meteoric phreatic sub-environment. In humid climate, the carbonate shelf
and carbonate platform could have a wide mixing zone. The best known diagenesis in mixing
water environment is mixed-water dolomitization. However, in the past two decades, the
mixed-water dolomitization model has been intensively questioned in terms of
thermodynamics, and researchers have gradually realized that the mixed-water model cannot
explain the genesis of thick-bedded and massive dolostone in geological formations. It should
be also noted that the seawater, meteoric water and mixing water environments are all at
surface/near-surface settings, within which the diagenesis occurs without coverage of now
sediments and has a relatively small influencing depth. As such, these three diagenetic

environments are collectively called the near-surface diagenetic environment.

Following the accretion of overlying sediments, the initial carbonate sediments are subjected
to burial diagenetic environment when they are at depths beyond the reach of near-surface
diagenetic processes. Generally, burial diagenetic environment can be further divided into
shallow-medium-deep burial sub-environments. Burial diagenesis is typically represented by
the pervasive compaction and pressure solution. In addition, in some areas with special basin
thermal evolution history and tectonic events, diverse diagenetic processes, such as mineral
dissolution (e.g., organic acids-related burial dissolution), cementation (e.g., fractures/fault
controlled calcite, dolomite and gypsum/anhydrite precipitation) and replacement (e.g., basinal
brines- and hydrothermal-driven dolomitization) might also occur. These burial diagenesis can
be distinguished from near-surface diagenesis by particular petrological features and

geochemical indicators.

Finally, telogenetic environment refers to the re-exposure of carbonate rocks to near-surface
diagenetic environment (mostly meteoric water environment) due to regional tectonic uplift
after medium-deep burial and mineral stabilization. Under the action of CO;-containing surface

water or groundwater, carbonate rocks are easily subjected to weathering, dissociation,
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transport and redeposition, forming various karst landforms, cave systems and porous rocks.

(3) Diagenetic stages

Diagenetic stage is generally used to describe the evolution of different diagenetic processes
(diagenetic sequences) and the temporal characteristics of diagenetic alteration. Since the
temporal factor in the geological history is a relative one, there are many schemes for the
division of diagenetic stages proposed by different researchers, with different terms and
emphasis, and the classification standards have not been unified yet.

Typically, the diagenetic stages of carbonate rocks can be simply classified into eogenesis,
mesogenesis and telogenesis, which imply information of both the temporal characteristics and
environmental conditions of the diagenetic processes. To be specific, eogenesis refers to the
diagenetic processes that occur just after sediments deposition and before burial, involving
marine, meteoric water and mixing water diagenetic environments. Alternatively, eogenesis is
frequently described as early diagenesis. Mesogenesis is commonly used to describe the
various diagenetic processes that occur under long-term burial conditions. Finally, telogenesis
refers to the diagenetic processes that occur under surface/near-surface conditions when the
carbonate rocks are tectonically uplifted after burial and (once again) subject to meteoric

diagenetic environment.

1.2.2 Classical diagenesis characterization approaches

The purpose of classical diagenesis characterization for carbonate reservoirs is to describe and
explain specific diagenetic processes in a relative time frame by integrating a variety of
analytical techniques. In general, the following results should be obtained by diagenesis
characterization: 1) identifying and defining the various diagenetic facies (processes) based on
the features and distributions of diagenetic products; 2) organizing the various diagenetic
processes in chronological order and trying to reconstruct a complete diagenetic sequence; 3)
inferring about the origins and chemical properties of multi-types of fluid that are responsible
for the diagenetic processes; 4) clarifying the physico-chemical conditions and their evolution
at different diagenetic stages. Ultimately, based on the above results, a conceptual geological

model can be established to explain the environmental conditions of various fluid-rock
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interactions and the co-evolution of diagenesis and reservoir properties. Several classical
approaches are commonly used for carbonate diagenesis characterization, and are briefly

presented below.

(1) Petrography and mineralogy

Petrographic observation is a basic work for diagenesis study and can be carried out at different
scales such as outcrops, drilled cores and microscopic thin sections. Descriptions based on
petrographic observation are mostly qualitative and are made on rock textures, features and
distribution of the various diagenetic products (e.g., dissociated carbonate fragments, cements
and replacive minerals), and the types and amount of pores and fractures (often combined with
porosity-permeability measurement). Particularly, the different diagenetic facies (processes)
should be placed in chronological order based on cross-cutting relationship of the diagenetic
products. As such, a preliminary diagenetic sequence is established, waiting to be further
verified by mineralogical and geochemical analyses. For microscopic petrology, in addition to
the common light microscope, several strengthening methods, such as scanning electron
microscope (SEM), cathode-luminescence and fluorescence microscopes, are also occasionally
used, which help to obtain a higher magnification (10-100,000 times) and to better identify the
diagenetic sequence (i.e., multi-stage cementation) and the hydrocarbon-bearing character of

reservoir rocks, respectively.

Mineralogical analysis is usually done by means of X-ray diffraction and electron probe
microanalysis (EPMA) techniques. In general, mineralogical analysis in diagenesis study aims
to: 1) identify some unknown and clay minerals that are difficulty to recognize from thin
section observations; 2) determine the absolute content (or mineral-distribution map) of
diagenetic minerals (e.g., replacement dolomite, calcite and gypsum/anhydrite cements); 3)
assess dolomite stoichiometry and crystal ordering that are potentially related to the degree of
dolomitization. Compared with petrographic observation, mineralogical analysis provides
more lithology- and diagenesis-dependent quantitative data to assess the relative strength of
diagenetic alteration and the distribution of diagenetic products at micro-scales (core samples

and thin section).
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(2) Geochemistry and fluid inclusions

Diagenetic products-based geochemical and fluid inclusions analyses are effective and have
been widely applied to determine the diagenetic environments, trace the origins and chemical
properties of diagenetic fluids, and date the diagenetic processes. The methods for geochemical
analysis of carbonate samples (powdered bulk samples or in-suit microsamples) are various,
mainly including carbon and oxygen stable isotopes, strontium isotope, major and trace

elements (including rare earth elements; REE), U-Pb isotopic dating and clumped isotopes.

Isotopic analyses of powdered carbonate samples are usually carried out on a specialized
isotope ratio mass spectrometer (e.g., Thermo Scientific 253 Plus MS and Finnigan Triton Plus
thermal ionization MS). To be specific, carbon and oxygen isotopes are often used to determine
the origin of diagenetic fluids (e.g., normal or modified seawater) and mineral precipitation
temperature because they are sensitive to fluid properties and temperature. Other factors
involved in diagenetic processes, such as the influence of organic carbon and meteoric water,
can also be assessed by comparing isotopic values of different samples (Yang et al., 2001;
Xiong et al., 2019). Strontium isotope is often used to roughly estimate the age of some specific
diagenetic facies (e.g., replacement dolomite), by comparing the measured isotopic values with
the evolution curve of marine Sr isotopic values (Nader, 2017). Diagenetic fluids with different
sources also show different isotopic features. For instance, crust-sourced (affected by meteoric
water or radiogenic silicate minerals) fluids have relatively higher Sr isotopic values, while the

mantle-sourced fluids yield relatively lower Sr isotopic values (Huang, 2010).

Major and trace (including REE) elements analyses are carried out using an Inductively
Coupled Plasma Mass Spectrometery (ICP-MS; for whole-rock bulk samples) which can be
also coupled to a Laser Ablation device (LA-ICP-MS; for in-situ analysis). In the last decade,
major and trace elements, especially the rare earth elements, have been widely applied to trace
geochemical properties of fluids (such as seawater and pore water) preserved during carbonate
deposition and diagenesis (Tostevin et al., 2016; Li et al., 2019). In addition, other diagenetic
processes such as meteoric water leaching, terrigenous (detrital) contamination and deep-

sourced hydrothermal alteration can be also identified based on special REE distribution
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patterns (Hood et al., 2018; Gong et al., 2021). This is mainly due to that the rare earth elements
have similar electron configurations and geochemical properties, and are likely subjected to
distinct REE fractionation under different diagenetic environments. Thus, rare earth elements
of diagenetic mineral could delicately record the variation of ambient environmental conditions

during diagenesis, by forming specific REE distribution patterns.

U-Pb isotopic dating is a mature and commonly used technique in geochronology research. It
has been widely used in minerals with high U content, such as zircon, monazite, apatite and
garnet. In contrast, the development and application of U-Pb isotope dating technique in
diagenetic carbonate minerals lag behind relatively and are limited because of the extremely
low U content in carbonate rocks. Nevertheless, Shen et al. (2019) developed a laser ablation
in situ U-Pb dating method that is suitable for ancient marine carbonate rocks and effectively
applied it in the study of diagenetic sequence and pore evolution. This method holds a great
potential for determining the accurate formation time (absolute age) of multi-stage carbonate
cements, which helps us better understand the diagenetic sequence and reconstruct porosity
evolution history, especially in deep-burial carbonate reservoirs that have experienced complex

diagenetic alteration by multiple fluids in multi-cycle superimposed basins.

Clumped oxygen isotopic analysis is an emerging method developed in recent years for
carbonate diagenesis research and is regard as a new paleo-thermometer. As mentioned above,
although oxygen stable isotopic signal could reflect fluid properties and temperature, the results
are hindered by two variables (i.e., original/diagenetic fluids chemistry and precipitation
temperature) and thus are highly uncertain (Nader, 2017). In contrast, clumped oxygen isotopic
analysis is based on the principle of temperature-dependent formation of an isotoplogue of CO2
with a mass of 47 within the carbonate minerals (1*C'30'°0,> ionic groups). Thus, the clumped
oxygen isotope value (A47) is independent of the fluid 3'®0 composition and only reflects
temperature (Ghosh et al., 2007). Recently, the clumped isotope paleo-thermometry has been
applied to constrain precipitation temperature and to calibrate fluid models with related to

dolomite formation (Murray and Swart, 2017; Li et al., 2020).

Analysis of fluid inclusions trapped in diagenetic minerals (e.g., cements) is one of the few
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methods that can directly obtain information about the thermal and fluid composition of
sedimentary basins in the diagenetic history. Investigation of fluid inclusions comprises
microthermometry and composition analysis. Specifically, microthermometric analysis is
performed on double-polished sections using a Cooling-Heating Stage (e.g., Linkam THMSG
600), and two temperature date, i.e., the homogenization temperature (Th) and the final melting
temperature of ice (Tm) are recorded for each valid liquid-vapor inclusions. The Ty value
represents the lowest temperature of formation of the mineral that host the primary fluid
inclusions, and the Tr, values can be used to estimate the salinity of the fluid itself. Moreover,
the Th values are also frequently employed together with §'80 isotopic data to determine the
source and 5'*0 composition of the diagenetic fluid that is responsible for the mineral
precipitation (Huang, 2010; Jiang et al., 2016). Composition analysis of fluid inclusions can be
achieved by laser Raman spectroscopy analysis or crush-leach Analyses using ICP-MS (see
above). Determination of fluid inclusions composition is important for subsequent numerical
modeling of diagenesis because the chemical composition and ion concentrations obtained
from fluid inclusions can be directly used to deploy the chemical properties of fluid (initial

water or boundary water) in a particular hydrogeochemical system.

(3) Laboratory experiments

Laboratory experiment is an effective method to quantitatively investigate water-rock reaction
process and its products under specific environmental conditions. For decades, through
artificially simulating the different diagenetic conditions (e.g., temperature, pressure and fluid
properties), laboratory experiments of water-rock interactions have been widely employed in
the study of carbonate diagenesis mainly including dolomitization (dolomite precipitation),
dissolution (karstification) and cementation. It is worth noting that due to the differences in
systematic errors of laboratories and selection of controlling parameters and the complexity of

rock samples, the results of different researchers differ greatly and some are even contradictory.

One of the most famous and important diagenesis experiments is the dolomite precipitation
experiment (began from 1968) conducted by Land L.S. who attempted to directly precipitate

dolomite at low temperature conditions (25°C) from dilute solution that is thermodynamically
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supersaturated with respect to dolomite. However, after 32 years of laboratory experiment, no
dolomite precipitation was observed, even though the solution is 1000-fold oversaturation with
respect to dolomite (Land, 1998). The result suggests that the formation on dolostone in
geological records was likely controlled by kinetics rather than thermodynamics, which also
explain why primary dolomite rarely precipitates in modern seawater environments despite the
seawater is thermodynamically supersaturated with respect to dolomite. Nevertheless, with the
participation of microorganisms (represented by sulfate-reducing bacteria), Vasconcelos et al.
(1995) successfully precipitated dolomite that shows the similar characteristics of natural
dolomite in modern high-salinity lagoons environment. This experiment has given rise to a
new mechanism of dolomitization with related to microbial mediation, namely the microbial

dolomite model.

Laboratory experiment of carbonate dissolution provides a forward approach to understand the
formation process of paleokarst reservoirs. Typically, Liu et al. (2005) carried out a dissolution
experiment to explore the rate-determining mechanisms of limestone and dolostone, and
emphasized the importance of the conversion rate of carbon dioxide to bicarbonate in solution
for carbonate dissolution. The dolostone is also found to have much lower dissolution rate than
that of limestone due to its more complicated surface reaction controlling mechanism. Fan et
al. (2007) investigated the dissolution capacity of CO»-containing aqueous solutions at
different temperatures, and the results show a dynamic variation in carbonate dissolution that
increases first and then decrease with gradually increasing temperature from 25°C to 200°C,
and the dissolution capacity was the strongest at the temperature range of 60-90°C. She et al.
(2016) explored the pore evolution in the process of carbonate dissolution, and suggested that
the formation of dissolved pore-vugs was collectively controlled by rock textures and
diagenetic environments. To be specific, under the same conditions, porous-type reservoir is
likely to yield higher amount of dissolution than fracture-type reservoir, and their newly added
reservoir spaces are homogeneous intergranular/intercrystalline pores in rock matrix and
lumped dissolution vugs/fractures in local areas, respectively. This is due to the different fluid-
mineral reactive surface areas determined by initial pore structures and the different fluid flow

paths (i.e., diffuse intergranular flow in matrix pores and preferential/conduit flow in fractures).
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Meanwhile, the meteoric and telogenetic diagenetic environments (with stable and sufficient
supply of CO»-containing solutions) are supposed to be more favorable for the development of

large-scale paleokarst reservoirs than burial diagenetic environment.

Cementation with its thermodynamic/kinetic controls in carbonate rocks has been extensively
studied, and the chemical properties and evolution of diagenetic fluids are considered to be the
major factors that control the type of cement and the cementation/dissolution balance
(Whitaker and Smart, 2007; Xiao et al., 2018). Stack et al. (2014) carried out a mineral
precipitation experiment in artificial porous media under laboratory conditions, and found that
the relatively large pores (micron-sized) are preferentially filled with calcite that precipitate
from CaCOs-supersaturated pore fluids compared to the relatively small pores (nano-sized).
The results confirm the effect of pore-size controlled solubility (Lasaga, 1998), and also
indicate that the cementation is controlled not only by the diagenetic fluids, but also the
heterogeneity of initial reservoir pore structures that may result in differences in the degree of
cementation and effectiveness of pore preservation (Ehrenberg and Walderhaug, 2015; Varzina
etal., 2020). Subsurface fluid-mineral reaction controlled by pore structure and size is currently
an ongoing research because this phenomenon hold important application value in other field
besides hydrocarbon reservoir quality evaluation, such as geothermal exploitation (anhydrite
cementation and occluding flow pathway; Borgia et al., 2012) and carbon dioxide geological

sequestration (self-sealing effect; Wang et al., 2021).

According to the above case examples, laboratory experiments provide a quantitative approach
to constrain the process of diagenetic fluid-rock interactions (e.g., reaction rate and priority)
with their diagenetic products (e.g., mineral content, distribution and pore changes). However,
the greatest and inherent challenge of laboratory experiments is the spatial-temporal restriction
of experimental subject and observation of the result. As such, the current laboratory
experiments are mostly limited to theoretical and mechanism analyses of a certain fluid-rock
interaction based on short-term (at most several decades) observation at the core or thin section
scale, and cannot truly replicate the diagenetic process with its spatial-temporal evolution in

the prolonged geological history. Therefore, up-scaling these quantitative date obtained from
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laboratory experiments for reservoir-scale diagenesis characterization remains a persistent

challenge.

In summary, the various diagenesis characterization approaches have their own specialty, and
are of great significance for describing reservoir properties, and determining the type,
environmental condition and sequence of diagenesis in a relatively chronological order.
Although some classical methods (e.g., geochemistry and fluid inclusions) provide quantitative
data, most of these data can only be used to analyze the physical and chemical environmental
conditions of a particular diagenesis. The reservoir-scale conceptual models of diagenesis and
pore evolution are still qualitative. Besides, these approaches are limited more or less by the
spatial-temporal restriction of sampling and laboratory observation, and thus the obtained
results can only be used for mechanism analysis at the core or microscopic scale, and cannot

be directly used for reservoir-scale reservoir quality prediction.

1.2.3 Numerical approach for reservoir diagenesis

With the development of petroleum industry, reservoir diagenesis has made great progress in
the past few decades in theory, experimental technique development and field exploration.
Meanwhile, the strong heterogeneity of carbonate reservoirs results in gradually increasing
difficulty of hydrocarbon exploration, and the demand for precisely characterizing diagenetic
geo-bodies is urgent. Under such background, “quantifying diagenesis” is currently a rising
field of research and is attracting an increasing attention. As an effective and economical
technique, numerical modeling has become an important technique for quantifying diagenesis
and reservoir characterization in the past two decades and remains under development (Fig.
1.2). At present, there are three types of numerical simulation technique related to hydrocarbon
reservoir diagenesis, including geometry-based modeling, geostatistical modeling and
geochemical modeling (Nader, 2017). Both geometry-based modeling and geostatistical
modeling are static models based on calculations using existing geometric data (e.g., object-
distance) and geological parameters (e.g., mineral contend, porosity and permeability). They
are not predictive techniques, rather ways to meaningfully distribute diagenetic features and to

improve the static distribution of geological properties based on probability, respectively. In
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contrast, geochemical modeling is more significant for reservoir quality prediction in areas that
are poorly explored or lack of sufficient basic geological information because it provides a
predictive forward modeling approach based on thermodynamic and kinetic rules to simulate

the fluid-rock interactions during diagenesis.
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Figure 1.2 The growth of subdiscipline knowledge within carbonate geology and time sequence
of some key enabling events and research methods. The star represents out current state of

knowledge (modified after Burchette, 2012).

Numerical modeling of diagenesis should be performed integrated with classical reservoir
characterization methods (experimental and observational data). Firstly, based on petrographic
observation and mineralogical analysis, the types, features and relative importance of
diagenesis are identified and a preliminary diagenetic sequence can be established.
Subsequently, the various geochemical and fluid inclusions analyses are needed to reveal the

diagenetic environments and fluid properties of different diagenetic processes, contributing to
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a conceptual diagenetic evolution model. On the basis of these essential geological knowledge,
the generic geological model (or specific model for a particular area) is built and the suitable
numerical software/code is selected or further developed to simulate each important diagenetic
process. In particular, the spatial-temporal evolution of diagenetic geo-bodies and the
distribution of physical reservoir properties should be clarified, which are needed to establish

a quantitative or semi-quantitative diagenesis and porosity co-evolution model.

The most frequently used and acceptable method for geochemical modeling of diagenesis is
reactive transport modeling (RTM) that couples the thermo-hydro-chemical processes in
porous media. Compared with classical reservoir characterization methods that focus on the
diagenetic products preserved in rock record, RTM approach provides a possibility to forward
simulate the diagenetic fluids-rock interactions and their impacts on reservoir properties at both
geological and production timescales. Together with sensitivity analysis, quantitative or semi-
quantitative constraint can be made on the influence of some key geological factors on
diagenetic process. Parametric uncertainty and the relative importance of the various factors
can be also assessed. Moreover, the RTM method is more flexible in terms of spatial resolution,

and is applicable in different spatial scales from basin to borehole and cores (Fig. 1.3).
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Figure 1.3 Schematic diagram showing the spatial scales and main objectives of various

diagenesis characterization approaches (modified after Xiao et al., 2018).
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In the past two decades, the RTM approach has been used to simulate multiple hydrocarbon
reservoir diagenesis (both natural and artificial) in carbonate rocks, especially the reflux
dolomitization and paleo-karstification. For instance, Jones and Xiao (2005) simulated the
mineral and porosity evolution during brine reflux dolomitization based on a 2D generic model,
and found that: anhydrite precipitation occurs with the replacement reaction and distribute in
the dolomite front area; initial rock property heterogeneity results in dolomite fingers extending
several hundreds of meters ahead of the dolomite front; dolomite replacement enhances
porosity whereas anhydrite cementation occludes porosity. Integrating RTM simulations with
borehole and outcrop studies, Gabellone et al. (2016) and Lu and Cantrell (2016) confirmed
the conclusions of Jones and Xiao (2005) through two case studies on epeiric ramp
(Mississippian Madison Formation, USA) and carbonate platform (Ghawar field, Arad-D
reservoir, Saudi Arabia) environments, respectively. They further suggested that: non-
stratigraphic dolomite (generally considered as the products of buried brines- or hydrothermal-
related dolomitization) can also be generated by reflux dolomitization in areas of strong
depositional heterogeneity (i.e., rock permeability and reactivity); fluctuations of sea level
result in migration of brine source and the large-scale pervasive dolomite in the formation is
likely the result of superposition of multi-stage relatively short-term reflux dolomitization
events. Through RTM simulation, Wilson et al. (2001) proposed that the geothermal convection
within carbonate platform is an effective dolomitization mechanism, while its dolomite
replacement rate is significant lower than that of reflux dolomitization. This model is further
supported by Whitaker and Xiao (2010) and Al-Helal et al. (2012), in which the various
hydrogeological factors that control the geothermal heat flux and dolomitization process are
quantitatively evaluated through sensitivity analysis. Gomez-Rivas et al. (2014) simulated the
fault-controlled hydrothermal dolomitization in the Maestrat Basin, Spain, and found that: the
overpressured hot ascending brines released in the syn-rift tectonic period has large lateral flow
rates, resulting in a wide range of dolomitization of the wall-rocks; in later sag phase of rifting,
the hydrothermal fluid and replacement reaction are mostly confined to the dominant channel

within the faults.

In comparison with dolomitization, RTM simulations of paleo-karstification associated with

17

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



1 Introduction

hydrocarbon carbonate reservoirs in different diagenetic environments have been relatively
less reported. Xiao and Jones (2006) simulated the fluid flow and styles of diagenesis within
the four different hydrological zones (i.e., vadose, meteoric phreatic, mixing and marine) in
meteoric diagenetic environment based on a 2D generic model. Their result confirms the valid
mechanism of rapid dissolution and porosity increase in the seawater-meteoric water mixing
zone (up to 1 km from the coast) and also suggested that the fractures in the vadose and mixing
zones are favorable for the gathering of fluid, enhanced dissolution and ultimately forming a
karst network. Yang et al. (2020) further simulated the alteration process of the Ordovician
carbonate reservoir (Tarim Basin, China) via meteoric water leaching under near-surface low
temperature and low pressure conditions during early diagenesis, focusing on the influence of
leaching speed, duration and mineral components (relative content of limestone/dolostone) on
the depth and extend of dissolution. Wei et al. (2017) applied integrated geological and RTM
studies on fault-channeled hydrothermal dissolution of the deep-buried Cambrian dolostone
reservoir in Tarim Basin, China, and found that the vertical permeability of wall-rocks
significantly affect the fluid and temperature patterns of the fault system and ultimately control

the spatial distribution of dissolving-originated porosity.

In summary, RTM is an emerging technique for diagenesis characterization and the practical
application of RTM in hydrocarbon reservoir prediction is still in its infancy. In the above case
studies, although some models are burdened with parametric uncertainties or cannot give
absolute results in terms of quantitative distribution of diagenetic geo-bodies, the diagenetic
trends revealed by RTM have well explained the reservoir heterogeneity observed in classical
petrographic studies. In general, through RTM approach, and together with experimental and
observational data, an improved capability in diagenesis characterization and reservoir
prediction can be expected, as shown by: 1) simplifying the complex natural geological
processes into conceptual hydrological and geochemical models that are easily understood; 2)
providing quantitative or semi-quantitative estimates of the rate and distribution of diagenesis;
3) helping to better describe the diagenetic trends and geo-bodies, and to reduce the uncertainty

of reservoir quality prediction.
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1.2.4 Challenges in reservoir quality prediction

Due to the fact that we cannot directly observe the diagenetic process of ancient sedimentary
rocks, the study of diagenesis is much more difficult than sedimentation that can be largely
reproduced and observed in modern sedimentary environments. Although we can simulate the
temperature, pressure and even diagenetic fluids of multiple diagenetic processes, the
prolonged burial time and reservoir/basin-scale geological environment cannot be simulated or
reconstructed in modern laboratories. It is thus very difficult for us to imagine the influence of
the complex and integrated physical and chemical effects on diagenetic processes at a time
scale of thousands years (ka), millions years (ma) or even longer. Hence, there remains some
controversial and unsolved issues regarding carbonate diagenesis, which introduce great

uncertainties and limit the accuracy for reservoir quality prediction.

As the formation and distribution of carbonate reservoirs are significantly controlled by
diagenesis, the spatial continuity and extension of diagenetic geo-bodies (e.g., dolomite and
karst zones) are uncertain, displaying strong reservoir heterogeneity. It is difficult to precisely
characterize the spatial distribution of diagenetic geo-bodies and the physical properties of
reservoirs between wells or away from well control through classical approaches. For instance,
in areas with strong depositional heterogeneity (e.g., high frequency lithofacies variations), the
dolomite reservoirs tend to be thin-bedded and have complex dolomite fronts that can be
characterized neither by petrographic, geochemical nor seismic approaches because these
meter-scale dolomite layer cycles are often below seismic detection. In terms of karst reservoir
characterization, although the types of diagenesis and the longitudinal intervals of favorable
reservoir in different meteoric diagenetic sub-environments can be determined by existing
hydrogeological conceptual model, the degree and lateral extension of karstification, and the

porosity change of karst reservoir cannot be quantitatively evaluated.

Moreover, there are still some controversies that cannot be well explained or verified by
classical characterization approaches in current studies of carbonate diagenesis. For intense,
reflux dolomitization in evaporative environment is often accompanied by gypsum/anhydrite

precipitation, and the causality of dolomitization and gypsum/anhydrite precipitation remains
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debatable. Meanwhile, it is not very clear whether dolomitization directly produces porosity
and what the controlling factors of porosity evolution are. In addition, the control mechanism
of different dissolution behaviors between limestone and dolostone in karst process remains
controversial. The coupling of geochemical reactions with rock structure changes (e.g., karst

collapse and brecciation) in RTM simulation of karstification still needs further exploration.

The inherent defect of using numerical simulations to quantitatively characterize diagenesis is
that this approach is still immature and will face many challenges before it can be widely
accepted and applied in petroleum industry. Particularly, most of the current simulations are
based on simplified generic models, and the reservoir-scale models or results cannot be verified
by laboratory experiments. As a result, there are to date few researchers using this approach
and they are not confident enough to apply it into practical reservoir prediction. Although the
requisite computational power to undertake simulations of complex geo-processes is becoming
less of a limitation, the development of simulators for specific geological settings and
diagenetic processes (with different hydrological and geochemical mechanisms) remains a
challenge. Therefore, it is necessary to continuously try to apply RTM method into more case
studies with different geological settings, so as to enrich the theory of fluid-rock interactions

associated with diagenesis and to improve the effectiveness of the numerical approach.

1.3 Thesis outline

This thesis focuses on “quantifying carbonate diagenesis” using reactive transport modeling
approach. The coupled thermo-hydro-chemical processes of fluid-rock interactions and their
impacts on reservoir properties are investigated based on TOUGHREACT simulator. First the
two major diagenetic processes, i.e., dolomitization and karstification, were studied using two
generic models in which the spatial-temporal variations of mineral and rock porosity during
diagenesis are determined. Through sensitivity analyses, key hydrogeological controlling
parameters of these two processes were quantitatively evaluated. Following the generic models,
a case study was conducted on the hydrocarbon reservoir in the Ordos Basin, China, based on
integrated observational data and RTM simulated results. Particularly, the distribution and

evolution of carbonate rock porosity under the influences of multistage reflux dolomitization
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and facies-controlled eogenetic karst are revealed. The formation mechanisms and potential
controlling factors of the dolomite- and karst-reservoirs were also analyzed. Finally, a semi-
quantitative diagenesis-porosity evolution was built, which provided valuable clues for further
reservoir quality prediction. The flowchart of this thesis is shown in Fig. 1.4 and the following

contents have been integrated in this thesis.

i Carbonate diagenesis Reactive transport modeling
Fundamentals of
RTMandfluld TOUGHREACT simulator
-rock interactions
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Figure 1.4 Main research contents and flowchart.

Chapter 2 gives the fundamentals of geo-processes associate with carbonate diagenesis. Firstly,
the thermodynamic/kinetic mechanisms of the three major digenetic fluid-rock interactions,
i.e., carbonate dissolution, replacive dolomitization and gypsum/anhydrite cementation are
introduced. Then the methodology and some representative mathematical/numerical models
used for the RTM studies in geological porous media are summarized, including chemical
reactions, fluid flow and solute transport, and reaction-induced porosity and permeability
changes. The coupling of thermo-hydro-chemical domains (T-H-C) in TOUGHREACT with

its solution method of are also explained.
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Chapter 3 simulates the reflux dolomitization process in evaporated seawater environment. The
kinetic process of dolomitization is introduced first. Based on a simplified one-dimensional
column model, the spatial-temporal evolution of minerals (i.e., dolomite, calcite and
concomitant gypsum cement) and rock properties (porosity and permeability) during
dolomitization are investigated. Individual evaluation and contrastive analysis of the control of
various extrinsic (brine salinity, temperature and injection rate) and intrinsic factors (reactive
surface area and rock fabric) on the replacement reaction rate and dolomitization degree are

also conducted through sensitivity analyses.

Chapter 4 simulates the eogenetic karst process in meteoric diagenetic environment. The
applicability of the model and selection of porosity-permeability relationship are explained
first. Then, using a generic one-dimensional vadose meteoric water-rock system, the carbonate
(limestone and dolostone) dissolution processes are systematically simulated under different
conditions of the duration of subaerial exposure, climate-related rainfall recharge and
atmospheric carbon dioxide concentration, respectively. Following simulation results, the
impacts of the above three key geological factors on the karst/dissolution process and their
relative importance are discussed in terms of the karst depth penetration and porosity increment.
The control mechanism of different dissolution behaviors between limestone and dolostone is

also discussed.

Chapter 5 presents an integrated geological and RTM study of the hydrocarbon reservoir in the
Ordos Basin, China. The two major diagenetic processes of the studied Ordovician Majiagou
Formation reservoir, i.e., multistage reflux dolomitization and facies-controlled eogenetic karst,
are simulated on specific two-dimensional models. Based on integrated observational data (i.e.,
petrographic and reservoir properties analyses, diagenetic sequence and basin burial history)
and simulated results, the spatial-temporal distribution and evolution of diagenetic geo-bodies
(e.g., dolomite body, gypsum cementation and karst zone) and reservoir porosity are
investigated. The formation mechanisms and potential controlling factors of the dolomite- and
karst-reservoirs are also discussed through sensitivity analysis and parametric uncertainty

analysis. Finally, the diagenesis-porosity evolution of lagoon-facies micrite and shoal-facies
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grainstone are reconstructed, and the favorable targets for further exploration of high quality

carbonate reservoirs in the Majiagou Formation are also pointed out.
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2 Fundamentals of coupled thermo-hydro-chemical geo-processes

2.1 Major fluid-rock interactions in carbonate rocks

The concept of Water-Rock Interaction (WRI) was firstly proposed by A.M. Ovchinnikov in
the 1950s. The water-rock interaction system consists of two parts, i.e., the “water” and the
“rock”. Specifically, the “water” refers to various fluids and the “rock” refers to various solid
phase substances including minerals and rocks. Obviously, plenty of geochemical processes
occurring on the surface and subsurface conditions belong to the water-rock interaction. In the
last few decades, the study of water-rock interaction has experienced three main periods (Shen
and Wang, 2002): 1) an initial period in the 1950s to 1970s with research focuses of various
hydrochemical processes under natural conditions and shallow groundwater assessment; 2) a
formative period of research framework of water-rock interaction in the 1970s to 1980s with
focuses on environmental concerns such as water contamination, geological waste disposal and
global changing, and resource exploration such as basin fluids distribution and ore-forming
regularity. Geochemical analyses, such as isotopes and trace elements are widely used in this
period; 3) a rapid development period from the 1980s to date with continuous focuses on
various environmental problems (including WRI with related to biogeochemistry and organic
geochemistry) and numerical modeling of coupled thermo-hydro-mechanical-chemical

(THMC) processes.

From a perspective of petroleum geology, the study of water-rock interaction in sedimentary
basins mainly includes the genesis and evolution of formation water, and the geological fluids-
rock interactions during diagenesis with their impacts on reservoir properties. Particularly, the
complex fluid-rock interactions in diagenetic process has become a focus of research for
hydrocarbon exploration. This is because the diagenetic fluids-induced mineral reactions
(dissolution and precipitation) have directly determine the formation mechanism and evolution
of reservoir porosity-permeability (mostly secondary pores) after sedimentation. However, the
diagenetic process of sedimentary rocks is prolonged, with complex fluid-rock interactions

controlled by initial rock fabrics (textures and mineral composition) and diverse diagenetic
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environments (temperature, pressure, fluid property, tectonic activity, etc.). Therefore, in order
to provide valuable basic data for reservoir quality evaluation and prediction, it is necessary to
precisely characterizing the fluid-rock interactions and resulting porosity-permeability
evolution during the prolonged diagenetic process using both qualitative classical methods and
quantitative numerical approaches. Yang et al. (2015, 2017) carried out a comprehensive study
of fluid-rock interactions during diagenesis of clastic rocks (sandstone reservoir) using reactive
transport modeling, such as feldspar dissolution, calcite cementation and organic acid intrusion.
Herein, this study focuses on several major fluid-rock interactions associated with diagenesis
in carbonate rocks (limestone and dolostone) that are crucial for the development and
preservation of reservoir porosity, including carbonate dissolution, replacive dolomitization

and gypsum/anhydrite cementation.
2.1.1 Carbonate dissolution

(1) Source of hydrogen ions

Mineral dissolution (karstification) is a major formation mechanism of carbonate reservoir
spaces and could occur in both near-surface conditions with normal temperature and pressure
and burial conditions with high temperature and pressure. The near-surface dissolution is
typically represented by meteoric freshwater leaching of exposed carbonate sediments (i.e.,
H>0(1)-CO2(g) system) during eogenetic or telogenetic stage. The burial dissolution is mostly
induced by organic acid and hydrogen sulfide in the pores (i.e., H2O(l)-H2S(g) system) and is
usually associated with degradation of organic matter and sulfate reduction reaction under

burial reducing environment.

In meteoric diagenetic environment, CO2(g) in the atmosphere can be partly dissolved and held
in rainwater and ultimately forms H', HCOs™ and COs*" in the solution. This ionization process
directly controls the pH value of the seepage water and the dissolution/precipitation trend of
carbonate minerals, which can be described through the following four steps.
Equilibrium reaction between gaseous CO2(g) and aqueous CO2(ag):

C0,(g) & C0,(aq); K =5.155%x1072 (2.1)

Equilibrium reaction between aqueous CO2(ag) and carbonic acid:
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C0,(aq) + H,0 & H,CO;; K =6.718%x 1071 (2.2)
The first-order ionization reaction of carbonic acid:
H,CO0; < H* + HCO3; K =4.287x1077 (2.3)
The second-order ionization reaction of carbonic acid:
HCO; & HY 4+ C0%2"; K =4.585x10"1! (2.4)
Where K are the equilibrium constants of the four reactions at standard temperature and

pressure (STP) conditions.

Based on Arrhenius equation, Huang (2010) further calculated a set of equilibrium constant
data at the temperature range (from 25°C to 250°C) of sedimentary rocks. In general, the
equilibrium constants for CO> dissolving processes (Eq. 2.1 and Eq. 2.2) show a decreasing
trend with increasing temperature, while the equilibrium constants for carbonic acid ionization
reactions (Eq. 2.3 and Eq. 2.4) increase with temperature. Although these reactions exhibit
different variations of equilibrium constant with temperature, one thing in common is that the
equilibrium constant of Eq. 2.4 is extremely lower (by 3—4 magnitudes) than that of the first
three reactions, and thus the hydrion (H") provided by the second-order ionization reaction of
carbonic acid can be ignored. By summing the first three equations, a new Eq. 2.5 is obtained:

C0,(g) + H,0 & H* + HCO3 (2.5)
Equation (2.5) describes the chemical equilibrium process of H2O(1)-CO»(g) system related to
meteoric diagenesis. Meanwhile, the equilibrium constant of this equation (Eq. 2.5) shows a

decreasing trend with increasing temperature (Fig. 2.1a).

In H20(1)-H2S(g) systems, H2S(g) can be also slightly dissolved in the pore water and forms
H', HS  and S*, which affected the pH value of the pore water and the dissolution/precipitation
of carbonate minerals. This process usually occurs during mesogenesis under burial conditions
and can be described through the following three steps.
Equilibrium reaction between gaseous H>S(g) and aqueous H>S(ag):

H,5(g) © H,S(aq); K =9.245x 1072 (2.6)
The first-order ionization reaction of hydrosulphuric acid:

H,S(aq) & H* + HS™; K =9.013x 1078 .7)
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The second-order ionization reaction of hydrosulphuric acid:

HS™ & H*+S%; K=1509x 10713 (2.8)

Similar with H2O(1)-COx(g) system, the equilibrium constant of the second-order ionization
(Eq. 2.8) is extremely lower (by ~5 magnitudes) than that of its first-order ionization (Eq. 2.7),
indicating that the hydrion (H") is mainly provided through the first-order ionization of
hydrosulphuric acid. By summing the first two equations, the chemical equilibrium process of
H>0(1)-H2S(g) system related to burial dissolution can be expressed by:

H,S(g) © HY + HS™ (2.9)
Where the equilibrium constant shows an increasing trend with temperature (Fig. 2.1b).
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Figure 2.1 Variation in ionization constant with temperature for (a) CO2(g) and (b) H2S(g) in

water (Huang, 2010).

In addition, according to specific geothermal and pressure gradients (herein use 3°C/100 m and
1 MPa/100 m, respectively), the variation in equilibrium constant with temperature can be
further transformed into the variation in equilibrium constant with burial depth (Fig. 2.2). It
should be noted that at shallow burial condition (ca. <1000 m), the ionization constant of
hydrosulphuric acid is lower than that of carbonic acid. Thus, in the case of co-existence of
CO; and H;S, the ionization of hydrosulphuric acid (Eq. 2.7) would be inhibited and most of

the hydrion (H") in solution are provided by carbonic acid (Eq. 2.3). In contrast, at deep burial
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condition (ca. >1000 m), the ionization constant of hydrosulphuric acid is higher than that of

carbonic acid, and hydrosulphuric acid play a more important role for providing hydrion (H").
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Figure 2.2 Variations in (a) ionization constant and (b) pH value of solution with burial depth

for H2O(1)-CO2(g) and H20(1)-H>S(g) systems (Huang, 2010).

(2) Carbonate mineral dissolution
The dissolution of calcite and dolomite under acidic conditions are written as:
CaC0s(Calcite) + HY & Ca** + HCO3 (2.10)

CaMg(C03),(dolomite) + 2HY < Ca?t + Mg?t + 2HCO3 (2.11)

In the equilibrium cases, the dissolution reactions of calcite and dolomite are both exothermic,
and a lower temperature condition is conducive to the dissolution of these two major carbonate
rocks. The equilibrium constant of these two reactions exhibit apparent decreasing trend with
increasing temperature and burial depth (Fig. 2.3). This variation in equilibrium constant with
temperature is important to explain the formation mechanism of hydrothermal reservoirs. In
late diagenesis, the deep-sourced hydrothermal fluids, which migrate upwards (driven by
magmatic activities or tectonic uplifting), could result in intense dissolution of carbonates and
porosity increment because the fluids became unsaturated with regard to calcite/dolomite as
gradual decreases in temperature and burial depth (Huang, 2010). On the other hand, the

mechanism of dolomite precipitation is much more complicated than calcite because it is
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sometimes controlled by various kinetic factors (discussed in Chapter 3).
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Figure 2.3 Variation in equilibrium constant with temperature for the dissolution reaction of

(a) calcite and (b) dolomite (Huang, 2010).

2.1.2 Replacive dolomitization

Dolostone is one of the important hydrocarbon reservoir rocks. Statistically, the dolostone
accounts for ca. 80% of the carbonate reservoir found in North America; more than half of the
carbonate reservoir in the world (Zengler et al., 1980). Its original mineral, namely dolomite
has a relatively simple crystal structure with the chemical composition of CaMg(CO3); for an
ideal stoichiometric dolomite. Typically, the ideal dolomite lattice is composed of alternating
layers of Ca?* and Mg?" that are separated by CO3* layers (Fig. 2.4). Although the dolomite
has a relatively simple crystal lattice than aluminosilicate minerals, its genesis are much more

complex and there are still some controversies and unknowns regarding the formation

mechanism and distribution of dolomite.
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Dolomite
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Figure 2.4 Lattice structure of dolomite (Warren, 2000). (a) Ideal structure of stoichiometric
dolomite consisting of alternating layers of Ca’" and Mg*" separated by COs* layers. (b)
Schematic of non-ideal lattice structure showing how the hydration of cations on the surface
of growing crystallite. Mg ions are more hydrated than Ca ions, and the carbonate ions need

sufficient energy to displace water molecules adjacent to the cation layer.

One of the interesting and puzzling phenomena is that people cannot manage to grow dolomite
directly from solution under near-surface conditions at normal temperature and pressure.
However, dolomite is a widespread mineral in nature settings (near-surface conditions of
sedimentary rocks). Moreover, dolomite is abundant in ancient strata from the Precambrian,
Paleozoic to Mesozoic, whereas it is a rare precipitate in modern seawater although the modern
seawater is supersaturated by one to two orders of magnitude with respect to dolomite. These
puzzles have constituted the so called “the dolomite problem”. Considering these geological
facts, researchers gradually recognized that the marine dolomites, which were widely
distributed in geological history, might not be directed precipitated from seawater. Instead, they
were likely the products of replacement reaction of calcium carbonate (calcite or aragonite) by
dolomite (Fig. 2.5; replacive dolomitization). Accordingly, numerous dolomitization models,
such as reflux model, mixing zone model, geothermal convection model and burial model,

have been employed to explain the genesis and distribution of dolomite (Machel, 2004).
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Figure 2.5 Schematic of the replacement reaction of calcite by dolomite (modified from Budd
and Park, 2018). The variation in main ions during the dolomitization process are shown in

bold within open arrows. The black arrow indicates the change in mineral radius.

According to petrogenesis, the dolomite in geological strata can be simply divided into two
types: primary dolomite and replacement dolomite. The primary dolomite is represented by the
dolomite directly precipitation from seawater (e.g., under microbial mediation mechanism),
and mostly the dolomite cement formed from pore fluids during diagenesis. The formation of
dolomite cement can be regarded as a reverse process of dolomite dissolution reaction (Eq.
2.11). The replacement dolomite is more pervasive in geological strata, and the replacement of

calcite (or aragonite) by dolomite can be expressed by a generic equation:
(2-x)CaCo; + Mg?** +xC0%~ - CaMg(C05), + (1 —x)Ca** (2.12)

Where x indicates the amount of exogenous CO3% involved in the dolomitization reaction with

a value range of zero to one.

Machel (2004) summarized the thermodynamic and kinetic factors of dolomite formation.
According to the bivariate thermodynamic stability and trivariate kinetic stability diagrams for
the calcite-dolomite-water system (Fig. 2.6), favorable chemical conditions of dolomite
formation can be speculate: 1) settings with high Mg?*/Ca®" ratios and CO3*/Ca”" ratios (i.e.,
high carbonate alkalinity) such seawater environment and seawater-sourced pore fluid; 2)
settings with abundant limestone precursor and a long-lasting and efficient delivery system for

the supply of Mg?" or COs> and export of replaced Ca’"; 3) settings with abnormal high
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temperatures such as early burial conditions of carbonate platform affected by geothermal
convection and deep burial fault system influenced by hydrothermal fluids; 4) settings with
proper fluid salinity (Ilower or higher than seawater) and corresponding Mg?*/Ca®" ratios; 5)
settings with sudden release of CO: from the fluids such as upwelling hydrothermal solutions

along the fault system.
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Figure 2.6 Thermodynamic and kinetic stability diagrams for the calcite-dolomite-water
system (Machel, 2004). (a) Bivariate thermodynamic stability diagram. Square brackets denote
activities. Lines 1, 2, 3 are dividing lines for calcite-dolomite calculated from experimental
data, which indicate ideal, fully ordered dolomite, ordered dolomite with slight Ca-surplus,
and fully disordered protodolomite, respectively. The four open circles label the results of 7
year-long experimental dolomite formation by Usdowski (1994). (b) Trivariate kinetic stability
diagram. The ionic ratios are mole ratios. The stippled field boundary is bent towards higher

Ca’*IMg*" ratios at salinities greater than 35%o.

The above paragraph lists several favorable geochemical conditions of dolomite formation,
which cover most of the near-surface and subsurface diagenetic environments. However, in
these environments, there are still many undolomitized limestone. These phenomena arouse
discussions about potential thermodynamic and kinetic constrains that have inhibited the
dolomite formation: 1) The first and most important factor is the presence of kinetic barrier
caused by Mg?'-water complexes. Due to a relatively greater strength of electrostatic bond of

the Mg?" for water than that for Ca>* or for COs* (Fig. 2.4b), it is very difficult for carbonate
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ions to overcome the hydration shell and to bond with Mg®" at normal conditions (Warren,
2000). This could also explain the failure to precipitate dolomite at laboratory conditions by
Land (1998) even though the solution is theoretically saturated (25°C, 1000-fold oversaturation,
32 years). As such, the dolomitization process is generally regarded as a kinetic reaction (the
treatment of this reaction for RTM study are presented in Chapter 3), and modified seawater,
such as being concentrated, heated, cooled, diluted, and with lowed sulfate levels or enhanced
COs% activity, are needed to overcome the hydration barrier (Warren, 2000). 2) a lack of
efficient supply of Mg?" or COs> due to a relatively closed hydrological system, too small a
hydrological head or insufficient diffusion; 3) the presence of low permeable limestone (due
to strong cementation) or interlayers (e.g., mudstone and anhydrite rock) that limit the flow of
Mg?*-bearing fluids; 4) other kinetic inhibitors such as a short duration of water-rock
interaction or a low temperature (<50°C) that might reduce the likelihood of overcoming the

hydration barrier and inhibit the nucleation and growth of dolomite (Machel, 2004).
2.1.3 Gypsum/anhydrite cementation

Gypsum/anhydrite is a common sulfate mineral (occurs as cement) in carbonate reservoir pore
spaces, and can be formed at various stages (from shallow-medium to deep burial stages) of
burial diagenesis. A large number of case study have suggested that an evaporative sedimentary
environment and the interbedded carbonate-gypsum strata are favorable conditions for
gypsum/anhydrite cementation in the pores (Liu et al., 2020; Xiong et al., 2021b). This is
because that a strong evaporation during the sedimentary stage was conducive to the formation
of high-saline concentrated seawater that can be sealed in the porous initial sediments.
Subsequently, these sediments were subjected to burial environment. Forced by continuous
accretion and compaction of the overlying sediments, the Ca?*- and SO4*-rich pore fluids
sealed in the gypsum/salt-bearing layers would be gradually released and migrate into the
adjacent carbonate rocks with higher porosity and permeability. With the increases in burial
depth, temperature and pressure, gypsum/anhydrite precipitates from the pore fluids and fills
some reservoir pores. It should be noted that anhydrite precipitation normally occurs at a

temperature greater than 42°C (Azimi and Papangelakis, 2010). As such, gypsum cementation
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is preferred to anhydrite cementation at a relatively lower temperature condition in shallow-
medium burial diagenetic environment, with a typical chemical reaction formula as:

Ca** + S0} + 2H,0 & CaS0, - 2H,0(Gypsum) (2.13)

In deep burial environment, the flow of diagenetic fluids is tending towards stability and there
is a lack of ions supply from exogenous fluids. Thus, the deep burial diagenetic environment
is generally characterized by relatively closed hydrogeochemical conditions. Affected by the
continuously increasing temperature, the gypsum cements, which formed in the shallow-
medium burial stage, would be gradually dehydrated and eventually converted to anhydrite as
expressed by:

CaS0, - 2H,0(Gypsum) & CaS0,(Anhydrite) + 2H,0 (2.14)
Equation (2.14) explains why almost all the sulfate cement found in ancient carbonate strata is
anhydrite rather than gypsum. Under the influences of tectonic uplift-subsidence and
fluctuations of water table (phreatic surface) in some special regions, the transformation

between gypsum and anhydrite may occur repeatedly.

2.2 Theoretical background of reactive transport modeling

Reactive transport modeling (RTM) is a multidisciplinary and comprehensive research field
that is rapidly evolving with computing power. Due to a wide range of applicability in spatial-
temporal scale and flexible resolution, the RTM approach has been extensively used in the
study of hydrology, geology, engineering and environmental science in the past two decades
(e.g., Whitaker and Smart, 2007; Kaufmann et al., 2010; Yang et al., 2020). For instance, in the
field of petroleum geology, the RTM approach has the unique advantage of forward modeling
and reconstructing the complicated fluid-rock interactions at multiple temporal and spatial
scales, from borehole-scale oil and gas production to basin-scale reservoir properties evolution
in geological history (Xiao et al., 2018). In addition, over the past decades, a large number of
thermodynamic and kinetic data related to the fluid-rock reactions have been obtained through
sustained field and laboratory work (e.g., Lasaga et al., 1994; Morse and Arvidson, 2002;
Kaufmann and Dreybrodt, 2007), which provides the theoretical basis for subsequent

numerical simulation and quantitative study of geological issues.
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In contrast to the classical reservoir characterization methods that usually focus on the
geological products, the RTM approach is believed to be able to better predict the spatial-
temporal distribution and evolution of geological bodies (such as dolomite body and karst zone)
and reservoir properties (porosity and permeability). Through mathematical formulation, the
key to a reactive transport model is coupling the fluid (both aqueous and gaseous phases) flow,
heat transfer, chemical transport and reactions in geological porous media. Meanwhile, the
flexible use of RTM method also requires a comprehensive knowledge of earth science,
physical chemistry and computer programming skills. Typically, Xiao and Jones (2007)
proposed a general governing equation to describe the coupled transport and geochemical
processes related to the pore fluid-rock interactions as follow:

a 0 aC; aC;
a(d’ci) —a(ﬁbDE)— v te ) Gk (2.15)

Where C; is the concentration of a specific species in pore fluid, D labels the coefficient term
that combines diffusion and dispersion, v is the linear fluid flow rate, ¢ is the porosity and & is
the index of other species associated with chemical reactions of species i. Notably, the first two
terms on the right-hand side describe the solute transport including diffusion, dispersion and

advection. The last term describe the effect of chemical reactions.

Due to the complex boundary conditions of the model and also the complex coupling procedure
of flow and transport equations and thermodynamic/kinetic reactions, it is impossible to
provide analytical solutions to the equation and thus numerical solutions are required (Xiao et
al., 2018). The following section summarizes some representative mathematical and numerical

formulations usually used for RTM study in geological porous media.
2.2.1 Chemical reactions

For most of the reactive transport simulators, the chemical reactions in subsurface porous
media may comprise a series of thermodynamically or kinetically controlled processes such as
gas-aqueous phase exchange, aqueous complexation, ion exchange, mineral dissolution and

precipitation.
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(1) Gas-aqueous phase exchange

Reactions involving the gas-aqueous phase exchange are often assumed to be at equilibrium
(kinetic treatment is considered only in very rare cases). According to the mass action law, the
dissolution/exsolution behavior of a gas species can be described using the fugacity as shown

in Eq. 2.16 (Steefel et al., 2015).

Nc
fi= k] Joney 2.16)
j=1

Where /is the index of gas species, f; is the fugacity of the /-th gas, K is the equilibrium constant
of the reaction, j is the index of aqueous species, N, is the number is aqueous species, y; is the
thermodynamic activity coefficient of aqueous species j, C; is the concentration of aqueous
species j with units of mole per kilogram water, vj; is the number of moles of aqueous species
Jj in one mole of gas species /. The fugacity of a gas species can be related to its partial pressure

P; by means of the fugacity coefficient ¢; (Eq. 2.17).
N
[

Commonly, the fugacity coefficient of gas can be assumed to be one at low pressure conditions

P, (2.17)

(close to atmospheric pressure). At high temperature and pressure conditions such as boiling

condition and deep aquifers, however, the fugacity coefficient needs to be corrected using the

Eq. 2.18 given by Spycher and Reed (1988):

1 —(a+b+ )P+ 4 eipl (2.18)
ne=\ptpte)PtEtrtNy '

Where P is the total gas pressure, 7 is the absolute temperature, and alphabets a, b, ¢, d, e and
fare all correction coefficients fitted from specific experimental data. In some cases, the gas in

the system is assumed to be an idea gas, and the concentration of the gas species can be directly

calculated according to the ideal gas law:
n P
V "~ RT

Where 7; and P; are the number of moles and partial pressure of the gas species /, respectively.

(2.19)

(2) Aqueous complexation
The formation/dissociation of aqueous complexes in solution is also assumed to be at local

equilibrium and has a similar mathematical formulation to the gas-aqueous phase exchange
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reaction. Following Xu et al. (2004), the concentration of aqueous complexes can be expressed

as functions of the concentrations of basis species:
NC

¢ =kt Josep (2.20)
j=1

Where i is the index of aqueous complex, C; is the concentration of the i-th aqueous complex,
j is the index of basis species, C; is the concentration of the j-th basis species, N, is the number
of basis species, y; and y; are the activity coefficients, K; is the equilibrium constant and v;; is
the number of moles of basis species j in one mole of aqueous complex i. With this formulation,

a total concentration term can be defined:

NX
i=1

Where W, denotes the total concentration, comprising the primary species j and the secondary

aqueous complexes 7, and Ny is the number of secondary aqueous complexes.

In addition to aqueous complexation, surface complexation are also frequently considered in
the study of groundwater geochemistry because the sorbing sediment surfaces are regarded to
possess functional groups that can form complexes (Davis et al., 2004). This reaction process,
which is generally associated with the enrichment behavior of metallic elements in solution via
proton exchange and ligand exchange, can be treated similarly with the formation of aqueous
complexes in solution (Steefel et al., 2015). Typically, the sorption of a metal via ligand
exchange at surface hydroxyl sites can be expressed as:

X:OH + M*" & X-OM#*~1 + H* (2.22)
Where superscript z+ is the valence of the metal. In the equilibrium case, the mass action

equation can be written as:
k. - X oM [HT] (2.23)
eq [X . OH] [Mz+] )

Where the square brackets, [], denote activity and K., is the equilibrium constant of the reaction

(Eq. 2.22) and is affected by the degree (free energy) of surface ionization.

(3) Ion exchange
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For reversible geochemical processes, thermodynamic treatment is commonly used and valid.
Thus, the ion exchange reaction can be also described by the mass action law, yielding a generic

form (Xu et al., 2004) as follow:

11 1 1
oS +v—j(x,,]. -5) «:»U—i(xvi—si)+v—j@ (2.24)

In the equation, the subscripts i and j label the dissolved (free) cation in solution and the
interlayer cation, respectively; v; and v; are the stoichiometric coefficients (equal to their
charges) of the two kinds of cation. Notably, the given reaction expression indicates the
exchange process of the dissolved cationic species S; in solution with the S; in the exchange
sites (Xv;—S)), as well as the formation of the new interlayer cation (Xvi—S;). Accordingly, the

equilibrium constant (or exchange coefficient) K;;" of this reaction can be expressed by:

1/v; 1/vj
K = Wi Y (2.25)
U 1vi 1y '
w7 a

Where a; and g; are the activity of the dissolved species Si and Sj, w; and wy are the activity of

the interlayer cations (Xv;—S;) and (Xv,—S)), respectively.

(4) Mineral dissolution and precipitation

Mineral dissolution and precipitation processes involved in the fluid-rock interactions can be
treated thermodynamically or kinetically. In the equilibrium case, the mineral reaction can be
regarded as a similar fashion to the formation/dissociation of aqueous complexes. On the basis

of Eq. 2.21, the total component concentration (Steefel et al., 2015) now is given by:

Ny N
lP]- = C] + ZUUCi + Z Uijm (226)
i=1 k=1

Where ¥ is the total concentration of component j, Cj, Ci and C, are the concentration of the
j-th aqueous species, i-th aqueous complex and m-th mineral, respectively; N. and N, are the
number of aqueous complex and mineral, respectively; v;; and vy are the number of moles of

basis species j in one mole of i-th aqueous complex and one mole of m-th mineral, respectively.

Although thermodynamic treatment of mineral reaction can deal with problems at (near)
equilibrium and reversible processes, for most of the geochemical conditions, the mineral

reactions are usually irreversible and are difficult to reach equilibrium due to an extremely slow
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reaction rate. As such, these processes should be considered kinetically if the reaction system
is far from equilibrium. Particularly, Steefel et al. (2015) further divided the treatment methods
of mineral reactions into three types as follows (without microbially mediated mechanism),
depending on whether the reaction is reversible and whether it includes a dependence on Gibbs

energy or saturation state.

For TST (transition state theory) type reactions, the mineral reactions are treated as reversible,
with a continuous rate between dissolution and precipitation at equilibrium. A dependence on

Gibbs energy or saturation state is explicitly included (Lasaga, 1984). The reaction rate R, is

NAG m
o () 1|
G "
Keq

expressed by:

Ry, = sgn[Q)Akm (l_[ an)
= sgn[QlAmkm (1—[ a")

Where sgn[Q] = sgn[log(Q./Kn)] gives the sign of the reaction term, negative for dissolution

-1 (2.27)

and positive for precipitation, 4,, is the reactive surface area of the mineral, &, is the rate
constant. The term []a” is the product of all the far from equilibrium effects (catalytic or
inhibitory) and the last term on the right hand side is referred to as the “affinity term” that
shows the dependence of the rate on Gibbs energy or saturation state. O, is the ion activity
product and K., is the equilibrium constant. The superscript 7 and m are exponential fitting

parameters determined experimentally or theoretically.

For irreversible reactions that include a dependence on Gibbs energy or saturation state, the

reaction rate is given by Steefel et al. (2015) as follow:
R, = sgn[QAmkm (1—[ a")

This equation can be applied to describe mineral reaction with only dissolution (or precipitation)

NAG m
exp (F) - 1’ , AG <0 (2.28)
0, AG >0

and the reaction process in which the dissolution and precipitation rate laws are different.

For irreversible reactions without AG dependence, the reaction rate is expressed by:

Ry = Ay, (H a") (2.29)
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In addition to the above pore fluid-mineral reactions, microbially mediated mechanisms
(mostly biological redox reactions) might be also included in some special cases such as
bioremediation and underground hydrogen storage. The relevant numerical formulations can

be found in Maggi et al. (2008) and Hagemann (2018).

2.2.2 Fluid flow and solute transport

(1) Multiphase flow
Variably saturated flow can be described using the full set of multiphase flow and conservation
equations. For each component ; in phase a, the component conservation equation (Steefel et

al., 2015) can be expressed by:

d Sa¥; yak
7[‘1’2“;; alja] _ v-[—ZpaY,-a ”‘#S’“ (VP — page)| + paQ; (2.30)
a

Where ¢ is the porosity, p. is the density of phase a, S is the phase saturation, Yj, is the mass
fraction of component ; in phase a, ¢ is time, V- is the divergence operator, 4, is the relative
permeability, ks is the permeability for fully saturated conditions, x is the dynamic viscosity,
VP is the fluid pressure gradient, g is the acceleration of gravity, e: is a unit vector in the vertical

direction and Q; is the volumetric source term.

Alternatively, if hysteresis is not taken into account, the variably saturated flow can be also
described via Richards equation (Panday et al., 1993). In this case, the assumption of a passive

air phase is valid, and the equation is given by:

oh, 0S._
ot ¢ ot

Where S, is the saturation of aqueous phase, S; is the specific storage coefficient and 4 is the

.S, V- [k,oKVA] + Q, (2.31)

hydraulic head calculated by:
P
h=z+— (2.32)
Pr8
Where z is the depth and pyis the fluid density. Another variable K in Eq. 2.31 is defined as

hydraulic conductivity tensor and can be calculated by:

k
K= %pfg (2.33)
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On the other hand, for a single-phase flow that can be regarded as a special case of multiphase

flow, the equation for fluid continuity (Steefel et al., 2015) is written as:
9[¢pr]
ot

Where ¢ is the volumetric flux (or Darcy flux) of water and is defined in terms of the fluid

=V-[prq] + psQa (2.34)

pressure gradient:

ksat
u

Where v is the pore velocity with common units of meter per second, and other variables are

q=¢v=-— [VP — prge,] (2.35)

as defined above.

In addition to the above typical component conservation equations, relative permeability and
saturation formulations are also essential to fully describe the flow system. The hydraulic
functions, which involve the relative permeability, capillary pressure and aqueous phase
saturation, in modern reactive transport simulators are mostly standard, and can be further

found in Xu et al. (2004) and Steefel et al. (2015).

(2) Molecular diffusion
In addition to Darcy flow, chemical solutes in porous media can be also transported through
diffusion and dispersion. Molecular diffusion refers to the thermal motion of all (liquid or gas)
particles at temperatures above absolute zero. According to the Fick’s first law, the diffusion
flux of a chemical species in solution is proportional to the concentration gradient:

Iy =176 @36
Where J; is the diffusive flux of the j-th species, D; is the diffusion coefficient and C; is the
concentration. For the case of a certain volume, this relationship can be expressed by the Fick’s

second law derived through integrating the diffusive fluxes over a control volume:

oG
5 = V- []j] =V-[D,V(] (2.37)
Which provides an expression for the change in concentration in terms of the divergence of the

diffusive flux.

In porous media, the above relationships expressed by Fick’s law should be corrected by

considering the tortuosity in porous media. The tortuosity (Bear, 1972) is defined by:
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I, = (i)2 (2.38)
Le
Where the 77} is the tortuosity, L and L. are the path lengths the solute would follow in water
alone and in actual porous media, respectively. With this, the diffusion coefficient in porous
media is corrected as:
D =T, D; (2.39)
And the diffusive flux can be written as:
JET = —¢DiT,VC; = —¢D;VC; (2.40)
Where D;" and J/ are the diffusion coefficient and the diffusive flux for species i in porous

media, respectively.

It's worth noting that the Fick’s law is the simplest way to treat molecular diffusion and is a
strictly phenomenological relationship. By combining with the Nernest-Planck equation,
Steefel et al. (2015) given a more rigorous formulation that considers the gradient in chemical
potential as the driving force for diffusion:
z;F

Jj = —D;V(; —ﬁDiCivw — D;CiIny; (2.41)
Where z; is the species charge, F'is the Faraday’s constant, 7'is the temperature in Kelvin,  is
the electrical potential and y; is the activity coefficient. Specifically, on the right hand side, the
first term is the Fickian diffusion term as defined in Eq. 2.36; the second term denotes the
gradient in electrostatic potential that commonly result from the diffusion of charged species
at different rates, and the last term indicates the contribution from gradients in activity

coefficients (Steefel et al., 2015).

(3) Mechanical dispersion

Mechanical dispersion (also called hydraulic dispersion) refers to the process whereby solutes
are mechanically mixed by velocity variations at the microscopic level during advective
transport. Mathematically, mechanical dispersion is defined as the product of the fluid velocity

and dispersivity (Bear, 1972):

Dy =a/V;
Dy = arV; (2.42)

Where D denotes the mechanical dispersion, a is the dispersivity, V; is the average velocity in
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the principal direction of flow, subscripts L (longitudinal) and 7 (transverse) label the
dispersion parallel and perpendicular to the principal direction of flow, respectively. Further,
the dispersion tensor can be also expressed using tensorial index notation, as follow (Steefel et

al., 2015):

_ v
Di]' = (ZTV(SU + ((ZL - lXT) t ]/17 (243)
Where ¥ is the average velocity magnitude, d; is the Kronecker delta, and ¥, and V] are

the velocity magnitudes in the / and J coordinate directions, respectively.

(4) Reactive transport equation
By combining the transport and chemical reaction network terms, Steefel et al. (2015) provided
a general form of reactive transport equation that is applicable for most of the geochemical

reactions in porous media:

Ny N Ng

9(PSLCi) .

% =V (¢S.D;VC) —V-(qC) — Z Vi Ry — Z VimRm — ZUuRl (2.44)
r=1 m=1 =1

Where the accumulation term (on the left hand side of the equation) is expressed as the product
of the porosity ¢, liquid saturation Sz and species concentration C;. On the right hand side of
the equation, the first and the second terms describe the solute transport via diffusion and Darcy
flow, respectively. The last three terms are reaction terms, representing the aqueous reactions

R,, mineral reactions R, and gas reactions R, respectively.

Given the possibility of equilibrium aqueous complexation reactions, it is sometimes necessary
to use a total concentration W; (Eq. 2.21) instead of aqueous concentration C; for the Eq. 2.44.
Moreover, the treatment of diffusion using Nernst-Planck equation might be also selected, and
in this case the Fickian treatment of diffusion (the first term on the right hand side) in Eq. 2.44

can be replaced by the Nernst-Planck equation (Eq. 2.41).

2.2.3 Reaction-induced porosity and permeability changes

(1) Porosity changes
The feedback of geochemical reactions (particularly mineral dissolution and precipitation) on

the fluid flow and solute transport processes in porous media is considered in most modern

43

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



2 Fundamentals of coupled thermo-hydro-chemical geo-processes

reactive transport simulators. This feedback is normally achieved by recalculating the porosity
and permeability at each time step as the porosity of the medium is directed associated with
the mineral volume changes during dissolution-precipitation processes. Usually, the rock

porosity ¢ is calculated by:

N
p=1-) n (2.45)
m=1
Where N, is the number of minerals and ¢,, is the volume fraction of m-th mineral in the rock.

(2) Fracture permeability changes

Porosity-permeability co-evolution due to mineral reactions is an ongoing research so as to be
applicable for various complicated natural geo-systems (e.g., Kaufmann, 2016; Worthington et
al., 2016; Menke et al., 2021). Generally, the porosity-permeability relationship can be treated

differentially in terms of fracture and matrix permeability changes.

The simplest treatment of fracture permeability changes as a result of mineral reactions is the

cubic law (Steefel and Lasaga, 1994), which depends solely on porosity changes:
@
of
Where k is the modified permeability, 4 and ¢; are the initial permeability and porosity,

k=ki(->)? (2.46)
respectively. This cubic law is proposed based on an assumption of plane parallel fractures of

uniform aperture and yields zero permeability only under the condition of zero fracture porosity.

However, in some natural geo-systems, preferential precipitation of minerals in micropores or
narrower interconnecting apertures (i.e., pore-size dependent precipitation; Stack, 2015) would
result in extremely low permeability values (near zero) whereas the porosity is rarely decreased
(obvious greater than zero). In this case, the cubic law (Eq. 2.46) is not applicable. To address
this, an improved porosity-permeability relationship, which considers the effect of fracture

aperture changes, was developed (Xu et al., 2004):

_ (bon +Ab)°
T 12
Where k' is the permeability resulted from a change of hydraulic aperture, Ab is the aperture

k' (2.47)

change as a result of mineral dissolution/precipitation, and by, is the initial hydraulic aperture
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that can be approximated by
1/
bO,h [12‘605] 3 (2 1'8)

Where ko and s are the initial fracture permeability and spacing, respectively, and can be

determined by air-permeability measurements.

(3) Matrix permeability changes
In reactive transport simulators, the porosity-permeability relationship for the rock matrix is

commonly described using the Kozeny-Carman equation (Bear, 1972):

k=k

(1 - ¢)? (¢>)3 (2.49)

FA- )7 \gy
Where the variables are as defined in the above Eq. 2.46.
Although the Kozeny-Carman relation has been effectively employed in some homogeneous
and simplified geological media, laboratory and field studies have gradually suggested that
there are some major limitations with respect to the this equation since it fails to reflect the
potential influences of pore space geometry, connectivity, and the distribution of precipitates,
etc. To accurately evaluate the matrix permeability changes with variation of porosity in more
complex geological media, Verma and Pruess (1988) introduced three additional parameters

and provided an improved porosity-permeability relationship as follow:
k_kc — (¢_¢C>T
ki - kc ¢ — ¢

Where k. and ¢. represent the asymptotic values of permeability and porosity, which are the

(2.50)

lowest values to which these parameters can be reduced by increasing the confining pressure
(Verma and Pruess, 1988). For example, when the permeability reduces to zero due to full
occlusion by precipitates in pore throats, the ¢. is the critical value of porosity (disconnected
pore spaces) at which permeability goes to zero (Xu et al., 2004). The superscript 7 is a power
law exponent. Generally, parameters k., ¢. and 7 are geological media-dependent and can be

determined experimentally.

2.3 TOUGHREACT simulator

In this study, modeling of fluid-rock interactions associated with carbonate diagenesis was
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performed using the reactive transport computer code TOUGHREACT V1.2 (Xu et al., 2004).
It was developed on the basis of the existing multiphase fluid and heat flow code TOUGH2 by
introducing a reactive geochemistry module and coupling thermo-hydro-chemical processes.
The TOUGHREACT was developed by the Earth Sciences Division, Lawrence Berkeley
National Laboratory, and the primary code was released by the Energy Science and Technology
Software Center (ESTSC) of U.S. Department of Energy (DOE) in 2004. In general, the
TOUGHREACT is a comprehensive non-isothermal multi-component reactive fluid flow and
geochemical transport simulator, and can be applied to one-, two- or three-dimensional porous

and fractured media with physical and chemical heterogeneity.

Four major processes are involved in the multiphase fluid flow and heat transfer, including: (1)
pressure-, viscosity- and gravity-driven fluid flow in liquid or gas phases; (2) interactions
between different flowing phases that are expressed by relative permeability and capillary
pressure curves; (3) heat transfer by conduction and convection and (4) diffusion of water vapor
and air. For thermophysical and geochemical properties calculation, the density and viscosity
of the fluid (both liquid and gas phases) and the thermodynamic and kinetic data controlling
mineral-water-gas reactions are regarded as functions of temperature. Advection-molecular
diffusion transport of the aqueous ions and gaseous components are also considered in the
multiphase flow. In terms of the chemical process, a variety of reactions, which include
aqueous complexation, acid-base, redox, gas dissolution/exsolution, and cation exchange are
involved at local equilibrium state. Notably, either thermodynamically or kinetically controlled
reaction can be selected to perform mineral dissolution and precipitation. Linear adsorption

and decay of chemical species can be also included.

Due to a wide temperature range (typical 0 to 300 °C) in the thermodynamic database and the
flexibility of thermodynamic data expansion without code modification, the model can deal
with a variety of subsurface geo-processes that proceed under conditions of wide ranges of
temperature, pressure, water saturation and ionic strengths. To date, the TOUGHREACT has
been successfully employed to investigate numerous reactive fluid and geochemical issues

including carbon dioxide geological sequestration (Xu et al., 2006; Liu et al., 2015), nuclear
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waste disposal (Xu et al., 2003; Sonnenthal et al., 2005), geothermal energy development (Seol
and Lee, 2007; Taron et al., 2009), diagenesis in sedimentary rocks (Whitaker and Xiao, 2010;
Yang et al., 2017), contaminant transport and remediation (Arora et al., 2015), groundwater
quality assessment (Schwartz, 2012, 2015), biogeochemistry (Maggi et al., 2008; Ajami and

Gu, 2010) and petroleum development (Zhang et al., 2019; Lu et al., 2020).
2.3.1 Governing equations

Based on the user’s guide of this reactive geochemical transport code provided by Xu and
Pruess (1998) and Xu et al. (2004), the main numerical models and governing equations
associated with dolomitization and karstification of carbonate rocks are summarized as follows,
which couple the fluid-heat flow, solute transport, chemical reactions and porosity-

permeability changes processes.

(1) Fluid-heat flow and chemical transport

In TOUGHREACT, the governing equations of fluid-heat flow and chemical transport are
generally derived from the principles of mass conservation and energy conservation and thus
have similar structures. In a flow system, the changes in the basic mass (i.e., water, air and
chemical components) and energy (i.e., heat) of an arbitrary domain equals the sum of the flux

from connecting domains and the external injection (or withdrawal) source:

d
—J M"dllnzf FK-ndrn+J qcdv, (2.51)
dt Vi I v

n n

Where 7, [m?] is the control volume for an arbitrary domain, x is the basic mass/heat
component, M* is the mass or heat accumulation, F* is the mass or heat flux, 77 [m?] is the

closed surface of Vn and ¢* is the source or sink term.

This model has been discussed in detail by Pruess et al. (1999) to describe the multiphase fluid
and heat flow within porous media in reservoirs. In the case of fluid flow, assuming that the
basic mass components are uniformly distributed in all phases, the mass accumulation of

component K is the sum of the masses of this component in each phase:

MK = ¢Z SpppXjs (2.52)
B
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Where M* [kg/m?] is the mass accumulation, ¢ [-] is the porosity, £ is the phase index, Sy [-] is
the saturation of phase 3, ps [kg/m?] is the density of phase § and Xz* [-] is the mass fraction of

component K in phase /.

According to the Darcy’s law, assuming that the various components in a specific phase are
completely mixed and have the same velocity, the mass flux of phase f can be described as

follows:
k
BPB
Fp = pgup = — T#—B(VPB - pp8) (2.53)
Where ug [m/s] is the Darcy velocity of phase f, k and &y [m?] are the absolute permeability

and relative permeability of phase S, respectively, u [kg/(m-s)] is the viscosity of phase f, Pg

[Pa] is the fluid pressure of phase f and g [m/s?] is the gravitational acceleration.

Hence, the total mass flux F* [kg/(m>:s)] of component k can be calculated by summation of
the individual mass fluxes in various phases based on the mass fraction of component k in each

phase:
F* = ngp,; (2.54)
B

In terms of chemical solute transport, the transport equation is expressed using the total
dissolved concentrations of chemical components that are concentrations of their basis species
plus their associated aqueous secondary species (Walter et al., 1994; Xu et al., 2004), as follows:

M; = ¢5,Cyy (2.55)
Where j is the aqueous chemical component, M;[mol/L] is the total dissolved concentration of
J, Si [-] is the saturation of liquid and Cj; [mol/L] is the component concentration of j in the

liquid phase.

In the liquid phase, advection and diffusion of aqueous species are the major processes
involved in chemical transport. Assuming that the diffusion coefficient of a specific liquid
phase is identical for all aqueous species, the flux of component concentration for an arbitrary
domain can be expressed as follows:

Fp =w, G — (x9S, D)VC; (2.56)
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Where F; [mol/(m?s)] is the flux of concentration for component j, u; [m/s] is the Darcy
velocity of the liquid phase, D; [m?/s] is the diffusion coefficient of the liquid phase and 7 is a
tortuosity factor accounting for the complex geometry of the flow through the pores. Generally,
the medium tortuosity is relevant to the porosity and saturation of the phase and has been
empirically given by Millington and Quirk (1961):

5= /3872 (2.57)
Where 75 is the medium tortuosity of phase f, ¢ [-] is the porosity and Sg [-] is the saturation of

phase f.

(2) Dissolution-precipitation of equilibrium/kinetic minerals
Both equilibrium and kinetic reactions are involved in the modeling of pore fluid-rock
interactions. For equilibrium minerals, the mineral saturation index S/ is generally used to
describe the current state and trend of mineral dissolution/precipitation, with a positive value
indicating precipitation and a negative value indicating dissolution. At equilibrium, this
mineral saturation index equals zero:

SL, =1log102, =0 (2.58)
Where m is the equilibrium mineral index, S7,, is the mineral saturation index of mineral m and

0, is the equilibrium mineral saturation ratio, which can be expressed as follows:
N¢
2, =K;! Hc;”"fyf'"f m=1..Np (2.59)
j=1

Where K, is the equilibrium constant of mineral m, which is temperature-dependent, j is the
aqueous basis species, Nc is the number of aqueous species as basis species (or component), ¢;
is the concentration of component j, superscript v is the number of aqueous j components
participating in the dissolution equilibrium equation of mineral m, y is the thermodynamic

activity coefficient and N, is the number of equilibrium minerals.

In terms of kinetic minerals, the reaction rate is commonly calculated based on the kinetic work

on water-rock interactions from Lasaga et al. (1994):

= flen o ong) = thpdn|1 =087 n=1..N, (2.60)
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Where n is the mineral index for kinetic rate condition, 7, [mol/(m*s)] is the
dissolution/precipitation rate of mineral n, which indicates dissolution when 7,>0 and
precipitation when 7,<0, k, [mol/(m?-s)] is the rate constant of kinetic mineral 1, 4, [m%kg H,0]
is the specific reactive surface area of mineral n per kg H>O, and ©, is the kinetic mineral
saturation ratio, which is defined the same way as Q,, in (Eq. 2.59). Fitting parameters ¢ and 7
are empirically obtained from dissolution/precipitation experiments for specific kinetic

minerals.

Given that abundant experimental data regarding the dissolution/precipitation of different
minerals have been recorded at 25 °C, the temperature-dependent rate constant £ can be

generally approximated by the Arrhenius equation (Steefel and Lasaga, 1994):

k =k [_Ea (1 ! )] (2.61)
= s P T \T T 29815 '
Where k25 [mol/(m?-s)] is the rate constant at 25 °C, E, [J/mol] is the activation energy, R is the

gas constant and 7' is the absolute temperature (in Kelvin).

However, given that this general form of the kinetic rate constant in (Eq. 2.61) is only well
suited in pure water at neutral pH, dissolution/precipitation processes of different minerals
might be affected by different reaction mechanisms (i.e., H'-acid mechanism and OH -base
mechanism) (Lasaga et al., 1994; Palandri and Kharaka, 2004). Therefore, a modified kinetic
rate constant k is involved in TOUGHTREACT, which considers three reaction mechanisms

under neutral, acid and base conditions:

— —EM /1 1 -Ef 1 1
k = kitexp [Ta (— )] + kilexp [ 2 (— - )] aifl

T 29815 R \T 298.15
—ESH 11 1
+k§)5HeXp[ R (?_298.15)] asi’ (2:62)

Where superscripts or subscripts nu, H, and OH denote the reaction under neutral, acid and
base mechanisms, respectively, @ [mol/m?] is the activity of the species and 7 is the power term
(constant). Specifically, neutral and acid mechanisms are considered in the dissolution of
dolomite in this study, and the parameters for calculating kinetic rate constants were taken from

the EQ3/6 database (Wolery, 1992), which is concomitant with the simulation code.
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(3) Porosity and permeability changes

Constraining porosity-permeability changes is a major focus of research on fluid-rock
interactions during carbonate diagenesis. The dissolution and precipitation of minerals directly
determine the variation in porosity-permeability and the reservoir quality. Meanwhile, this
variation in rock permeability would provide prompt feedback on the pore fluids, resulting in
heterogeneous flow pathways and progressively complicated fluid-rock interactions. In
TOUGHREACT, the porosity evolution is calculated according to the sum of changes in the

volume fraction of each reactive mineral:

b=1- Z Fron — fra (2.63)

Where ¢ [-] is the porosity, nm is the number of minerals, fi, [-] is the volume fraction of

mineral m in the rock and fr, [-] is the volume fraction of nonreactive rock.

Under natural geological conditions, the relationship between the porosity and permeability of
reservoir rocks is complex and generally controlled by numerous factors, such as the pore
distribution and the size, shape and connectivity of pore throats. Fortunately, a variety of
numerical models have been proposed to describe the permeability evolution in karst aquifers
using different matrix- or fracture-flow contributions (Kaufmann et al., 2010; Kaufmann, 2016;
Gong et al., 2019). In this study, a classical porosity-permeability equation is adopted to
estimate the change in permeability with porosity variation based on the Kozeny-Carman

relation:

k=k

(1—¢)? (¢>)3 (2.68)

Fa-¢)? \¢;

Where k [m?] is the permeability over time, k; [m?] is the initial permeability and ¢; [-] is the

initial porosity.
2.3.2 Solution method

Referring to Xu et al. (2004), the calculation flow chart of coupled processes of non-isothermal
multiphase fluid flow, solute transport and chemical reactions in TOUGHREACT is illustrated

in Figure 2.7. Specifically, the computational processes for numerical solution of multiphase
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flow and heat transfer are the same as in TOUGH2, with space discretization method of integral
finite difference (IFD). Figure 2.8 shows the space discretization and geometric parameters for
the IFD method. This approach has the major advantage to deal with systems with irregular
grids, and is suitable to proceed fluid-heat flow and chemical transport processes within

heterogeneous porous or fracture media at multiple dimensions (Pruess et al., 1999).

Initialize parameters for water,
water vapor, air and heat flow

Read and initialize chemical constants and
numerical options, and assign chemical state
variables to each grid block

3

N KCYC =KCYC +1
Time step: At
3

Solve fluid and heat flow

equations
Temperature
di tF')b ti Fluid velocities .
istribution Coupled transport and reaction

Solve solute transport of total
dissolved components, and transport
of gaseous species

lTotaI dissolved concentrations

Call chemical submodel on a
grid-block-by-grid-block basis Mass transfer

v from solid and gas
to aqueous phase

Convergence

No

Update chemical state
variables for next time step

Update physical l

parameters

New time step

Yes (Aty)

Figure 2.7 Flow chart of the TOUGHREACT program (Xu et al., 2004).

As mentioned above, the governing equations for fluid-heat flow and chemical transport have

similar structures (derived from the principles of mass conservation and energy conservation),
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and thus both of them can be solved by the same numerical method. For IFD method, the mass
and energy conservation equations for an arbitrary domain can be written in an integral form
as follow:

AM,
Va At = Z ApmBum + Vndn (2.65)
m

Where subscript 7 labels an arbitrary grid block in the system, subscript m labels an arbitrary
grid block connected with grid block n, Vn is the volume of grid block n, M, is the mass (for
water, air and chemical components) or energy (for heat) density of grid block n, At is the time
step, Aum 1s the contact surface area between grid blocks n and m, Fy is the mass and energy
flux over surface segments A.» and ¢, is the average source/sink rate in grid block n per unit

volume (Fig. 2.8).

o
J

Figure 2.8 Space discretization and geometric data for the integral finite difference method

Vn

N

Anm

(Xu et al., 2004).

For numerical solution of the coupled thermo-hydro-chemical processes, the thermodynamic
and hydrodynamic calculations are fully coupled, while the chemical calculation are partially
coupled. During simulation, time discretization is achieved by first-order fully implicit finite
difference method, which helps to avoid unreasonable time step limit during multiple phases
flow and to achieve unconditional stability (Pruess et al., 1999). The multiphase fluid flow and
heat transfer are solved in the original TOUGH2 simulator using Newton-Raphson iteration.

The chemical calculations, which comprises solution transport and geochemical reaction, are
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implemented in TOUGHREACT simulator using a sequential iteration approach (SIA) or a

sequential non-iterative approach (SNIA) (Xu et al., 2004).

To be specific, within a time step, the multiple phases fluid flow and heat transfer processes
are firstly calculated according to the thermo-hydro fully coupled flow equations. Subsequently,
the obtained results (i.e., fluid velocities and phase saturations) are employed for solving
chemical transport process component-by-component including solute transport of total
dissolved components and transport of gaseous species. After solution of the transport
equations, the dissolved concentrations of aqueous species are obtained and then substituted
into the chemical reaction submodel to solve the equilibrium/kinetic reaction equations on a
grid block-by-grid block basis. The chemical transport and reactions are solved iteratively until
convergence. Ultimately, the changes of physical parameters, such as the concentrations of
aqueous and gaseous species and the porosity-permeability of geological media, will provide
feedback to the fluid flow and heat transfer processes for the next time step. As such, the
coupling process of thermo-hydro-chemical domains (THC) is achieved. To avoid duplication,
detailed numerical procedures on the space/time discretization and iteration approach are not
elaborated in the present dissertation as they have been discussed in detail by Pruess et al.

(1999) and Xu et al. (2004).
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3 Reflux dolomitization in evaporated seawater environment

3.1 Basic idea

Dolomitization is a geological process by which the carbonate mineral dolomite (MgCa(CO3)2)
is formed when magnesium ions replace calcium ions in another carbonate mineral, calcite
(CaCOs) (Hardie, 1987). It is common for this mineral alteration into dolomite to take place
due to evaporation of water in various geological environment (e.g., the sabkha area, salt lake
and high-salinity seawater). The dolomite problem, as mentioned in Section 2.1.2, has been a
long-standing enigma and intensively debated focus in sedimentology and petroleum geology.
Over the past two centuries, continuous progress has been made to enrich the research methods
of dolomite from petrography, geochemistry, microthermometry, laboratory experiments to
numerical modelling. Accordingly, significant theoretical progress has been made regarding
the genetic models of dolomite in geological formations, the nature of dolomitization fluids
and its favorable developmental conditions (e.g., Badiozamani, 1973; Arvidson and Mackenzie,
1999; Warren, 2000; Wang et al., 2014; Budd and Park, 2018). Besides, the dolomitization
process itself is also of great significance in the field of petroleum geology (carbonate reservoir
exploration). Due to the fact that the radius of Mg?" is smaller than that of Ca?", the process of
calcite (CaCOs3) replaced by dolomite (MgCa(CO3)2) can be volume-decreased under specific
hydrogeochemical conditions (Huang et al., 2017). As such, a number of intercrystalline
micropores can be generated in the newly formed dolostone, serving as favorable hydrocarbon
reservoir spaces (Fig. 3.1). According to global statistics, dolostone reservoir accounts for more

than half of the carbonate reservoirs in the world.

Nevertheless, a few controversies and uncertainties still remain to date, such as the contribution
of mixed-water dolomitization and microbial dolomitization (Gregg et al, 2015; Kaczmarek et
al., 2017), the various porosity evolution during dolomitization under different
hydrogeochemical systems (Schmoker and Halley, 1982; Cantrel et al., 2004; Jiang et al., 2016)
and quantitatively constraining the spatial and temporal distribution of dolomite and

concomitant gypsum/anhydrite (Gabellone et al., 2016; Yang et al., 2020).
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Figure 3.1 SEM photographs showing the micro-characteristics of (a) calcite, (b) dolomite and
(c—d) intercrystalline micropores formed during seepage reflux dolomitization (argon ion-
beam polishing of the surface). The samples are from the Paleogene lacustrine dolomite

reservoir, Qaidam Basin, China, provided by PetroChina Qinghai Oil Field Company.

As an emerging method for reservoir diagenesis study, reactive transport modelling (RTM) has
been proved to be effective for assessing the impact of fluid-rock interactions on reservoir
quality at multiple spatial and temporal scales (Yang et al., 2015, 2017). The application of
RTM in dolomitization almost covers all the genetic models, including reflux model (Jones
and Xiao, 2005), geothermal convection model (Whitaker and Xiao et al., 2010), mixed-water
model (Cooper et al., 2014) and fracture-controlled hydrothermal model (Gomez-Rivas et al.,
2014). Generally, different sedimentary environments have diverse hydrogeological conditions
and fluid circulation regimes, which ultimately result in complicated distributions and
geometries of the diagenetic bodies. The water properties and atmospheric environment also
vary with geological times. Thus, a persistent challenge for RTM simulation of reservoir

diagenesis is the contradiction between the complexity of rock texture and solute transport in

56

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



3 Reflux dolomitization in evaporated seawater environment

natural systems with the simplification of generic models.

Although multiple dolomitization models have been investigated by RTM simulations, the
reflux model has attracted special attention since its extensive forming environments and
accounting for the majority of the widespread dolomite in geological history. Previous studies
have mainly focused on relatively large-scale environments such as epeiric ramp and platform
margin (Jones et al., 2004; Al-Helal et al., 2012; Gabellone et al., 2016). Less attention has
been paid to the reflux system of alternating shoal-lagoon facies within an evaporative intra-
platform basin. Affected by regional climatic and sea level fluctuations, the intra-platform
basin could be sensitive to high-frequency transgression-regressions (Mitchum and Wagoner,
1991; Xiong et al., 2019, 2022), which resulted in cyclic superposition of deposition sequences
with various lithology and rock textures. In this case, the reflux of brines (i.e., concentrated
seawater) would be easily affected by the meter-scale depositional sequences and potential
impermeable layers (e.g., mudstone and gypsum rocks). In a few seminal numerical studies,
the brine was usually specified as of single-source with a constant position and injection rate,
which failed to reflect the migration and evolution of brine source caused by sea level
fluctuations and sediment aggradation in natural systems. Besides, the dolomite produced by
reflux model was generally thought to be continuous and stratigraphically accordant.
Simulation results of Lu and Cantrell (2016), however, suggested the heterogeneous
occurrence of non-stratigraphic dolostone in reflux model due to progressive migration of

evaporation pond towards deeper intra-shelf basin.

Obviously, the dolomitization process is complicated and the influencing mechanisms of
diverse geological factors still need further exploration. Therefore, to lay a foundation for
further elaborate RTM simulations within specific geological sittings, a simplified column
model is necessary as a basis for evaluating the impacts of diverse extrinsic/intrinsic geological
factors on the dolomitization process. The results would help to understand the relationships

between sedimentology, hydro-geochemistry and dolomitization.
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3.2 Model setup and parameters
3.2.1 Kinetic process of dolomitization

According to thermodynamic theories, the precipitation/dissolution of dolomite (CaMg(CO3)2)
can be discriminated by comparing its ion activity product (Q = [Ca®"][Mg?*][CO5*1?) with
solubility product constant (Ksp), and the dolomite tends to precipitate when Q > K, while to
be dissolved when Q < Ksp. To be specific, Hsu (1962) and Hardie (1987) gave the estimated
Ksp values for stoichiometric dolomite and disordered dolomite of about 107 and 107163,
respectively. The steady-state dolomite ion activity product (Q) of modern seawater is
approximately107*%', Obviously, the modern seawater is thermodynamically supersaturated
with respect to dolomite (the ion activity product is one to two orders of magnitude larger than
solubility product constant) and dolomite should spontaneously precipitate from the seawater.
However, dolomite is rarely found in modern seawater except in some extremely saline
environments with the participation of microbial induced mineralization (Dupraz et al., 2009).
Moreover, Land (1998) conducted a bench-scale synthesis experiment of dolomite under low-
temperature conditions (25°C, 1 atm), but failed to precipitate dolomite from dilute solution
despite 1000-fold oversaturation after 32 years. These facts have dramatically improved our
understanding of the formation of dolomite and have indicated that the dolomitization process

is largely kinetically controlled.

Sustained works on the dolomitization mechanism have further suggested that the dolomite
precipitation is strongly coupled with calcite dissolution. Machel (2004) speculated that the
dolomitization occurs via calcite dissolution followed by dolomite precipitation. This is further
evidenced by dolomite crystals growing on the edges and corners of dissolved calcite substrates
(dissolution etch pits) observed in high-temperature synthesis experiment of dolomite
(Kaczmarek and Sibley, 2007). Hence, the dolomitization process is usually treated as a
reaction network in the RTM simulations with a pair of reactions (Whitaker and Xiao, 2010;

Lu and Cantrell, 2016):

CaC05(Calcite) & Ca®* + CO3~ (3.1)
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Ca?* + Mg?* 4+ 2C0%~ & CaMg(C03),(Dolomite) (3.2)

Given that the reflux dolomitization mostly occurs in saline seawater environments such as
evaporative lagoon and salt-bearing basins, this process is usually accompanied by gypsum
(CaS04:2H,0) precipitation and dissolution. Thus the sulfate cementation is also considered
in the simulation, which occurs due to the combination of released Ca* from calcite dissolution

and SO4* in the solution:
Ca** + SO} + 2H,0 & CaS0, - 2H,0(Gypsum) (3.3)

Consistent with previous RTM simulations of reflux dolomitization (Jones and Xiao, 2005;
Gabellone and Whitaker, 2016), the dissolution and precipitation of calcite and gypsum are
modeled as thermodynamic processes which are controlled by the saturation state of the
dolomitizing fluid and the fluid-rock system equilibrates within an individual model timestep
(Xu et al., 2004; Whitaker and Xiao, 2010). In contrast, given the relative abundance of
dolomite (with regard to limestone) in geological history and the failure of bench-scale
synthesis experiment of dolomite, the presence of kinetic barrier (Mg?*-water complexes) have
been recognized to be the primary cause that inhibits dolomite precipitation (Hardie, 1987;
Warren, 2000; Zhang et al., 2012). Therefore, the precipitation of dolomite is generally
modeled as a kinetic process and can be described using the general kinetic reaction rate law

that is consistent with the rate expression proposed by Lasaga et al. (1994):

q
r = kyAs (1 - %) (3.4)

eq

Where r [mol/s] is the reaction rate, with positive values indicating mineral dissolution and
negative values indicating precipitation; 4, [m?%/g] is the specific reactive surface area that
depends on the different sizes and shapes of the mineral particle; Q is the ion activity quotient
in the fluids and K., is the equilibrium constant of mineral and ¢ is the reaction order generally
determined by specific laboratory experiment; ks [mol/(m?s)] is the rate constant that is

temperature-dependent and can be expressed by the Arrhenius function:
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—E,

ky = AeRT (3.5)

Thus, the kinetic process for dolomite precipitation can be written as:

q
raor = AsAe™ ) (1 - i) (3.6)

eq

Where 740/ 1s the reaction rate of dolomite; A4; is the specific reactive surface area of dolomite;
A is the pre-exponential factor and 11.2 mol cm™ sec™! is used here for dolomite according to
previous RTM simulations (Gabellone and Whitaker, 2016); E, is the activation energy (1.335
% 10° J/mol); R is the universal gas constant; T is the temperature (in Kelvin); Q is the activity
quotient in the fluids; K, is the equilibrium constant of dolomite and a value of 2.26 is used
for the reaction order (¢) of dolomite according to the dolomite precipitation experiment by
Arvidson & MacKenzie (1999). Detailed thermodynamic data for aqueous species and
minerals were taken from the EQ3/6 geochemical database (Wolery, 1992) which is

concomitant with the simulation code (Xu et al., 2004).
3.2.2 Generic column model and rock properties

The reflux dolomitization was simulated in a simplified 1D grid system that represents the
replacement of limestone by dolostone within a vertical column of porous carbonate sediments
(Fig. 3.2). Specifically, in some evaporative environments such as restricted-evaporated
lagoons and salt-bearing basins, intense evaporation and concentration of seawater would
result in an increase in salinity and the formation of brine. The concentrated seawater (brine),
which has relatively high density and Mg/Ca ratios, tend to migrate towards the deep basin and
simultaneously seep into the initial limestone sediments, leading to reflux dolomitization
(Warren, 2000). The 50-m-long vertical column, which comprises initial porous limestone
sediments, is evenly discretized into 50 grid cells. Given that the reflux dolomitization might
occur in diverse sedimentary microfacies, three types of lithofacies (i.e., grainstone, grain-
dominated packstone and micrite), which has different rock-fabrics and initial porosities-
permeabilities, were involved in the simulation. Nevertheless, the initial mineralogy of

different rock types are the same, including 95% calcite (CaCO3), 4% gypsum (CaSO42H20)
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and 1% “seed” dolomite (CaMg(COs)2) which provides primary nucleation sites for dolomite

precipitation simulation.

concentrated brine
(boundary water) Mg**

limestone

1 ©
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, OO caco.

normal seawater
(initial water)
/| dolomite
I i @@ CaMg(CO,),
(. e

-

p—-——50x1Tm——-

out flow

Figure 3.2 Schematic illustration of the 1D vertical column model showing the initial and
boundary conditions of the grid system and the replacement of limestone by dolostone during

dolomitization.

Although the current rock properties can be obtained by lab-measurement, the initial porosity
and permeability of early sediments are significantly different from their current values due to
a long period of compaction and diagenetic alteration. For RTM study of early dolomitization,
the initial porosity-permeability data of the grid cells were generally specified as depositional
porosity-permeability depending on various rock-fabrics (or textures) of the primary carbonate
sediments (Al-Helal et al., 2012). To be specific, according to the rock-fabric petrophysical
relationships (Lucia, 1995) and porosity-depth models (Ehrenberg and Nadeau, 2005; Al-Helal
et al.,, 2012) for carbonate rocks (Fig. 3.3), an initial 47% porosity and 1.00 x 10 m?
permeability were specified for grainstone; an initial 30% porosity and 3.85 x 1072 m?

permeability were specified for grain-dominated packstone; an initial 18% porosity and 1.00 x

10°13 m? permeability were specified for micrite (Table 3.1).
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Figure 3.3 Depth-dependent initial porosity and permeability for different lithofacies and rock-
fabrics (modified after Al-Helal et al., 2012).

Reactive surface area (RSA) is used in the code to initialize nucleation of kinetic minerals.
Although there is currently no convincing data to precisely constrain the RSA of geological
porous media, the RSA is generally assumed to be proportional to the average percentage of
fines (fine fraction). Thus, the particle size and morphology of mineral can be used to estimate
specific RSA in different rock textures (German and Park, 2009). In the simulation, the RSA
of grainstone, grain-dominated packstone and micrite are assumed to be 100 cm? g™!, 1000 cm?
¢! (base case scenario) and 10000 cm? g (Table 3.1), which are representative of 250 pm, 25

pm and 2.5 pm-diameter dolomite rhombs, respectively (Gabellone and Whitaker, 2016).

Table 3.1 Initial porosity-permeability and reactive surface area of three types of lithofacies

involved in the 1D simulation of reflux dolomitization.

. . . Porosity Permeability  Rock-fabric RSA
Lithofacies & rock fabrics . . .
(%) (m?) petrophysical relationship ~ (cm?g™)
Grainstone 47.0 1.00 x 10 Class 1 100
Grain-dominated packstone ~ 30.0 3.85x 102  Class 2 1000
Micrite 18.0 1.00 x 103 Class 3 10000

Note: the rock-fabric petrophysical relationship for carbonate rocks refers to Lucia (1995).
3.2.3 Hydrogeological conditions

Given that the reflux dolomitization mostly occurs in near-surface to shallow burial conditions,

the initial temperature of the grid system can be assumed as sea surface temperature. An initial
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30°C was specified for base case scenario and a few temperatures, i.e., 20, 40 and 50°C, were
considered for sensitivity analysis. Meanwhile, similar with previous RTM studies (e.g., Al-
Helal et al., 2012; Gabellone and Whitaker, 2016), the grid system was assumed to be initial
saturated with modern seawater (initial water; salinity of 35%o), representative of the primary
pore fluid sealed in carbonate sediments. The boundary water were specified as four types of
modern brine sampled from surface water in several modern saline environments (Table 3.2).
Specifically, chemical composition of the Ralph Sink brine (salinity of 186%o) was used for the
base case scenario, and other brines (salinity range of 48-249%o) were involved in sensitivity
analysis, representative of different evaporation intensities that affect the dolomitization
process. The saturation indices (Log O/K) with regard to the major carbonate and evaporite
minerals in different brines are also documented in Table 3.2, obtained from the calculation by

Bethke (1998); Jones and Xiao (2005) and Al-Helal et al. (2012).

Table 3.2 Chemical compositions and mineral saturation indices of initial and boundary water

used for 1D dolomitization simulation.

Component . Boundary Boundary Boundary Boundary
(mol L") Initial water water [ water 1 water 11 water [V
Sources Modern seawater Cygnet Pond  Ibis Pond Ralph Sink Phreatic Majanna
Na* 4.85¢! 6.74¢! 1.26¢° 3.18¢° 4.45¢°
Cr 5.66¢! 8.03¢™! 1.46¢° 3.70¢e° 5.35¢°

K* 1.06e 1.28e? 2.56e2 6.56e2 1.04e™!
Ca’* 1.07¢? 1.22¢? 2.44¢? 2.22¢? 1.22¢?
Mgt 5.51¢? 8.06¢? 1.37¢! 3.39¢! 5.98¢!
HCO3 2.13¢3 1.62¢7 1.54¢3 1.67¢7 1.65¢7
SO4> 2.93¢? 4.18¢? 7.78¢2 1.37¢! 2.11¢"!
Mg/Camolar 5.1 6.6 5.6 15.3 48.9

pH 8.2 8.0 7.7 7.1 6.7
Salinity (%0) 35 48 85 186 249
Saturation index of minerals

Calcite 0.78 0.26 0.32 -0.07 -0.49
Dolomite 3.51 2.48 1.74 1.46 1.22
Gypsum -0.77 -0.92 -0.19 -0.08 -0.03

Data from Logan (1987), Bethke (1998), Jones and Xiao (2005) and Al-Helal et al. (2012).
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In general, nine primary aqueous species (H0, H', Ca?, Mg?", Na*, K, HCOs", SO4> and CI")
and eleven secondary aqueous species (CaCOs(ag), CaHCO3", CaOH", CaSOa4(aq), CO2(aq),
COs*, HSOs, MgCOs(ag), MgHCOs", MgOH* and OH’) were incorporated into the
geochemical calculations. Moreover, different brine injection rates, which includes 0.2 m yr,
0.5m yr!, 0.8 m yr'! (base case scenario) and 2.0 m yr'!, were considered in the simulation to
evaluate the influence of recharge capacity of brine on the dolomitization process. Detailed
controlling parameters used for base case simulation and sensitivity analyses are summarized

in Table 3.3 and Table 3.4, respectively.

Table 3.3 Controlling parameters used for base case simulation of 1D reflux dolomitization.

Parameters Values (Source)
Initial porosity 30%
Initial permeability 3.85 % 1012 m?

Initial mineralogy
Thermodynamics and kinetics
Dolomite precipitation rate constant
Reactive surface area

Temperature

Initial water

Boundary water

Brine injection rate

95% calcite; 4% gypsum and 1% dolomite (70% of rock volume)
Thermodynamics for calcite and gypsum; kinetics for dolomite
4.58¢"” mol m? sec! (Gabellone and Whitaker, 2016)

1000 cm? g™! for dolomite

30°C

Modern seawater (Nordstrom et al., 1979)

Ralph Sink brine (salinity of 186%o) (Jones and Xiao, 2005)

0.8 myr!

3.3 Base case simulation

3.3.1 Volume change of major minerals

(1) Volume change of dolomite

Simulation result of base case scenario shows that within the vertical column of limestone
sediments, the initial calcite are gradually dolomitized from top to bottom as the continuous
injection of high salinity (with high Mg/Ca ratio) brine (Fig. 3.4). To be specific, during initial
dolomitization, the replacement reaction (calcite replaced by dolomite) can be only observable
in a very shallow depth. The depths of dolomitization zone are approximately 3 m and 12 m,

with the dolomite volume changes of only 2.1% and 37.8% after 0.1 ka (expressed as thousand
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years) and 1 ka simulation, respectively. With time, the dolomitization process in the upper part
of the column tends to reach chemical equilibrium at a simulation time of about 5 ka, yielding
a maximum volume increase in dolomite of 50.01% (i.e., 75.2% of the initial calcite was
replaced by dolomite). Eventually, the dolomitizing fluid (brine) could seep throughout the
column and give rise to a pervasive replacement reaction after a simulation time of

approximately 20 ka.
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Figure 3.4 Simulation results showing the (a) volume change of dolomite and (b) total dolomite

volume fraction in the rock with variation in simulation time.

(2) Volume change of calcite

The mineralogical evolution of calcite is closely associated with the gradual precipitation of
dolomite. In general, the volume fraction of calcite shows a decreasing trend in contrast to the
increasing dolomite (Fig. 3.5a). Due to the co-evolutionary relationship between these two
carbonate minerals, the vertical depth of calcite decrease is nearly the same with that of
dolomite increase. In addition, the volume fraction of calcite also remains unchanged after a

simulation time of about 5 ka, with a maximum volume decrease in calcite of -54.71% at
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equilibrium. It should be noted that the amount of calcite decrease is slightly higher than that
of dolomite increase (50.01%). This is mainly because that the injected brine (boundary water)
has a negative value (S7=-0.07) of saturation indices with regard to calcite (Table 3.2). Hence,
a small amount of extra calcite in the rock (4.7%) tends to be dissolved in the brine even though

the replacement reaction (dolomitization process) has reached equilibrium.
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Figure 3.5 Simulation results showing the volume changes of (a) calcite and (b) gypsum with

variation in simulation time.

(3) Volume change of gypsum

In comparison with the above mineralogical evolution of dolomite and calcite, the volume
change of gypsum is relative complicated. In general, the gypsum shows a typical characteristic
of dynamic variation during dolomitization, as featured by gypsum precipitation in the early
stage but subsequently being dissolved in the late stage (Fig. 3.5b). A careful comparison of
the mineralogical distribution of gypsum with dolomite indicates that the dynamic processes
of gypsum precipitation/dissolution are also significantly controlled by the dolomitization

process. Particularly, in the vertical, the location of gypsum cementation is highly consistent
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with the dolomite front zone where the replacement reaction just reach equilibrium. Thus, the
gypsum precipitation was likely a result of the combination of Ca®" released from replacement
reaction (MgCa(COs), replaced by CaCOs) and SO4* supplied by the injected brine. The
maximum volume increase of gypsum is 6.84% at a stratigraphic depth of -34 m after 20 ka
simulation. Furthermore, after equilibrium of dolomitization process, the porous media tends
to be dominated by injected brine (boundary water), and the early-formed gypsum tends to be
dissolved since the brine are unsaturated with regard to gypsum (S7 = -0.08; Table 3.2). The

maximum volume decrease in gypsum is -2.08%.
3.3.2 Porosity and permeability evolution

Due to the fact that magnesium has a relatively smaller ionic radius than that of calcium (Weyl,
1960), the replacement of two moles calcite (CaCO3) by one mole dolomite (MgCa(CO3)2)
during dolomitization is generally regarded as a volume-decreased process and reservoir pores
can be generated. In general, our simulation result is consistent with previous theoretical
analysis that replacive dolomitization contributes to the formation of new porosity for
dolostone reservoirs (e.g., Zhang et al., 2010; Huang et al., 2017). Nevertheless, the simulation
result has indicated that the rock porosity of dolomitized carbonate reservoir is not always
proportional to the degree of dolomitization (dolomite abundance). Potential influence of
secondary minerals (herein the dynamic processes of gypsum precipitation/dissolution) might
introduce great complexities to the diagenesis-rock property evolution during dolomitization.
Specifically, the rock porosity-permeability evolution during our simulation also displays a
characteristic of dynamic variation (Fig. 3.6), which is mainly determined by the relative
dominance of the two distinct controlling factors, i.e., pore-infill by gypsum precipitation and
pore-increment via volume-decreased dolomitization. For example, at a simulation time of 20
ka, the gypsum cementation is relatively dominant at the stratigraphic depth range of -34 m to
-39 m in which the enrichment of Ca®" released from replacement reaction could lead to
abundant gypsum precipitation. Thus, in this dolomite front zone, there is a slight decreases in
rock porosity and permeability of -1.86% and -0.64 um?, respectively. However, the rock

porosity-permeability would rapidly be reinstated following the subsequent gypsum
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dissolution in the injected brine (Fig. 3.6). At equilibrium, the maximum porosity and
permeability increment is 7.48% and 4.57 um?, respectively, in comparison with its original

limestone precursor.
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Figure 3.6 Simulation results showing the distribution of (a) rock porosity and (b) permeability

with variation in simulation time.
3.4 Sensitivity analysis

In a natural geological system, the reflux dolomitization event can be affected by numerous
hydrogeochemical factors associated with dynamic evolution of the complicated geological
conditions (Warren, 2000). To reveal the influencing mechanisms and potential parameter
uncertainties of these controlling factors on the dolomitization process, sensitivity analyses
were conducted in the following part with regard to several key extrinsic and intrinsic
parameters including the brine salinity, temperature, recharge capacity of brine, reactive
surface area of dolomite crystal and rock fabric (Table 3.4). The data were extracted at a depth

= -30 m of the column.
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Table 3.4 Controlling parameters used for sensitivity analyses of 1D reflux dolomitization.

Parameters Base case scenario Values (Range) Figure

Extrinsic controls

Brine salinity 186%o 48%o, 85%0 and 249%o Fig. 3.7
Temperature 30°C 20 °C, 40 °C and 50 °C Fig. 3.8
Brine injection rate 0.8 myr! 0.2,0.5and 2.0 m yr! Fig. 3.9

Intrinsic controls
Reactive surface area 1000 cm? g”! 100 and 10000 cm? g! Fig. 3.10

Rock fabric grain-dominated packstone  grainstone, micrite Fig. 3.11

3.4.1 Extrinsic controls

(1) Brine salinity

For sensitivity analysis, three types of brine were involved in the simulation, with salinities of
48%o, 85%0 and 249%o representing an increase in evaporation capacity. In general, the ion
concentration of the brine plays an important role in the dolomitization process because it
directly affects the reaction rate of dolomite precipitation in the solution. Meanwhile, higher
salinity would also result in higher fluid density, which promotes the downward flow of the
brine. Influenced by these two effects, the reaction rate and degree of dolomitization display
an increasing trend with elevated brine salinity. To be specific, the dolomitization process could
reach equilibrium in a relatively short period under high brine salinity condition. The degree
of replacement reaction (calcite replaced by dolomite) also shows a positive correlation with
brine salinity, as evidenced by the gradually increasing dolomite abundances (volume fractions
of the total rock) of 46.34%, 50.01% and 51.83% at equilibrium under salinity conditions of
85%o, 186%o (base case scenario) and 249%o, respectively (Fig. 3.7a). Under condition of a low
brine salinity (48%o), the dolomitization process exhibits an extremely low reaction rate, with

a dolomite volume fraction less than 15% after a simulation time of 50 ka.

In contrast to the dolomite evolution, the calcite volume fraction shows a decreasing trend with
time. Under salinity conditions of 85%o, 186%0 and 249%o, the calcite volume fraction are
15.90%, 11.79% and 9.74% at equilibrium, respectively (Fig. 3.7b). Notably, the gypsum

volume fraction shows a dynamic evolution of gradual increase in the early stage followed by

69

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



3 Reflux dolomitization in evaporated seawater environment

rapid decrease in the late stage (Fig. 3.7c), which is consistent with the result of base case
simulation. Specifically, the maximum gypsum volume fractions during dolomitization process
are 5.17%, 9.64% and 9.11% under salinity conditions of 85%o, 186%o and 249%o, respectively.
At equilibrium, the gypsum volume fraction is uniformly 0.72% and is lower than its initial

volume fraction (2.8%) because a part of initial gypsum has been dissolved in the brine.
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Figure 3.7 Sensitivity analysis of brine salinity. Mineralogical volume fraction of (a) dolomite,
(b) calcite and (c) gypsum. (d) & (e) Rock porosity and permeability. (f) Simulation time needed

for dolomitization equilibrium and maximum porosity increment at different salinity conditions.

In addition, the rock porosity and permeability have the similar evolution patterns, also
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displaying a dynamic evolution of slight decrease during the stage of gypsum precipitation
followed by a substantial increase due to subsequent gypsum dissolution (Fig. 3.7d and e). As
discussed in the base case simulation, the rock porosity-permeability evolution during
dolomitization process is mainly influenced by the pore increment process via dolomitization
and the pore infill process by secondary gypsum cementation. Superposed on that, the results
of sensitivity analysis further suggest a positive impact of elevated brine salinity on the
dolomite reservoir properties, as shown by a gradual increase in the maximum porosity
increment of 7.03%, 7.48% and 7.71% under brine salinity conditions of 85%o, 186%o and

249%o, respectively (Fig. 3.71).

(2) Temperature

The global sea surface temperature varies intensively in the geological history, and three
temperatures, i.e., 20°C, 40°C and 50°C, were considered here for sensitivity analysis.
According to the Arrhenius function (Eq. (3.5)), the rate constant (ks) of dolomite precipitation
is closely related to the temperature and relatively higher temperature could promote the
replacement reaction to reach equilibrium in a shorter time (Fig. 3.8a). Meanwhile, the degree
of dolomitization also has a positive correlation with temperature, as shown by the elevated
dolomite volume fraction with increasing temperature (Fig. 3.8a). At equilibrium, the dolomite
volume fractions under temperature conditions of 20°C, 30°C (base case scenario), 40°C and

50°C are 40.85%, 50.01%, 51.47% and 52.58%, respectively.

During dolomitization, the calcite volume fraction shows a decreasing trend with simulation
time, yielding values of 22.07%, 11.79%, 10.15% and 8.91% under temperature conditions of
20°C, 30°C, 40°C and 50°C, respectively (Fig. 3.8b). Moreover, the gypsum precipitation in
the dolomite front zone can also be influenced by the reaction temperature. The maximum
gypsum volume fractions during dolomitization process are 9.74%, 9.64%, 8.31% and 6.50%
with gradual increasing temperatures from 20°C to 30°C to 40°C and to 50°C (Fig. 3.8¢). As a
result, the rock porosity (a minimum value of 27.34% at 20°C) and permeability (a minimum
value of 3.01 um? at 20°C) exhibit slightly decreasing trends with gypsum precipitation in the

early stage of dolomitization (Fig. 3.8d and e). Subsequently, the porosity and permeability
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increase significantly with the dissolution of early-formed gypsum cement. In addition, the
maximum porosity increment at equilibrium is also proportional to the temperature, yielding
values of 6.35%, 7.48%, 7.64% and 7.73% with a gradual increase in temperature from 20°C

to 50°C (Fig. 3.8f).
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Figure 3.8 Sensitivity analysis of temperature. Mineralogical volume fraction of (a) dolomite,
(b) calcite and (c) gypsum. (d) & (e) Rock porosity and permeability. (f) Simulation time needed
for dolomitization equilibrium and maximum porosity increment at different temperature

conditions.

(3) Brine injection rate
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3 Reflux dolomitization in evaporated seawater environment

The injection rate in the simulation reflects the recharge capacity of brine (evaporated seawater)
into the initial limestone sediments. Previous geological studies have shown that the brine
recharge can be influenced by multiple hydrogeological factors such as the evaporation
intensity (climatic conditions), phreatic surface fluctuations and geomorphic characteristics of
the restricted-evaporative environment associated with reflux dolomitization (Warren, 2000;
Gabellone et al., 2016). In the current study, three different brine injection rates, i.e., 0.2, 0.5
and 2.0 m yr'! were involved for sensitivity analysis. In general, higher injection rates result in
higher fluid flux and replacement reaction rate, as shown by a gradual decrease in the
simulation time needed to reach equilibrium with increasing brine injection rate (Fig. 3.9a).
Approximately, the dolomitization process can reach equilibrium at simulation times of 26.7,
16.8 and 6.8 ka under brine injection rate conditions of 0.5, 0.8 (base case scenario) and 2.0 m
yr'!, respectively. However, the dolomite volume fraction remains unchanged, with a uniformly
value of 50.01% at equilibrium even under different conditions of brine injection rates (Fig.
3.9a). This suggests that the dolomitizing fluid flux in the initial sediments has a minor
influence on the degree of dolomitization, although it affects the replacement rate of calcite by

dolomite.

Moreover, the calcite volume fraction decreases with simulation time and reaches a unified
value of 11.79% at equilibrium (Fig. 3.9b). The maximum gypsum volume fractions during
dolomitization process are 10.17% and 9.64% under brine injection rate conditions of 0.5 and
0.8 m yr'!, respectively (Fig. 3.9¢c). Notably, the gypsum precipitation was not observed at a
brine injection rate of 2.0 m yr'!. This is probably because this extremely high injection rate
has resulted in high fluid flux and replacement reaction rate, and the process of gypsum
precipitation took place too fast to be captured in the discrete points in time (a gap of ca. 5 ka)
during simulation. The minimum rock porosity and permeability during dolomitization process
are 28.03% and 3.19 um? at a brine injection rate of 0.5 yr!, respectively, corresponding to the
point-in-time of maximum gypsum precipitation (Fig. 3.9d and e). Furthermore, due to a
unified degree of dolomitization (dolomite volume fraction), the rock porosity and
permeability also remain consistent values of 37.48% (a porosity increment of 7.48%) and 8.42

um? at equilibrium, respectively, even under different conditions of brine injection rates (Fig.
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Figure 3.9 Sensitivity analysis of brine injection rate. Mineralogical volume fraction of (a)
dolomite, (b) calcite and (c) gypsum. (d) & (e) Rock porosity and permeability. (f) Simulation
time needed for dolomitization equilibrium and maximum porosity increment at different

injection rate conditions.

3.4.2 Intrinsic controls

(1) Reactive surface area (RSA)

The reactive surface area is a key intrinsic parameter describing the microscopic properties of
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the rock particles, which reflects the reactivity of the porous media. For sensitivity analysis,
two different RSA values, i.e., 10? and 10* cm? g”!, were involved, representing an increase in
particle size of dolomite crystal but a decrease in its reactivity. According to the kinetic reaction
rate law for dolomite precipitation (Eq. (3.6)), the reaction rate is directly proportional to the
reactive surface area of dolomite crystals. Thus, relatively large RSA should accelerate the
reaction rate and the replacement of calcite by dolomite. This is consistent with the simulation
result. Approximately, the dolomitization process can reach equilibrium at simulation times of
50.0, 16.8 and 5.7 ka, corresponding to RSA values of 107, 10° (base case scenario) and 10*
em? gl respectively (Fig. 3.10a). The degree of dolomitization, however, seems to be
unaffected by the variation in RSA, as indicated by unified dolomite volume fraction of 50.01%

at equilibrium.

The calcite volume fraction shows an opposite evolution to the dolomite, and reaches a value
of 11.79% at equilibrium (Fig. 3.10b). Dynamic processes of gypsum precipitation and
dissolution have been also observed during dolomitization, and the maximum gypsum volume
fraction are 11.20%, 9.64% and 2.85% under RSA conditions of 102, 10° and 10* cm? g’!,
respectively (Fig. 3.10c). In addition, the rock porosity and permeability are 37.48% and 8.42
um? at equilibrium, respectively (Fig. 3.10d-f), which are consistent with the result of base
case simulation. Notably, the temporary process of porosity-permeability decrease were not
observed in the simulation with RSA value of 10* cm? g'. This is likely because in such
condition of a high RSA value (rock reactivity), the pore infill process in the early-stage via
gypsum precipitation has been entirely overprinted by the stronger pore increment process due

to the high dolomitization rate.
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Figure 3.10 Sensitivity analysis of reactive surface area. Mineralogical volume fraction of (a)

dolomite, (b) calcite and (c) gypsum. (d) & (e) Rock porosity and permeability. (f) Simulation

time needed for dolomitization equilibrium and maximum porosity increment at different

reactive surface area conditions.

(2) RSA coupled with porosity-permeability (Rock fabrics)

In addition to the sediment reactivity (RSA) that has been discussed in the above paragraphs,

different rocks types (or fabrics) also lead to different fluid mobility (initial porosity-

permeability). Herein, three types of rock fabrics, which reflect the coordinated variation of

particle size and initial porosity-permeability (Table 3.1), were considered in the base case

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



3 Reflux dolomitization in evaporated seawater environment

simulation and sensitivity analysis, including grainstone (RSA = 10 cm? g™'; porosity = 47%
and permeability = 1.00 x 10" m?), grain-dominated packstone (base case scenario; RSA = 10°
cm? g'!; porosity = 30% and permeability = 3.85 x 10"12 m?) and micrite (RSA = 10* cm? g'';

porosity = 18% and permeability = 1.00 x 107> m?).

According to the simulation results, the micritic stone has the highest degree of dolomitization,
yielding a dolomite volume fraction of 58.48% at equilibrium that is apparently higher than
that of packstone (50.01%) and grainstone (38.01%) (Fig. 3.11a). However, the grainstone,
which has the lowest RSA but highest initial porosity-permeability, reaches equilibrium (at
approximately 12.7 ka) prior to packstone (at ca. 16.8 ka) and micrite (at ca. 18.9 ka) (Fig.
3.11a). Given that higher RSA could accelerate the reaction rate as suggested by the above
sensitivity analysis of RSA, a relatively high porosity-permeability and resulting high fluid
flux seems to have played a more important role in accelerating the dolomitization rate. This
suggests that the promotional effect of dolomitization rate from increasing dolomitizing fluid
mobility (flux) would be more significant than increasing sediment reactivity (i.e., higher

reactive surface area).

During dolomitization, the calcite volume fraction (relative to total rock volume) has declined
by 42.15% (from 50.35 to 8.20%), 54.71% (from 66.5% to 11.79%) and 63.7% (from 77.9%
to 14.20%) for grainstone, packstone and micritic stone, respectively (Fig. 3.11b). Gypsum
precipitation and dissolution were observed in all types of rocks, with the maximum gypsum
volume fraction of 8.07%, 9.64% and 11.39% for grainstone, packstone and micritic stone,
respectively (Fig. 3.11c). Moreover, due to the different degrees of dolomitization and initial
rock properties, the porosity-permeability evolution of three types of rock are distinct from
each other (Fig. 3.11d and e). Particularly, the minimum rock porosities for grainstone,
packstone and micrite are 45.73%, 28.14% and 15.82%, respectively, corresponding to the
point-in-time of maximum gypsum precipitation (Fig. 3.11c and d). With subsequently gypsum
dissolution, these rock porosities increase to 52.66%, 37.48% and 26.76% after equilibrium,
yielding porosity increments of 5.66%, 7.48% and 8.76% for grainstone, packstone and micrite,

respectively (Fig. 3.11f).
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Figure 3.11 Sensitivity analysis of rock fabric. Mineralogical volume fraction of (a) dolomite,
(b) calcite and (c) gypsum. (d) & (e) Rock porosity and permeability. (f) Simulation time needed
for dolomitization equilibrium and maximum porosity increment at different rock fabric

conditions.
3.4.3 Comparison of different controlling parameters

According to the above sensitivity analyses of individual parameters, these hydrogeochemical
factors have different influences on the dolomitization process with regard to reaction rate and
mineralogical (i.e., dolomite, calcite and gypsum) evolution. In order to evaluate the relative

importance of these extrinsic/intrinsic controls in promoting high quality dolomitized
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carbonate reservoirs, herein we compare the different simulation results in terms of the time
needed for dolomitization equilibrium (dolomitization rate) and the porosity increment after
equilibrium (degree of dolomitization), rather than the maximum mineral reaction rate as used
by Jones and Xiao (2005) or the dolomite cement volume fraction as used by Gabellone and
Whitaker (2016). A clear comparison of various controlling parameters and relevant data are

illustrated in Fig. 3.12.

In general, all the five investigated factors have impacts on the dolomitization rate. The brine
salinity, temperature, RSA and injection rate are inversely proportional to the simulation time
needed for dolomitization equilibrium (Fig. 3.12a). Particularly, the increases in brine salinity
(from 48%o to 249%o) and injection rate (from 0.2 to 2.0 m yr'!) could significant accelerate the
reaction rate and reduce equilibration time. The influence of rock fabric on dolomitization rate
is relatively complicated, reflecting a combined effect of sediment reactivity and fluid mobility.
For instance, although the micrite has the highest RSA that should give rise to a rapid reaction,
the dolomitization rate has been limited by its relatively low rock permeability and fluid flux
(Fig. 3.12a). This result might have suggested that in relatively impermeable system the fluid
mobility should be more important than sediment reactivity, while in pore permeable system,

the dolomitization rate is more affected by sediment reactivity.

Moreover, the degree of dolomitization varies with brine salinity, temperature and rock fabrics,
as shown by their different porosity increments after dolomitization equilibrium (Fig. 3.12b).
The RSA and brine injection rate, however, seem to have no impact on the degree of
dolomitization, with a unified porosity increment of 7.48% consistent with base case
simulation. Specifically, the porosity increment increases with elevated brine salinity and
temperature, as well as the transformation of rock fabrics from grainstone to packstone to
micritic stone. With increasing brine salinity from 48%o to 249%o and temperature from 20°C
to 50°C, the porosity increment increase from 6.58% to 7.71% and from 6.35% to 7.73%,
respectively. Notably, although the micrite has relatively low dolomitization rate compared
with two other types of rock fabric due to the limitation of low fluid mobility, the micrite has

yielded a higher porosity increment of 8.76% because of more pervasive dolomitization (i.e.,
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a higher dolomitization degree).
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Figure 3.12 Tornado diagram summarizing the results of sensitivity analyses and showing the
comparisons of various controlling parameters in terms of (a) the time needed for
dolomitization equilibrium (dolomitization rate) and (b) the porosity increment after

equilibrium (degree of dolomitization).
3.5 Summary

In this chapter, the kinetic process of dolomitization was presented, and the temporal and
spatial evolution of minerals and rock properties during dolomitization were investigated using
RTM simulations in a simplified one-dimensional column model. Based on sensitivity analysis,
several key controlling parameters were evaluated individually, shedding lights on the
influence mechanisms of these extrinsic and intrinsic factors on the dolomitization process.

Results from this generic model study suggest that:

The kinetic process of dolomitization is modeled as a reaction network that comprises calcite
dissolution followed by dolomite precipitation. Increasing dolomite, decreasing calcite and
dynamic evolution (precipitation followed by dissolution) of gypsum were observed during
simulation. The gypsum precipitation, which distributed in the dolomitization front zone, was
likely related to the combination of released Ca?" during dolomitization (2 mole CaCOs

replaced by 1 mole MgCa(COs),) and SO4>" in the solution.
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Collectively influenced by pore-increment via dolomitization and pore-infill by gypsum
precipitation, the rock porosity-permeability display a dynamic evolution of slight decrease

followed by substantial increase.

Multiple factors, which includes hydrogeochemical conditions and rock fabrics (sediment
reactivity and fluid mobility), determine the reaction rate and degree of dolomitization.
Specifically, higher brine salinity, temperature, RSA and injection rate accelerate the
dolomitization rate, while the degree of dolomitization can be only enhanced under conditions

of higher brine salinity and temperature, as well as fine-grained rock fabric such as micrite.
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4 Eogenetic karst in meteoric water-rock system

4.1 Basic idea

Karstification usually refers to the processes of chemical dissolution and associated
modification of soluble rocks (mostly carbonates and evaporites), occurring in a wide variety
of climatic and tectonic settings (e.g., meteoric diagenetic environment for subaerially exposed
rock strata; James and Choquette, 1988). The term “eogenetic” is applied to karst (Vacher and
Mylroie, 2002) to characterize the karst process that affects newly formed deposited sediments
when these sediments are exposed to subaerial weathering and meteoric water prior to deep
burial. This eogenetic karst (or soft-rock karst), which is hydrodynamically controlled by an
intergranular pore system in the matrix (Fig. 4.1a), is distinguished from the telogenetic karst
(or hard-rock karst) that develop mostly along fracture systems within ancient rocks that have
been re-exposed after the porosity reduction of burial diagenesis (Grimes, 2006; Florea and

Vacher, 2007; Tan et al., 2015).

In recent years, the eogenetic karst, which is one important type of paleokarst (or ancient karst)
developed in geological history and preserved within the rock strata, has received increasing
attention since it provides crucial information on hydrocarbon reservoir genesis and prediction.
A number of high-quality carbonate reservoirs have been revealed to be associated with
eogenetic karst, especially in the sedimentary facies of intraplatform shoals and microbial
mounds that formed in the paleotopographic highs of the carbonate platform and were sensitive
to the leaching of meteoric water during sea level regressions (e.g., Mehrabi et al., 2015; Xiao
et al., 2019; Zhong et al., 2019). This karst process played a major role in the expansion of
primary pores and the production of new reservoir space (Fig. 4.1b-d). Moreover, these karst
systems formed in the early stage significantly control burial diagenesis and porosity evolution
since they determine the flow path and priorities of reservoir optimization for basinal fluids
(Rahimpour-Bonab et al., 2012; Zhao et al., 2014; Xiong et al., 2020b). Hence, eogenetic karst
is of great significance for understanding the distribution and heterogeneity of carbonate

reservoirs in marine petroliferous basins.
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dissolution pores|

dissolution zone

Figure 4.1 (a) Schematic illustration of the different dissolution mechanisms of soft-rock karst
(or eogenetic karst) and hard-rock karst (modified after Grimes, 2006). (b—d) Core and thin
section photographs showing the macro-micro characteristics of eogenetic karst (samples form

the Ordovician karst reservoir, Ordos Basin, China).

Although the petrographic features of eogenetic karst have been well studied, quantifying karst
process with its impact on porosity evolution remains a persistent challenge in the field of
petroleum geology that limits the accuracy of reservoir quality predictions at multiple temporal
and spatial scales. For instance, most of the previous studies, which were based on petrographic
analyses of outcrops and cores and geochemical constraints of diagenetic fluids, have provided
a basis for identifying meteoric diagenesis and multilevel exposure surfaces (Mehrabi et al.,
2018; Liu et al., 2019; Xiong et al., 2019; Xie et al., 2020). Nevertheless, these studies failed
to reveal a quantitative relationship between the exposure time and the extent and intensity of
dissolution, and thus introduced uncertainties into the prediction of such meter-scale cyclical
carbonate reservoirs. Yang (2001) proposed an isotopic approach to estimate the duration of

subaerial exposure based on the whole-rock 8'*C depletion in vadose meteorically altered
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limestone. This iterative model, however, simply considers the carbon isotope exchange during
water-rock interactions from a static perspective and ignores the dynamic variation in the
isotopic signals of meteoric water during the seepage process. The carbon isotope values of
seawater vary significantly with geological time and specific environmental conditions (Veizer
et al., 1999); this variation also raises doubts about the universality of this method. Moreover,
a number of lab experiments have been conducted to model the karst process of carbonate
reservoirs with respect to meteoric and burial diagenetic environments (e.g., Arvidson et al.,
2003; Stack et al., 2014; Keshavarz et al., 2019). These experiments provided quantitative
evaluations of the influence of various physicochemical conditions on the fluid-rock
interactions and resulting porosity changes at the core scale. However, their results are vastly
different and even challenge each other due to differences in the experimental conditions,
control parameters and rock textures (e.g., She et al., 2016; Bouissonnié¢ et al., 2018;
Poonoosamy et al., 2020). Given the limitations of experiments and observation times, artificial
diagenesis under laboratory conditions usually cannot reflect realistic diagenetic processes
over geological timescales. As such, it is difficult to precisely characterize the distribution of
geological bodies and to practically promote reservoir predictions using the results of

laboratory experiments.

Reactive transport modeling (RTM) is an effective research method for geological issues that
couples multiphase flow, solute transport and chemical reaction processes (Xu et al., 2006;
Whitaker and Xiao, 2010; Charlton and Parkhurst, 2011; Garcia-Fresca et al., 2012). To date,
this approach has been widely employed in simulations of fluid-rock interactions within porous
media during multiple diageneses, such as dolomitization, illitization, mineral dissolution and
precipitation, and carbon dioxide sequestration by mineralization (e.g., Al-Helal et al., 2012;
Liu et al., 2015; Islam et al., 2016; Gabellone et al., 2016; Xiao et al., 2018). Although the karst
system has been frequently investigated using RTM, these studies mostly focus on the modern
karstology with applications in groundwater resources management and ecological assessment
(e.g., Kaufmann et al., 2010; Hao et al., 2013; Worthington et al., 2016). Less attention has
been paid to the paleokarst systems (Yang et al., 2020a), especially the meteoric water-rock

interactions and resulting porosity evolution under the influence of various extrinsic/intrinsic
84
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hydrogeological factors from a hydrocarbon geological perspective. Compared with traditional
reservoir characterization approaches that focus on karst products preserved in rock records,
RTM has flexible spatial and temporal resolutions to reconstruct the co-evolution of mineral
reactions with porosity changes at both geological and production timescales, which helps to
reduce the prediction uncertainty of paleokarst-related hydrocarbon reservoirs. Particularly,
this chapter aims to: (1) determine the mineral and porosity distributions in a one-dimensional
eogenetic karst system; (2) quantitatively evaluate the impacts of key geological factors on the

karst process and their relative importance in promoting high-quality carbonate reservoirs.
4.2 Model setup and parameters
4.2.1 Applicability of the model

Fluid-rock interactions during the karst process of carbonate rocks are mainly controlled by the
flow of unsaturated fluids, chemical transport and reactions, and porosity-permeability changes
(Whitaker and Smart, 2007; Worthington et al., 2016). To reveal the fluid-rocks interactions
during eogenetic karst and their impacts on carbonate reservoirs, simulations of carbonates
dissolution process in a meteoric water-rock system were also performed using the reactive
transport computer code TOUGHREACT (Xu et al., 2004). Further details on the numerical
models and governing equations of the flow, transport, chemical reactions and porosity-

permeability changes are introduced in chapter 2.

Notably, constraining porosity-permeability changes is a major focus of research on fluid-rock
interactions during carbonate diagenesis. Temporal variations in rock porosity-permeability
can modify fluid flow and result in progressively complicated fluid-rock interactions (Xu et al.,
2006). Hence, the feedback between flow and chemistry is considered in the code and the
Kozeny-Carman porosity-permeability equation is used for matrix permeability changes in the
present simulations. It should be noted that although various matrix- and fracture-flow models
have been developed to investigate the porosity-permeability coevolution during karstification
(e.g., Kaufmann et al., 2010; Worthington et al., 2016; Gong et al., 2019), these studied are

mostly based on telogenetic karst (or hard-rock karst) in which the fracture porosity and conduit
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flow significantly affect the flow and mineral dissolution processes (Fig. 4.1a). The eogenetic
karst, which is discussed in the present study, is distinct from the telogenetic karst. Firstly, a
major characteristic of eogenetic karst is that the rock comprises early sediments (e.g., arenite
and oolitic limestone) that have barely been affected by compaction (i.e., soft-rock karst). In
these porous grain-supported carbonate rocks, laboratory experiments have shown that the flow
path of meteoric water is mainly provided by intergranular pores, characterized by random and
diffuse flow (i.e., diffuse intergranular flow; Fig. 4.1a) (She et al., 2016; Maddah et al., 2020).
Secondly, the duration of leaching by meteoric water for eogenetic karst (generally less than 1
Ma (million years)) is apparently shorter than that for telogenetic karst (up to hundreds of Ma)
(Xiao et al., 2016). According to abundant petrological analyses, the eogenetic karst is featured
by relatively homogeneous enlargement of intergranular pores, and the initial granular structure
of the rock has not been significantly altered (Saller et al., 1999). In this case, the conduit flow
and fracture porosity should have a minor impact on the eogenetic karst system. Therefore, the
studied eogenetic karst system is comparable to other early diagenetic porous systems (e.g.,
dolomitization) that have been extensively simulated using TOUGHREACT (Whitaker and
Xiao, 2010), and the Kozeny-Carman model is also applicable for this unique karst system.
Similar RTMs of karstification using TOUGHREACT have been also documented by Xiao et

al. (2018) and Yang et al. (2020).
4.2.2 Generic column model and rock properties

The eogenetic karst in a vadose meteoric water-rock system was simulated in a simplified 1D
single-mineral system that represents a vertical column of porous carbonate sediments (Fig.
4.2a). During sea level falls, the carbonate platforms are likely exposed and subjected to a
meteoric diagenetic environment (Grimes, 2006; Dyer et al., 2017). The 25-m-long column,
which represents the exposed carbonate sediments in a vadose meteoric environment, is evenly
discretized into 25 grid cells. Given that eogenetic karst was mostly developed in the shoal-
facies environment in the palaco-highs of carbonate platforms (Xiong et al., 2019; Zhong et al.,
2019), porous grainstone was thus adopted to specify the initial rock properties in this study

(Fig. 4.2b). As also mentioned in the rock property setting for 1D simulation of reflux
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dolomitization (Section 3.2.2), the new carbonate sediments during eogenetic period were
weakly affected by cementation, compaction or burial diagenesis and thus had relatively high
porosity-permeability (Lucia et al.,, 1995). According to the rock-fabric petrophysical
relationships and porosity-depth models for carbonate reservoirs (Ehrenberg and Nadeau, 2005;
Perrin et al., 2020), an initial homogeneous 30% porosity and 3.85 x 10712 m? permeability

were specified throughout the column.

Injection of
meteoric water
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Pressure
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-20
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Figure 4.2 (a) Schematic illustration of the 1D vertical column showing the karst features and
fluid flow during eogenetic karst. (b) Schematic of a single model grid cell showing the major
[fluid-rock interactions in the pore space (modified after Dyer et al., 2017). (c) Stratigraphic

depth profile showing the initial temperature and pressure of the column.

Moreover, given the possibility that in some evaporitic environments, granular limestone
sediments have undergone dolomitization prior to subaerial exposure, there is a motivation to
explore the difference between limestone and dolostone during the eogenetic karst process.
Specifically, for the single-mineral system in the present study, one type of mineral, i.e., pure

calcite or pure dolomite is involved in each simulation. Although dolostone was specified to
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have the same initial porosity-permeability as limestone, their rate-determining mechanisms
are different. Due to the existence of Mg?*-water complexes that inhibit nucleation of dolomite,
dolomite is generally regarded as a kinetic mineral, as supported by extensive work on its
geochemical mechanism and lab experiments (e.g., Land, 1998; Arvidson and MacKenzie,
1999; Warren, 2000). In the simulation, the kinetic rate constants (k2s5) for dolomite dissolution
are 2.951E-8 mol m™sec’! with activation energy (Ea) of 52.2 kJ mol! and 6.457E-4 mol m™
sec’! with activation energy (E,) of 36.1 kJ mol! under neutral and acid mechanisms,
respectively. They are taken from Xu et al. (2007). The dissolution of calcite, however, is
generally modeled as a thermodynamic process controlled by the saturation and equilibrium
state of the fluid-rock system (Xiao et al., 2018; Yang et al., 2020b). Detailed thermodynamic

data for aqueous species and minerals are given in the EQ3/6 geochemical database (Wolery,

1992) which is concomitant with the simulation code (Xu et al., 2004).
4.2.3 Hydrogeological conditions

An initial 30 °C temperature and 0.1 MPa pressure are specified in the upper boundary of the
column, representing a common global mean temperature in geological history (e.g., the
Middle Ordovician, Trotter et al., 2008) and the normal atmosphere in a subaerial setting,
respectively. The following cells are calculated based on the geothermal gradient (3 °C/100 m)
and formation pressure gradient (0.98 MPa/100 m) (Fig. 4.2¢c). Given that the chemical
composition of seawater varies intensively in geological history and a lack of complete
hydrochemical data, the column is assumed to be initially saturated with modern seawater
determined according to Nordstrom et al. (1979), representative of the initial pore fluid. The
chemical composition of meteoric water is adopted from the ion concentration of modern
atmospheric precipitation near the equator (Fattore et al., 2014; Yang et al., 2020a) (Table 4.1).
In each simulation, the meteoric water is recharged from the top of the column with a constant
rate calculated according to annual rainfall data. Meteoric water then seeps into the deeper
column and react with the rock matrix, representing the processes in which the shoal-facies
grainstone was exposed and meteoric water infiltrated the pore space during sea-level

lowstands. The petrological and hydrogeochemical parameters for base case simulation are
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summarized in Table 4.2.

Table 4.1 Hydrochemical features of the fluids used for simulation.

Component .

Na Crl K’ Ca?' Mg?* HCOs  SO4* pH
(mol L)
Pore fluid
oretu 485¢1  566e7  1.06e? 1072 55le?  2.13¢7 293?822
(initial water)
Meteoric freshwater

2.32e*  2.28e*  2.53ed  4.28e’ 247e? 5.08e”  2.82¢7 5.66

(boundary water)

Table 4.2 Controlling parameters used for base case simulation.

Parameters Values (Source)

Calcite dissolution CaCOs + H" = Ca* + HCO3

Dolomite dissolution MgCa(COs), + 2H" = Mg?* +Ca?" + 2HCO5
30%

3.85x 102 m?

Initial porosity
Initial permeability

Thermodynamics and kinetics Thermodynamics for calcite; kinetics for dolomite

Dolomite dissolution rate constants
Reactive surface area

Surface temperature

Initial water

Boundary water

Duration of subaerial exposure
Rainfall recharge

pCO2

2.951e® mol m? sec! (neutral); 6.457e* mol m? sec”! (acid)
500 cm? g! for dolomite

30°C

Modern seawater (Nordstrom et al., 1979)

Modern atmospheric precipitation (Yang et al., 2020a)

5 ka—1 Ma (time range of eogenetic karst)

628 mm/a (average annual rainfall in China)

320 ppm (post-industrial value in the 1970s)

Hydrogeochemical conditions in a vadose meteoric water-rock system can be affected by
various factors, such as the geographical location, sea surface temperature, atmospheric CO>
concentration, seawater chemical composition, initial porosity-permeability heterogeneity and
even the root respiration and bacterial decomposition of organic matter in the soil (White, 1988;
Whitaker and Smart, 2007). For petroleum geologists, however, a few of these factors are of
the greatest concern since they determine the extent and intensity of the palacokarst, which is
critical for reservoir prediction on a regional scale (Zhang and Liu, 2009). Therefore, this paper
focuses on the duration of subaerial exposure, climate-related rainfall recharge and atmospheric

pCOaz variation over geological time. Sensitivity analyses (Table 4.3) were performed to reveal
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the impacts of these key hydrogeological factors on the eogenetic karst process.

Table 4.3 Summary of the key hydrogeological parameters used for sensitivity analyses.

Simulation . Duration of Rainfall ~ Atmospheric CO
number Lithology exposure (ka) (mm/a) concentration (ppm) Model purpose
1 5-1000 628 320 Base case (limestone)
2 5-1000 200 320
3 5-1000 400 320 Sensitive to rainfall
4 5-1000 800 320
5 5-1000 628 200
6 Limestone  5-1000 628 500
7 5-1000 628 1000
8 5-1000 628 2000 Sensitive to pCO>
9 5-1000 628 3000
10 5-1000 628 4000
11 5-1000 628 5000
12 5-1000 628 320 Base case (dolostone)
13 5-1000 200 320
Dolostone
14 5-1000 400 320 Sensitive to rainfall
15 5-1000 800 320

Specifically, evaluating the impact of exposure time on the palacokarst was mostly based on
the classification of subaerial exposure by Saller et al. (1999) in the previous studies (Rameil
et al., 2012; Xiong et al., 2019; Xie et al., 2020). However, this classification is only a discrete
result (i.e., 5, 50 and 130 ka) of a rough estimate according to pore changes. Numerical
simulations in the present study would contribute to establish a continuous quantitative
relationship between the exposure time and reservoir porosity changes. The simulation time is
1 Ma, corresponding to the maximum dissolution time of eogenetic karst. The rainfall recharge
for the base case simulation is specified as 628 mm/a (expressed as millimeter per year),
according to the current average annual rainfall in China. Given the climate variation in
different regions, sensitivity analyses are also performed using the other three different rainfall
data: 200, 400 and 800 mm/a, representative of a gradual increase in climatic wetness (Yin et

al., 2016). The atmospheric pCO> for the base case simulation is specified as 320 ppm that

90

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



4 Eogenetic karst in meteoric water-rock system

represents a post-industrial value in the 1970s (Cramer, 1993). Moreover, a series of discrete
data are adopted in the sensitivity analyses, ranging from 200 to 5000 ppm that represent the

low- and high-levels of atmospheric pCO> in the geological history (Berner, 1997).

4.3 Simulation results

4.3.1 Duration of subaerial exposure

Eogenetic karst generally occurs in the relatively high positions within a carbonate platform
and is controlled by periodic sea-level fluctuations (Xiao et al., 2019; Xiong et al., 2019).
Compared with telogenetic karst, which is commonly associated with tectonic uplift, eogenetic
karst is characterized by an apparently short period of subaerial exposure. Saller et al. (1999)
classified the karst process into four types according to the progressive exposure times and
features of dissolved pores: very brief or no subaerial exposure (<5 ka), brief to moderate
subaerial exposure (5-50 ka), moderately long subaerial exposure (50—130 ka) and prolonged
subaerial exposure (>130 ka). The simulation result of the base case (simulation No. 1) (rainfall
= 628 mm/a, pCO> = 320 ppm) shows that there is a decreasing trend in the amount of calcite
dissolution with increasing distance from the recharging cell of meteoric water on the top of
the column (Fig. 4.3a). Both the karst depth penetration and the amount of dissolution gradually
increase with increasing exposure time and recharge of seepage water. The amounts of calcite
dissolution over the periods of 5 ka, 50 ka and 130 ka are 0.57%, 5.87% and 15.31%,
respectively. Moreover, the evolution of rock porosity is highly consistent with the calcite

dissolution trend during the simulation in both the depth and time domains (Fig. 4.3b).

4.3.2 Climate-related rainfall recharge

Climate conditions also impact karst mainly by determining the amount of meteoric water
recharged into the formation. Generally, the climatic zone can be divided into four types
according to the average annual rainfall of a specific area: arid zone (<200 mm/a), semi-arid
(200-400 mm/a), semi-humid (400-800 mm/a) and humid (>800 mm/a) (Yin et al., 2016). In
the simulation, sensitivity analysis of rainfall recharge is implemented by changing the

injection rate of meteoric water from the top of the column. The results (simulations No. 2—4)
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show that the burial depth affected by karst, the amount of calcite dissolution (Fig. 4.4a) and
rock porosity (Fig. 4.4b) would all increase to a large extent under higher rainfall recharge and
relatively humid conditions. At an exposure time of 130 ka, the amounts of calcite dissolution
under rainfall conditions of 200 mm/a, 400 mm/a and 800 mm/a are 4.99%, 10.35%, and

18.46%, respectively.
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Figure 4.3 Simulation results showing the amount of (a) calcite dissolution and (b) porosity

evolution with variation in exposure time.

@ 4 (b)
5 1
= £
£ £
S 10} o 1
° » @
2 Exposure time = 130 ka [ Q2
< =
[=% pCO, =320 ppm Q
© L © 4
< -15 o
= =)
© Rainfall = ‘§
n —e— 200 mm/a n
-20 *— 400 mm/a -20 3
*— 628 mm/a
—e— 800 mm/a
_25 L L L L L L L L _25 L L L L L L L
-20 -16 -12 -8 -4 0 0.30 0.34 0.38 0.42 0.46 0.50

Change of calcite (%)

Total porosity

Figure 4.4 Simulation results showing the amount of (a) calcite dissolution and (b) porosity

evolution with variation in rainfall recharge.

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



4 Eogenetic karst in meteoric water-rock system

4.3.3 Atmospheric carbon dioxide concentration over geological history

The atmospheric carbon dioxide concentration (pCO.) varies intensively during geological
history due to the varying intensities of volcanic activity at different geological periods. It
affects carbonate dissolution by changing the partial pressure of carbon dioxide and the hydrion
(H") concentration in meteoric/rain water. This relationship between atmospheric pCO» and pH
value of rainwater has been approximated by Bogan et al. (2009) and Kong and Long (2014)
based on equilibrium calculations of aqueous carbonate systems with regard to rainwater pH
values (Fig. 4.5). Simulations (No. 5-11) under different pCO> conditions show that the burial
depth affected by karst remains almost unchanged (Fig. 4.6). However, there are increasing
trends in the amount of calcite dissolution and rock porosity with increasing pCOz (Fig. 4.6).
For instance, at an exposure time of 130 ka, the amounts of calcite dissolution under pCO>
conditions of 200 ppm, 500 ppm, 2000 ppm and 5000 ppm are 14.52%, 15.56%, 16.89% and
17.67%, respectively. Generally, an increase in atmospheric CO2 concentration has a minor
impact on the stratigraphic depth affected by karst, while it could promote the dissolution rate

of calcite and the increase of porosity.
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Figure 4.5 The relationship between atmospheric pCO:> and pH value of rainwater. (a) The
historical change in atmospheric pCO: and calculated rainwater pH at 25°C and 1 atm (Bogan
et al., 2009). (b) Approximate quantitative relationships between atmospheric pCO: and

rainwater pH (data from Bogan et al., 2009 and Kong and Long, 2014, respectively).
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Figure 4.6 Simulation results showing the amount of (a) calcite dissolution and (b) porosity

evolution with variation in atmospheric CO> concentrations.
4.4 Interpretation and discussion
4.4.1 Vertical extent of karst and porosity increment

Simulation results of the base case and sensitivity analyses have shown that the three extrinsic
factors have different influences on karst. To reveal the quantitative relationships between these
factors and the vertical extent and intensity of karst, herein we define the karst-affected depth
(karsted depth) as the vertical extent in which the amount of calcite dissolution exceeds 1%,

and the porosity increment indicates the extracted data at a stratigraphic depth of -1 m.

(1) Exposure time and climatic control of karsted depth

Both exposure time and rainfall recharge impact the karst-affected depth, amount of calcite
dissolution and porosity increment (Fig. 4.7). Particularly, in semi-humid to humid areas, an
increasing exposure time would significantly enlarge the karst-affected depth, as shown by a
depth increased by at least 12.2 m during 1 Ma simulation (Fig. 4.7a). In relatively arid areas,
however, the enlargement of karst-affected depth (up to 4.0 m) caused by increases in exposure
time (1 Ma) is apparently smaller than that in humid areas. Generally, under the same condition
of exposure time, a humid climate (rainfall > 800 mm/a) would lead to a large vertical extent

of karst that is greater than three times that in an arid climate (rainfall < 200 mm/a) (Fig. 4.7a,
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b). This indicates that a relatively humid climate would contribute to a deeper meteoric
diagenetic environment and the formation of thick-bedded reservoirs. Our data interpretation
is comparable to previous field studies and hydrogeochemical modeling of karst on modern
carbonate islands (Whitaker and Smart, 2007; Paterson et al., 2008; de Periere et al., 2017),
which highlight the climate control (rainwater fluid flux) on karst and as shown by apparently
greater vadose zone depths and higher dissolution rates on wet islands than on dry islands.
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Figure 4.7 Calcite dissolution collectively controlled by exposure time and climate-related
rainfall recharge. (a) Karst-affected depth as a function of exposure time under different
climate conditions. (b) Karst-affected depth as a function of rainfall during different stages of
subaerial exposure. (c) Porosity increment (at stratigraphic depth = -1 m) as a function of
exposure time under different climate conditions. (d) Porosity increment as a function of

rainfall during different stages of subaerial exposure.
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Furthermore, during the simulation, there is an increase trend in porosity-permeability due to
successive calcite dissolution (Fig. 4.8a—c). Although the positive feedback between increasing
dissolution and flow would theoretically accelerate rainwater flow to greater depths (Kaufmann,
2016), the simulation results show that the increase in karsted depth gradually slows with time
(Fig. 4.7a). This is likely related to an elevated calcite saturation index in the lower part of the
column because of Ca?* and HCO;™ released during calcite dissolution and then enriched in the
front of the flow path (Fig. 4.8e, f). Meanwhile, the ambient geothermal gradient has been
revealed to be an important factor affecting the calcite dissolution/precipitation processes in
vadose systems because a downward increase in the temperature can result in a concomitant
decrease in calcite solubility (Whelan et al., 2002). Moreover, the downward seepage of
rainwater might have been limited by the gradually increasing strata pressure, and thus the
decreasing amount of calcite dissolution in the lower column may also be a result of lateral
flow that is not captured in the one-dimensional simulations in the present study. Generally,
the simulation results are consistent with extensive geological observations from outcrops and
boreholes in which the eogenetic karst-controlled reservoirs developed mostly in relatively thin

diagenetic lenses just several meters below the exposure surfaces (Shen et al., 2015).
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Figure 4.8 Depth profiles showing the distribution of (a) the amount of calcite dissolution; (b)
rock porosity; (c) rock permeability; (d) pH value of pore fluid; (e) Ca’* concentration and (f)
HCOs concentration of the base case simulation (rainfall = 628 mm/a, pCO> = 320 ppm) at

an exposure time of 130 ka.
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(2) Porosity changes with varying pCO: in geological history

Atmospheric carbon dioxide concentration controls the dissolution rate of calcite in CO»-
containing aqueous solutions mainly by changing the chemical composition of the CaCOj3(s)-
H20(1)-CO2(g) system at the water-mineral interface (Kaufmann and Dreybrodt, 2007; Bogan
etal., 2009). Generally, higher pCO: is conducive to the conversion of COz into H" and HCO3"
in the solution and thus facilitates carbonate minerals (e.g., calcite and dolomite) dissolution
(Eq. 2.5; Fig. 4.6). Nevertheless, the vertical fluid flow in the vadose meteoric water-rock
system is nearly unaffected by the variation in pCOz, as indicated by the similar karst-affected
depths under various atmospheric pCO2 conditions (Fig. 4.6a). Our simulation results are
consistent in an overall trend with previous numerical models and core experiments (Buhmann
and Dreybrodt, 1985; Maddah et al., 2020) and have shown that pCO; is a major rate-
determining factor of meteoric water-rock interactions in carbonate rocks. Furthermore, to
quantitatively evaluate/reconstruct the impact of atmospheric pCO, variation over the
prolonged geological periods on the eogenetic karst process and resulting reservoir porosity
evolution, discrete data obtained from the simulations based on sensitivity analysis were first
plotted and fitted in Fig. 4.9a. According to the logarithmic function describing the relationship
between pCO; and the porosity increment (at stratigraphic depth = -1 m), the variation in
atmospheric pCO» over geological time (Fig. 4.9b) (Berner, 1997) can then be transferred into
the evolution of the porosity increment with geological time under specific hydrogeological
conditions (herein illustrated by the base case scenario with exposure time = 130 ka and rainfall

= 628 mm/a; Fig. 4.9¢).
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Figure 4.9 (a) Results of sensitivity analysis of atmospheric CO> concentrations showing the
logarithmic relationship between pCO> and the porosity increment (at stratigraphic depth = -
Im). (b) Variation in the atmospheric CO: concentrations over geological time (modified from
Berner, 1997). (c) Estimated variation in the porosity increment over geological time based on

the logarithmic function in (a).
4.4.2 Calcite vs. dolomite

Apart from the above extrinsic factors (i.e., duration of exposure, rainfall and pCO>), intrinsic
factors, especially the rock types (lithofacies), might also have significant influences on the
development and porosity evolution of carbonate reservoirs. Sustained lab experiments on the
dissolution of carbonate rocks have shown that limestone is preferentially dissolved over
dolostone, especially under shallow-burial environments (e.g., Liu et al., 2005; Genty et al.,
2012; She et al., 2016; Maddah et al., 2020). In the present study, comparative simulations of
limestone and dolostone were performed under the same hydrogeological conditions (base case
scenario), showing that the amount of dolomite dissolution and its porosity increment are

apparently lower than that of calcite (Fig. 4.10). These numerical results are comparable to
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experimental data of previous laboratory studies and have indicated that limestone sediments,
without experiencing early dolomitization, tend to have a higher vertical extent of karst zone
and porosity increment during eogenetic diagenesis under near-surface environment. Similar
phenomena have been widely documented in hydrocarbon carbonate reservoirs, such as the
Cretaceous Mishrif Formation in the Halfaya oilfield, Middle East, the Cambrian
Longwangmiao Formation and the Permian Changxing Formation in the Sichuan Basin, China,
where eogenetic karst features and high-porosity zones mostly occur within limestone (Lu et

al., 2019; Zhong et al., 2019; Li et al., 2020).
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Figure 4.10 Comparative simulations of calcite and dolomite showing that (a) the amount of

dissolution and (b) the porosity increment of dolomite are lower than that of calcite.

Although there has been extensive work documenting the difference in dissolution between
limestone and dolostone, the causes remain controversial. Some researchers suggest that this
difference is mainly due to the relatively higher influence of varying temperature and pressure
on the dissolution of dolomite than calcite, and the difference between these two minerals tends
to be reduced under deep-burial conditions (Yang et al., 1995; Tan et al., 2017). Other studies,
however, tend to believe that the relatively lower reactivity of dolostone is mainly caused by
its complicated dolomite surface speciation in aqueous systems, which inhibits the mass
transport of ions (i.e., Mg®") into solution from rock surfaces via diffusion (Liu et al., 2005;

Pokrovsky et al., 2005, 2009; Perez-Fernandez et al., 2017). In particular, dolomite is rarely
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generated in modern seawater environments or laboratory conditions (25°C, 1 atm), although
modern seawater is thermodynamically supersaturated with respected to dolomite (Lippmann,
1982; Land, 1998). These studies have dramatically improved our understanding of the
mechanism that the dissolution/precipitation of dolomite is generally kinetically controlled
while that of calcite is thermodynamically controlled (Palandri and Kharaka, 2004; Xu et al.,
2004). This difference in rate-determining reaction mechanisms has been adopted in the
reactive transport simulations in the present study, which provides a new clue in interpreting
the difference in dissolution and porosity evolution between limestone and dolostone during

eogenetic diagenesis.

In comparison with telogenetic karst, eogenetic karst has a relatively short duration of subaerial
exposure, generally less than 1 Ma (Xiao et al., 2016; Yang et al., 2020a). In this case, a short
period of time has become a crucial factor limiting the degree of kinetic reaction (i.e.,
dissolution/precipitation processes of dolomite). A statistical truism that the dolomite
abundance (relative to limestone) progressively increases with stratigraphic age has also
highlighted the importance of time accumulation for dolomite precipitation occurring very
slowly at geological timescales (Given and Wilkinson, 1987; Warren, 2000; Ning et al., 2020).
For equilibrium minerals (e.g., calcite), however, the reaction will reach thermodynamic
equilibrium in a relatively short period depending on the mineral saturation state. Moreover,
eogenetic karst generally occurs in near-surface to very shallow-burial environments, with a
relatively low temperature. According to the Arrhenius equation describing the temperature-
dependent rate constant (Steefel and Lasaga, 1994; Xu et al., 2004), the reaction rate of kinetic
minerals is proportional to temperature, and thus, a low temperature in a subaerial environment
would lead to a low dissolution rate of dolomite. In contrast, the solubility of calcite is inversely
proportional to temperature (Whelan et al., 2002), and this low-temperature condition
contributes to a higher calcite solubility and eventually an enhanced dissolution and reservoir
porosity (Morse and Arvidson, 2002). Hence, the smaller karst-affected depth of dolostone
(e.g., 12.59 m at 1 Ma) than that of limestone (e.g., 20.37 m at 1 Ma) is likely the result of the
lower dissolution rate of dolomite (Figs. 4.7a, b and 4.11a, b), although the flow paths and

diffusion depths of meteoric water in these two rock matrices are highly similar. At equilibrium,
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the maximum porosity increments of dolostone and limestone are the same (Figs. 4.7c, d and
4.11c, d) and are mainly determined by the chemical composition of the meteoric water. Even
so, the time required for dolostone to reach equilibrium is larger than that for limestone, which
also reflects the importance of time accumulation to the kinetic reaction.
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Figure 4.11 Dolomite dissolution collectively controlled by exposure time and climate-related
rainfall recharge. (a) Karst-affected depth as a function of exposure time under different
climate conditions. (b) Karst-affected depth as a function of rainfall during different stages of
subaerial exposure. (c) Porosity increment (at stratigraphic depth = -1 m) as a function of
exposure time under different climate conditions. (d) Porosity increment as a function of

rainfall during different stages of subaerial exposure.

Furthermore, to determine the relative importance of different controlling factors, the karst-
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affected depth was plotted versus exposure time and rainfall; this plot shows that the promotion
effect of calcite dissolution resulting from increasing rainfall would be more significant than
an increasing exposure time (Fig. 4.12a). For dolomite, however, the relative importance of
increasing rainfall has been weakened (Fig. 4.12b), which exhibits the restriction of a relatively

low kinetic rate on dolomite dissolution even under high fluid flux conditions.
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Figure 4.12 Three-dimensional surface diagrams showing the karst-affected depth versus

exposure time and rainfall recharge for (a) calcite and (b) dolomite.

It should also be noted that the carbonate dissolution and porosity changes could not directly
represent the present pore characteristics since no burial diagenesis was taken into account in
the current simulations and some simplifications are necessary in all modeling approaches.
Nevertheless, the karst-affected depth during eogenetic diagenesis generally determines the
vertical extent of karst systems and the preferential zones for burial diagenetic alteration, thus

providing potential predictions of paleokarst-related carbonate reservoirs, especially for intra-
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platform thin-bedded shoal reservoirs controlled by periodic sea-level fluctuations. This
chapter simulates the coupled flow and geochemical processes of eogenetic fluid-rock
interactions in a generic column model and provides a semi-quantitative evaluation of the
impacts of key geological parameters on the paleokarst process as well as a new clue for

carbonate reservoir quality prediction.

4.4.3 Limitations of the continuum model

From the perspective of petroleum geology, a fundamental challenge in palaecokarst-related
reservoir characterization and prediction is the accurate constraint of diagenetic alteration with
porosity distribution via leaching by meteoric water at multiple spatial and temporal scales. In
the present study, although semi-quantitative evaluations of the controls on eogenetic karst
have been carried out on three extrinsic factors (i.e., duration of exposure, rainfall and pCO3)
and one intrinsic factor (i.e., rock types), there are still some limitations since the current model
fails to replicate features such as the heterogeneity in diagenetic alteration and the changes in
rock structures. Specifically, an assumption for the continuum-scale system is that the chemical
species in each phase are completely mixed, leading to a uniform distribution of species
concentrations and reaction progression. However, in a natural marine carbonate platform, the
complexity of petrofabrics and sedimentary structures (e.g., gypsum nodules, insoluble
organic-rich bio-framework in microbialites) could result in strong heterogeneity in rock
reactivity, i.e., fabric-selective dissolution (Stoffers and Miiller, 1979). The frequent sea level
fluctuations also lead to the superposition of karstification in multiple periods and ultimately

an extremely complicated process of porosity evolution (Xiong et al., 2019, 2021c¢).

Meanwhile, although the classical Kozeny-Carman relation, as discussed earlier in this chapter,
is regarded to be applicable for this unique eogenetic karst system (soft-rock karst), the use of
this porosity-permeability relation and a Darcy flow approximation may not be adequate to
describe the flow, transport and porosity-permeability changes within other types of karst
system, e.g., the telogenetic karst system (hard-rock karst). This is mainly because the mobility
and reactivity of the meteoric water in a telogenetic karst system are largely controlled by the

fracture porosity and conduit flow in which the fluid concentration gradients from the center
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of the channel to the walls may develop (Hao et al., 2013; Kaufmann, 2016). Moreover, strong
karstification is usually accompanied by collapse of overlying strata and numerous weathering
product such as weathering crusts, palacosols, caliche and bauxite (James and Choquette, 1987,
MacLean et al., 1997; Tan et al., 2015), leading to the formation of irregular collapse breccias
and mixed infills of dissociated carbonate fragments (i.e., chaotic clasts-supported structures)
in the early-formed dissolved pores (Xiao et al., 2016; Xie et al., 2020). These uncertainties
have all introduced great difficulties in description of mineral reaction and porosity-
permeability relation in a complicated karst system. Hence, the coupling of sedimentary
heterogeneity, diagenetic geochemical reactions and changes in rock structures needs further
exploration in the reactive transport modeling of paleokarst and associated hydrocarbon

reservoirs evolution.

4.5 Summary

In this chapter, the RTM method was employed to investigate the distribution and evolution of
minerals (i.e., calcite and dolomite) and rock porosity in a one-dimensional vadose meteoric
water-rock system. Based on sensitivity analysis, the impacts of several key extrinsic
(hydrogeological parameters) and intrinsic (limestone/dolostone) factors on the fluid-rock
interactions and reservoir porosity evolution during eogenetic karst were quantitatively
evaluated. From a hydrocarbon geological perspective, the relative importance of these factors
in promoting high-quality carbonate reservoirs was also discussed. The present chapter was
published in a similar form in the Applied Geochemistry (Xiong et al., 2021a) and the main

conclusion are as follows.

In a vadose eogenetic karst system, there is a downward decreasing trend in carbonate
dissolution and rock porosity. The exposure time and rainfall recharge significantly determine
the karst-affected depth and porosity increment. The amount of calcite dissolution is also
affected by a downward decrease in calcite solubility (temperature-dependent) and the
enrichment of Ca®>" and HCOj3" in the lower part. The promotional effect of calcite dissolution

from increasing rainfall is more significant than an increasing exposure time.
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The atmospheric carbon dioxide concentration is a major rate-determining factor of meteoric
water-rock interactions in carbonate rocks. Although the pCO> has a minor impact on the extent
of karst, it facilitate the dissolution rate of carbonate rocks under high pCO> conditions. The
influence of atmospheric pCO variation over geological time on the porosity increment during

eogenetic karst was reconstructed under conditions of a base case scenario.

In a near-surface low-temperature environment, limestone tends to have higher dissolution rate
and karst-affected depth than dolostone during eogenetic karst process due to their different
rate-determining reaction mechanisms, i.e., thermodynamically controlled calcite and

kinetically controlled dolomite.
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5 Case study of hydrocarbon reservoir in the Ordos Basin, China

5.1 Geological background
5.1.1 Tectonic and sedimentary characteristics

The Ordos Basin is a large, superimposed basin located in the western North China Block (Fig.
5.1a), with an area of ~250 x 10 km? (Feng et al., 1998). During deposition of the Middle
Ordovician Majiagou Formation, the Ordos Basin was structurally affected by a paleo-uplift
(namely the Central Uplift), which resulted in significant changes to the paleogeography and
depositional environment (Fig. 5.1b). West of the paleo-uplift was an epicontinental sea, where
tidal flat, carbonate platform and shelf deposits developed (Chen et al., 2019). To the north and
east of the paleo-uplift, a semi-closed, intracratonic epeiric sea dominated the area, and two
secondary tectonic units (i.e., the Yishan Slope and Shanbei Depression) can be recognized
according to geomorphic changes from west to east (Fu et al., 2017; Chen et al., 2018; Galamay
et al., 2019). In particular, the subsalt Majiagou Formation (i.e., Ma57 to Ma5o) in the Yishan
Slope was dominated by shallow-marine carbonates deposited in the facies of tidal flat, intra-
platform shoals, dolomite platform flat and lagoons (Fig. 5.1c). These carbonate intervals form
potential source rocks and hydrocarbon reservoirs (Wang and Al-Aasm, 2002). Specifically,
The eighth (Ma5g) and tenth (Ma5i9) submembers mostly comprise gypsiferous and
argillaceous rocks interpreted to have been deposited under conditions of a dry and hot climate
as well as high salinity. The seventh (Ma57) and ninth (Ma5¢) submembers mostly consist of
carbonate rocks deposited during intermittent marine transgression. Intra-platform shoal-facies
dolomite can be found within these latter submembers, and forms as the major hydrocarbon
reservoir rock (Fig. 5.2b) (Fu et al., 2019). The Shanbei Depression was characterized by a
high-salinity evaporative lagoon environment during sea level regressions, where massive
deposits of gypsum and halite formed (Ma5¢) and served as favorable regional cap rocks in the
Ordos Basin. Alternatively, during sea level transgressions (i.e., Ma57 and Ma5y periods), the
Shanbei Depression was characterized by low salinity and well seawater exchange, in which

limestone sediments are dominant (Fig. 5.1c).
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Figure 5.1 Geological setting of the Middle Ordovician Ordos Basin. (a) Simplified sketch map
showing the position of the North China Block and the Ordos Basin. (b) Paleogeographic map
of the North China Block during the Middle Ordovician showing major structural units and
the location of the Ordos Basin (modified after Chen et al., 2018). (c) Larger-scale map of the
Ordos Basin, outlined in (b), which shows the distribution of sedimentary facies during sea
level transgressions of the Majiagou stage (i.e., the Ma57 and Ma59 periods; modified after Fu

etal., 2017).

Due to compressional tectonic events at the periphery of the North China Block, the Ordos
Basin records periodic sea level regressions and evaporatic environments during the Middle
Ordovician (Chen et al., 2019; Liu et al., 2019). As such, the Majiagou Formation is made up
of multisets of carbonate-evaporite successions (Fig. 5.2b). Meanwhile, multi-stage hiatuses in
deposition and eogenetic karst have also been identified in the core records of carbonate
intervals (Fu et al., 2019; Xiong et al., 2019; Xie et al., 2020). These short-term periods of
penecontemporaneous karstification, which stack vertically, have been shown to be associated

with Middle Ordovician high-frequency sea level fluctuations and intermittent subaerial
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exposure of local paleo-highs (Xiong et al., 2019; Liu et al., 2020). After deposition of the
Majiagou Formation, the North China Block was greatly uplifted due to the Caledonian
orogeny from the Late Ordovician to the Early Carboniferous (Wang and Al-Aasm, 2002;
Meng et al., 2019). The Ordos Basin was thus subjected to prolonged weathering and leaching
by meteoric water over a period of about 130 Ma (Fig. 5.2a) (He et al., 2013; Xiao et al., 2019),
which ultimately gave rise to the formation of the large-scale weathering crust at the top of the

Majiagou Formation and the superimposition of eogenetic and telogenetic karst.
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Figure 5.2 Stratigraphy and lithology of the sub-salt Majiagou Formation (i.e., Ma5s_10). (a)
Ordovician time scale (after Haq and Schutter, 2008) and simplified chronostratigraphic
framework for the Ordos Basin (absolute ages after Zhang et al., 2019). (b) Comprehensive
stratigraphic column of Well Jintanl showing the lithology, rock textures, depositional

sequences, measured porosity-permeability and distribution of reservoir rocks.
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5.1.2 Characteristics of reservoir rocks

Based on detailed macro and micro petrographic observations of drill cores and thin sections
in the Ordos Basin, two major types of reservoir pore were identified in the sub-salt Majiagou
Formation (Fig. 5.3), including the dissolved pores (and vugs) in granular dolostone and the
intercrystalline pores in crystalline dolostone (although fenestral pores in microbialites have
also been found occasionally, they were not discussed in the present study due to a very small
proportion). The dissolved pores- and intercrystalline pores-dominated reservoir spaces
distribute mostly in the carbonate intervals of Ma57 and Ma5¢ sub-members and form the major
hydrocarbon reservoir rocks in this area. In terms of porosity genesis, they have been revealed
to be closely related to the eogenetic karst and dolomitization (superimposed by burial

recrystallization), respectively (Fu et al., 2019; Xiong et al., 2020a).

To be specific, the dissolved pores (and vugs) developed mainly in the shoal-facies grainstone
such as dolarenite and oolitic dolostone (Fig. 5.3a). They are the results of dissolution and
expansion of primary intergranular or intragranular pores. Exposure and erosion surfaces can
be frequently found at the top of karst-affected grainstone. These pores (and vugs), generally
0.05-0.3 mm in size, exhibit irregular shapes under the microscope (Fig. 5.3b—c). Occasionally,
the pores (and vugs) can be half-infilled by dissociated carbonate fragments from the ambient
rock matrix and pore cements including gypsum and coarse-grained calcite and dolomite,

forming the geopetal structure.

Intercrystalline pores are widely observed in the finely to medium crystalline dolostone (Fig.
5.3d—f). The dolomite crystals are 50-200 um in size, euhedral to subhedral, and poikilotopic.
The formation of these pores are related to early-stage reflux dolomitization and intense burial
recrystallization (Xiong et al., 2020b). Under the microscope, the intercrystalline pores are
generally polygonal and 0.1-2.0 mm in size and have angular shapes. Besides, the distribution
of intercrystalline pores is sometimes controlled by the primary granular structure, as shown
by relict textures of precursor grains in the crystalline dolostone (Fig. 5.3¢). This indicates that

this type of reservoir is also associated with shoal-facies grainstone.
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/

Figure 5.3 Reservoir rocks and pore characteristics of the sub-salt Majiagou Formation in the
Ordos Basin. (a) Core photograph of shoal-facies grainstone with obvious karst features.
Erosion surface (vellow line) can be found at the top of grainstone, overlaid by micritic
dolostone. Well Jin4, 3,670.89 m. (b) Photomicrograph of grainstone (oolitic dolostone) with
abundant intergranular and intragranular pores. Well Jin2, 3,587.83 m, blue casted thin
section. (c) Photomicrograph of grainstone (dolarenite) with abundant dissolved pores and
vugs. Well Jin4, 3,671.42 m. (d) Core photograph of crystalline dolostone with numerous tiny
pores homogeneously distributed in core. Well Taol7, 3,782.39 m. (e) Photomicrograph of
crystalline dolostone with well-preserved intercrystalline pores and only a few coarse dolomite

cement. Note the distribution of intercrystalline pores are still controlled by residual granular
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structures. Well Tao38, 3,631.33 m. (f) Photomicrograph of crystalline dolostone with well-

preserved intercrystalline pores. Well Tao38, 3,630.56 m.

In comparison with other old, superimposed basins, numerous studies have shown that the sub-
salt Majiagou Formation in the Ordos Basin underwent relatively weak diagenetic alteration
during the prolonged burial process (Fu et al., 2019; Liu et al., 2020). Except for the inevitable
compaction of ancient strata, the studied rocks was relatively less affected by burial diagenesis
because the interbedded gypsum layers strongly impeded the diffusion and superimposition of
burial fluids such as basinal brines and magmatic hydrothermal fluids. Consequently, abundant
petrological and reservoir features related to the reflux dolomitization and eogenetic karst have
been well-preserved in the carbonate intervals, providing a valuable case study to investigate
the dolomitization and paleokarst processes, as well as their impacts on hydrocarbon reservoir
properties. Combining the abundant geological data and the RTM approach as discussed in the
previous two chapters, the follow part investigate the two key types of carbonate diagenesis in
the sub-salt Majiagou Formation in the Ordos Basin, i.e., multistage reflux dolomitization and

facies-controlled eogenetic karst.
5.2 Multistage reflux dolomitization of carbonate-evaporite successions
5.2.1 Conceptual geological model and grid system

The model design of reflux dolomitization simulation is based on regional geology and drilling
data (particularly petrographic analysis) from the Middle Ordovician Majiagou Formation in
the Ordos Basin, North China. In generally, the Majiagou Formation is characterized by multi-
sets of carbonate-evaporite successions, with favorable hydrocarbon exploration target of
granular and crystalline dolomites (Fu et al., 2019; Xiong et al., 2020a). The periodic
fluctuations of sea level and water properties during the depositional stage have led to diverse
changes in lithology, mineralogy as well as rock textures (Chen et al., 2019), which provide an
excellent material to investigate the impact of high-frequency depositional sequences on reflux
dolomitization. To be specific, during the Middle Ordovician, the study area was a restricted-

evaporative carbonate platform, in which the circulation of seawater was greatly restricted by
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several paleo-uplifts on the periphery of the basin (Chen et al., 2018; Liu et al., 2019). In such
a geographic setting, a warm, semi-arid to arid climate could have enhanced evaporation and
resulted in elevated salinity and Mg/Ca ratio of the seawater. Hence, the primary limestone
sediments in the lagoon and shoal facies were likely to subject to replacement dolomitization
when highly saline seawater infiltrated and migrated downslope (Fig. 5.4). Moreover, high-
frequency sea level fluctuations during this stage have controlled the depositional sequence of
lagoon-shoal facies and water exchange between the platform interior and the open marine
environment (Bai et al., 2016; Xiong et al., 2021c). As a result, the cyclic transgressions-
regression (evaporation) processes resulted in periodic dolomitization events. In general, a
multistage reflux dolomitization model could explain the initial replacement of the underlying

limestone sediments by dolomites.
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Figure 5.4 Conceptual geological model of reflux dolomitization within one depositional

sequence in the Ordovician Majiagou Formation.

The reflux dolomitization was simulated in a two-dimensional inter-well scale rectangular
domain that is 500 m wide and 38 m thick (Fig. 5.5a). This grid system has a total of 1,900
cells and the node spacing is uniformly specified as 10 m in the horizontal direction and 1 m
in the vertical direction. The hydrological boundary conditions are similar with previous
simulation of reflux dolomitization performed by Lu and Cantrell (2016). The left and lower
boundaries are specified as no flow, and the right boundary (basinward) is open to flow. The
upper boundary, successively varying with superimposed depositional sequences, has a

specified constant temperature and pressure, representing an intra-platform near-surface
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environment where the brines formed (Fig. 5.5b).
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Figure 5.5 (a) 2D grid system showing the lithological distribution. (b) Schematic illustration
of superimposed depositional sequences showing the variations in the position of brine ponds

and hydrological boundary conditions.
5.2.2 Rock properties and hydrogeological conditions

The lithological features were obtained based on core and thin section observations from Well
Jintanl (Fig. 5.2b). Four types of rock textures can be distinguished in the studied Majiagou
Formation, namely micrite, packstone, grainstone and gypsum rock. According to that, the
simulated stratum is 38 m thick, comprising three depositional sequences in the vertical. These
sequences have similar stacking patterns and are generally composed of micrite, packstone,
grainstone and gypsum rock from the bottom to the top, representing the deposition process of
upward-shallowing sequence. The fine fraction of different rock types, defined as the fraction
of granular component <63 pm, is shown in Table 5.1. In order to investigate the impact of
gypsum layers on fluid reflux process, additional simulations (sensitivity analysis) were
performed with/without the presence gypsum layers. During the simulations, the gypsum were
replaced by grainstone or micrite, representing the final sediments in a regression cycle or the

initial sediments of the next transgression cycle, respectively.

According to the various classes of rock-fabric petrophysical relationships proposed by Lucia

(1995), the depositional porosity of carbonates could exceed 40%. However, in a evaporative
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carbonate platform environment, submarine cementation (e.g., fibrous cement) and slight
compaction might had occurred during very early period before the dolomitization of limestone
sediments, which led to apparent porosity and permeability decrease (Liu et al., 2020). Thus
the porosity-permeability data used for reflux simulation should be less than its depositional
values. Based on the rock texture-based porosity evolution of the Majiagou Formation
carbonate reservoir in this area (Su et al., 2010), different initial porosities were specified for
different rock types (Table 5.1; Fig. 5.6), and the permeabilities were still calculated according
to the rock-fabric petrophysical relationships from Lucia (1995). Meanwhile, the reactive
surface area (RSA) of grainstone, packstone and micrite are assumed to be 100 cm?g™!, 250
cm’g! and 500 cm?g’! (Table 5.1, Fig. 5.6), representative of 260 pm, 100 um and 50 pm-

diameter dolomite rhombs, respectively (Gabellone and Whitaker, 2016).

In addition, the permeability anisotropy (Knorizontal/Kvertical ratio) in carbonate rocks was specified
as 10 and is comparable with many previous reactive transport simulations of dolomitization
(Jones, 2000; Jones and Xiao, 2005). The gypsum rock is generally regarded as good cap rock
and thus a relatively low porosity (3%) and permeability (5.50 x 1071¢ m?) was specified. In the
simulation, variation in porosity is calculated by the change of mineral volume fraction and is
controlled by the dissolution-precipitation of minerals with different densities (Xu et al., 2004).
The Carman-Kozeny relation is used to characterize the evolution of permeability with regard

to porosity changes.

Table 5.1 Lithology, rock texture, fine fraction, initial porosity-permeability and reactive

surface area of four types of rock in the subsalt Majiagou Formation.

Fine fraction Porosity Permeability RSA
Rock texture  Layers %) (%) (m?) (cm?g™)
Grainstone 7,9,13,18,20 0.05 30.0 3.85x 1012 100
Packstone 2,4,8,11, 16 0.45 22.5 4.50 x 103 250
Micrite 3,6,10,12,15,17,19 0.95 10.0 3.50 x 10°15 500
Evaporite 5,14, 21 0.95 3.0 5.50 x 101 500
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Figure 5.6 Simplified lithological column and depth profiles showing the initial rock properties

(porosity, permeability and reactive surface area) of the sub-salt Majiagou Formation.

In order to reconstruct cyclic depositional evolution and dolomitization events, the simulation
was divided into three stage, representing three progressive depositional sequences with the
duration of 110 ka, 160 ka and 130 ka, respectively. The duration of these sequences were
estimated based on the ICS (International Commission on Stratigraphy) international
chronostratigraphic chart (Gradstein et al., 2012) and the proportion of each sequence to the
Majiagou Formation. The calculated average deposition rate is 8.5 cm ka™!, which falls within
the statistical results of long-term accumulation rate of ancient carbonate platforms (commonly

1.3 cm ka™! to 36.35 cm ka'!; Sarg, 1988).

Similar with many previous generic simulations in the literature, the model is assumed to be
initially saturated with modern seawater. It should be noted that although the paleo-oceanic

properties have been frequently studied and the composition of seawater during the Ordovician
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can be measured based on primary fluid inclusions of marine halite, concentrations of only
four major ions have been obtained so far, i.e., Ca?>* =72 mmol L', Mg?* = 91 mmol L', K**
=31 mmol L' and SO4* = 50 mmol L' in average (Hardie, 1996). Unfortunately, this is not
enough for our simulation because the lack of several other key ion concentrations (i.e., Na?',
HCOs', CI) and the uncertain of pH value (or charge balance) of the Ordovician seawater.
Moreover, these obtained ion concentrations can only reflect the chemical composition of
concentrated seawater (brine) in which the evaporites (i.e., halite) precipitated (Kovalevych et
al., 2006; Meng et al., 2018), and should be much higher than that of the normal seawater in
which carbonate deposits dominated. Therefore, the chemical composition of well-constrained

modern seawater (Table 3.2) is still adopted in the case study.

Based on the thermodynamic calculation, modern seawater is supersaturated for dolomite (Hsu,
1967). However, dolomite is rarely generated in modern seawater environment or standard
laboratory conditions (25°C, 1 atm), which indicate that the precipitation of dolomite is
significantly controlled by kinetic process (Lippmann, 1982; Land, 1998). The brine pond
position was situated in the upper left corner of each depositional sequence beneath the
evaporites, reflecting the occurrence of dolomitization driven by salinity increase before
evaporites precipitation. Due to great uncertainties of the evaporation intensity and seawater
composition, chemical properties of the brines that formed the Majiagou dolomites is not well
constrained. As such, three types of brine, which have been discussed in the RTM simulation
of 1D dolomitization (Chapter 3), are also used here for base case simulation and sensitivity
analysis. The chemical composition of these brines were derived from the surface water in
some modern saline environments (Table 3.2), including Ibis Pond (Brine 1; salinity of 85%o),
Ralph Sink (Brine 2; salinity of 186%o) and Phreatic Majanna (Brine 3; salinity of 249%o). In
each simulation one type of dolomitization fluid with specified chemical composition was
injected at a constant rate of 0.8 m yr’! in the brine pond cell. Given the near-surface to very
shallow depth setting of reflux dolomitization, geothermal heating is regarded to have less
impact on the entire reflux system. Thus our simulations are isothermal, with a temperature
specified as 30°C that is representative of a global mean sea surface temperature in the Middle

Ordovician (Trotter et al., 2008).
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5.2.3 Temporal and spatial distributions of mineralogy and porosity

Simulation result of the base case scenario shows the spatial distribution and temporal
evolution of minerals and porosity in the superimposed depositional sequences (Fig. 5.7). In
general, three dolomite bodies were successively formed during a total of 400 ka simulation.
Within an individual sequence, dolomitization occurred beneath the brine pond, progressively
forming a tabular dolomite body with a width of ca. 300 m. In the front area of dolomite body,
there is a steady decline in dolomite abundance with increasing depth and distance away from
the brine source. Meanwhile, the extension of dolomite body in grainstone and packstone is
apparently wider than that in micrite. Moreover, the degree of dolomitization in different rock
textures are diverse, showing a gradual increase in maximum dolomite abundance from
grainstone (57.92%) to packstone (64.13%) to micrite (74.48%). With superimposition of
depositional sequences in the vertical, dolomitization process in the previous sequence would
gradually stop due to a lack of further brine injection. As a result, the morphology and extent
of the dolomite body tend to be stable, with only minor flow and reaction in its dolomite front

zone probably caused by slight fluid diffusion.

During the dolomitization, gypsum precipitation was observed in the dolomite front zone and
the maximum volume of gypsum cement is 5.80%. However, these early-precipitated gypsum
cement and even initial gypsum (rock composition) tended be gradually dissolved in the late
stage of dolomitization, with a maximum variation of gypsum abundance being -3.6%. This is
consistent with the dynamic process of gypsum precipitation/dissolution observed in 1D
dolomitization in chapter 3. The distribution and evolution of rock porosity are highly relevant
to the dolomite body, as shown by a gradual increase in porosity-permeability with a higher
degree of dolomitization. In general, the porosity achieves the maximum in the core part of
dolomite body while the porosity increments in the areas of gypsum-cementation are relatively
small. The variation in porosity of different types of rock are also various, with the maximum
porosity increments of grainstone, packstone and micrite being 5.68%-. 6.29% and 7.31%,

respectively.
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Figure 5.7 Temporal and spatial distribution of mineralogy (volume changes of dolomite and
gypsum) and porosity (porosity change and total rock porosity) for base case simulation with
superimposition of depositional sequences. (a—d) Sequence IlI, at 400 ka, (e—h) Sequence II,

at 270 ka; (i-1) Sequence I, at 110 ka.
5.2.4 Rock texture control on dolomitization

Within a deposition sequence, the dolomite abundance is relatively higher in the middle-upper
parts of the dolomite body, and gradually declines with increasing depth and lateral distance
due to consumption of Mg>" in the brine. Meanwhile, the gypsum precipitation, especially
those in the lower part of the dolomite body, could fill in pores and reduce the downward flow
of the brine. Thus the fluid flux is preferentially concentrated on the lateral orientation,

progressively forming a tabular dolomite body (Fig. 5.8a, c).

Simulation results also suggest that the rock texture is a critical control of dolomitization
process since it determines permeability and reactivity of the initial sediments. The Damké&hler
number, which is defined as the ratio of the chemical reaction rate to the mass transfer rate, can
describe the relative importance of these two intrinsic controls (Whitaker et al., 2012).
Generally, in a flow system, the degree of diagenesis is mostly limited by the reaction rate, thus
the micrite with larger RSA will be dolomitized more rapidly. On the contrary, if fluid flux is

insufficient and flow rate is the major limiting factor, dolomitization will be focused rapidly
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on the more permeable, though less reactive grainstone. Due to the combined effect of these
two competing factors (i.e., flow rate and sediments reactivity), Lu and Cantrell (2016) suggest
that the reflux dolomitization can produce stratigraphically discordant dolomite (a complex
dolomite body with heterogeneous ‘fingers’) that was previously thought to be of hydrothermal
origin. In our simulations, relatively open hydrogeological conditions allow continuous
replenishment of Mg?" and carrying away Ca’*, and thus can be regarded as a flow system (Fig.
5.8b). Therefore, the highest RSA and reactivity of micrite give rise to a maximum reaction
rate and dolomite abundance. The grainstone with the smallest RSA, on the contrary, has the
lowest reaction rate and dolomite abundance, while the lateral extension of dolomite in
grainstone is widest because of its highest porosity-permeability and flow rate. The packstone,
which has a medium RSA and permeability, shows intermediate values of reaction rate,

dolomite abundance and lateral extension between the micrite and grainstone (Fig. 5.8b).
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Figure 5.8 (a) Result of base case simulation showing the spatial distribution of dolomite
changes at 400 ka. The solid white box indicates the location for extraction of 1D data. (b)
Extracted 1D data at x = 260 m showing the reaction rate of packstone, grainstone and micrite
at 110 ka, 270 ka, and 400 ka, respectively. (c) Extracted 1D data at x = 260 m showing the

minerals abundance and rock porosity at 400 ka.
5.2.5 Effects of seawater compositions and gypsum layers

Reflux dolomitization can be affected by a series of key geological parameters, including
extrinsic controls (e.g., brine composition, flow rate, temperature and evaporating intensity)

and intrinsic controls (e.g., RSA, rock texture, dolomite rate constant and porosity-permeability
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feedback). Given that the sensitivity analysis of reflux dolomitization has been investigated
intensively for some generic models in the literature (Al-Helal et al., 2012; Gabellone and
Whitaker, 2016), the accuracy and uncertainty of various input parameters involved in the
simulation can be quantitatively evaluated. Nevertheless, for a specific geological setting in
the Ordos Basin, herein we focus on the impacts of brine salinity and gypsum layer on the
reflux dolomitization in the cyclic carbonate-evaporite successions. The range of values of the

major controlling parameters are listed in Table 5.2.

Table 5.2 Controlling parameters used for base case simulation and sensitivity analysis.

Parameters Values (Range)
Extrinsic controls
Temperature 35°C

Brine salinity
Initial flow rate
Boundary conditions

Brine pond evolution

186%o for base case; 85%o and 249%o for sensitivity analysis
0.8 m yr! for base case scenario; 1.2 m yr''for sensitivity analysis
See Fig. 5.5

110 ka, 160 ka and 130 ka for three depositional sequences, respectively

Intrinsic controls

Rock fabrics

Initial water
Initial porosity
Initial permeability

Permeability anisotropy

Micrite, packstone, grainstone and gypsum rocks; gypsum replaced by
micrite and grainstone for sensitivity analysis

Modern seawater equilibrated with calcite and pCO2

3 to 30%

5.50 x 10"°t0 9.85 x 107> m?

10 for carbonates

Reactive surface area 100 to 500 cm? g!
Thermodynamics and kinetics ~ Thermodynamics for calcite and gypsum; kinetics for dolomite

Dolomite precipitation rate law ~ Arvidson & MacKenzie (1999)

(1) Sensitivity to different brines

In addition to the base case simulation (brine 2, salinity = 186%o), another two simulations
representing different evaporation intensities and water properties (brine 1, salinity = 85%o;
brine 3, salinity = 249%o) were conducted (Fig. 5.9). In general, there are obvious increases in
the rate and extent of dolomitization with increasing brine salinities. Gypsum cement can be

observed in all the simulations and higher brine salinity (close to gypsum saturation) leads to

120

Dieses Werk steht Open Access zur Verfligung und unterliegt damit der Lizenz CC-BY 4.0



5 Case study of hydrocarbon reservoir in the Ordos Basin, China

more extensive precipitation of gypsum in the flow path. Particularly, in the simulation of brine
1, relatively low dolomitization rate but high gypsum cementation in the dolomite front even

result in a slight decrease in total porosity (approximately -3%).
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Figure 5.9 Effect of different brine salinities on the distribution of dolomite, gypsum and
porosity at 400 ka. (a—d) Salinity = 85%o. (e—h) Salinity = 186%o (base case). (i-1) Salinity =

249%o.

Given that the evaporation intensity and salinity of seawater in the geological history changed
frequently with seasons and climatic variations (Warren, 2010), three types of brines were
involved in the simulations to evaluate the dolomitization process under conditions of different
seawater properties. Generally, an increase in brine salinity would resulted in higher density of
water, fluid flux and reaction rate, and ultimately an enlargement of dolomite body (Fig. 5.9a,
e, i). Although a larger dolomite body was generated, relatively high salinity (brine 3, close to
gypsum saturation) would have also led to more gypsum precipitation. Thus the porosity
increment of the simulation of brine 3 is relatively less than that of brine 2 (Fig. 5.9g, k). This

indicates that the porosity increase during dolomitization is not always proportional to the
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dolomitization rate or brine salinity, but is simultaneously and significantly affected by gypsum
precipitation. In the simulation of brine 1, a slight decline of total porosity (ca. -3%) was
observed in the dolomite front. This was likely related to a relatively low dolomitization rate
under this low brine salinity condition because the increase of pores by dolomitization is less

than the pores cement-filled by gypsum precipitation.

(2) With/without the presence of gypsum layers
To reveal the impact of cyclic gypsum layers on the dolomitization process, simulations were
also performed under the assumption of gypsum rock replaced by grainstone or micrite, as well

as a variation in brine injection rate (0.8 m yr'! and 1.2 m yr'!) (Fig. 5.10).
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Figure 5.10 Effect of gypsum layers and brine injection rate on the distribution of dolomite,
gypsum and porosity at 400 ka. (a—d) Gypsum rock replaced by micrite, injection rate = 1.2 m
yrl. (e=h) Gypsum rock replaced by grainstone, injection rate = 0.8 m yr™. (i-1) Gypsum rock

replaced by grainstone, injection rate = 1.2 m yr'.

To be specific, the grainstone represents high-energy shoal-facies sediments developed in the

upper part of a regression semi-cycle, while the micrite represents low-energy lagoon-facies
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sediments at the bottom of the next transgression semi-cycle. In general, the new reflux system,
in which the gypsum rock is replaced by carbonates, has little impact on the degree of
dolomitization and morphology of an individual dolomite body. However, these three isolated
dolomite bodies tend to eventually merge into a large dolomite zone without intercalated
gypsum layers. The presence of high-permeable grainstone and an increase in brine injection
rate could both accelerate this trend and are conducive to the formation of a large-scale high-

porosity zone.

(3) Implications for dolomite distribution

The epeiric intra-platform basin is sensitive to high-frequency sea level and climatic
fluctuations (Mitchum and Wagoner, 1991; Xiong et al., 2019), which is typically featured by
cyclic carbonate-evaporite successions. In the Ordovician Majiagou Formation, the gypsum
rocks developed mainly in the upper part of periodic depositional sequences, corresponding to
the late stage of eustatic regressions during which the seawater is highly evaporated and
concentrated. Meanwhile, fluctuations of sea level are usually accompanied by lateral
migration of brine source and change of hydrogeological conditions, which resulted in
successive reflux events. Specifically, a relatively small dolomite body can be formed during
each individual sequence and reflux event. The intercalated gypsum layers, however, have
impeded the downward seepage of brines and prevented these isolated dolomite bodies from
merging into a larger dolomite zone due to its extremely low porosity-permeability. As a result,
in the cyclic carbonate-evaporite successions, thin-bedded dolomite interlayers beneath the
evaporites (e.g., gypsum rock and halite) constitute the favorable target for hydrocarbon
reservoir exploration (Chen et al., 2018; Fu et al., 2019; Xiong et al., 2020b). In contrast, these
isolated dolomite bodies, which were formed in different depositional sequences and
hydrogeological conditions, tended to merge and interconnect with each other under conditions
of the gypsum layers replaced by grainstone or micrite. In this case, a large, continuous
dolomite zone with high reservoir properties could eventually develop (Fig. 5.11). Sensitivity
analysis of the presence of gypsum layers has indicated that the large-scale stratigraphically
accordant dolomite in the Ordos Basin might result from superposition of a series of relatively

short-lived reflux dolomitization events, rather than a single long dolomitization event as
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proposed previously (He et al., 2014).
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showing the minerals abundance and rock porosity at 400 ka. (a—c) Sensitivity analysis of

different brines salinities with brine injection rate = 0.8 m yr’’. (d-g) Hypothetical simulations

of gypsum layers replaced by grainstone and micrite with different brine injection rates.

5.2.6 Porosity evolution during dolomitization

The dolomite is a major target for hydrocarbon exploration in carbonate reservoir. In many

petroliferous basins, especially under deep burial conditions, dolomite was found to have better

reservoir properties than its limestone precursor and the porosity increases with the dolomite

abundance (Schmoker and Halley, 1982; Ehrenberg et al., 2006; Liu et al., 2017). This

highlights the importance of constraining dolomite distribution for carbonate reservoir
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prediction. Nevertheless, there is a great controversy to date about the relationship between
dolomitization and porosity genesis. Intensive debate has been focused on whether
dolomitization directly generate pores, and the amount of porosity increment remains poor
understood (Cantrel et al., 2004; Lucia et al., 2004; Jiang et al., 2016). Simulation results in
this study provide a useful clue in discussing the porosity evolution during dolomitization. In
general, the dolomitization process and resulting porosity change can be described by the

replacement reaction (Eq. 5.1) proposed by Morrow (1982):

(2-x)CaC0; + Mg** +xC0%™ - CaMg(C03), + (1 —x)Ca®* (5.1)
Where x = 0—1, and the porosity change can be calculated based on the difference in molar
volume between dolomite and calcite. Particularly, three specific cases can be recognized

according the amount of exogenous COs> involved in the dolomitization reaction:
(1) If x = 0, the replacement reaction can be written as:

2CaC05;+ Mg** - CaMg(C03), + Ca** (5.2)
In this case, dolomitization will take place by mole-for-mole replacement of Ca>* by Mg?* (i.e.,
mole-for-mole model, Weyl, 1960). Given that the dolomite is smaller in molar volume of
crystal (magnesium has a smaller ionic radius than calcium) compared to its calcite precursor,
a theoretical increase of porosity 12.96% can be generated by this mole-for-mole volume-
decreased dolomitization model (Chen et al., 1985). However, it should be noted that this
dolomitization model was assumed to take place only in completely hydrologically-closed

systems with no exogenous Mg?" and CO3* supply and no overdolomitization.
(2) If x = 0.26, the replacement reaction can be written as:

1.74CaC05 + Mg** + 0.26C05~ —» CaMg(CO03), + 0.74Ca** (5.3)
Where a small quantity of exogenous CO3* is involved in the reaction, and the pore volume

remains unchanged during the dolomitization process.
(3) If x = 1, the replacement reaction can be written as:

CaC0;+ Mg?*t 4+ C0% - CaMg(CO5), (5.4)
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In this case, the produced dolomite is generally regarded as primary dolomite (or dolomite
cement), rather than replacement dolomite. Half of the CO3* in dolomite is of exogenous

source and the porosity is reduced.

According to our simulations, there is an apparent increase in porosity during dolomitization,
as shown by the maximum increment of 5.68%, 6.29% and 7.31% for grainstone, packstone
and micrite, respectively (Fig. 5.12a). The porosity increment for various rock textures are all
lower than the estimated 12.96% for ideal mole-for-mole dolomitization. This indicates that a
small quantity of exogenous COs> (x < 0.26) from injected brine has been involved in the
replacement reaction, which is consistent with the open hydrogeological conditions established
in this study (Fig. 5.5b). Besides, a slight overdolomitization has been also recorded in micrite
and packstone, evidenced by a slight decrease in porosity with increasing dolomite abundance
at the late stage of dolomitization (Fig. 5.12a). This was likely resulted from the continuous
injection of brine in which a small amount dolomite cement was formed by excess Ca*", Mg?*

and CO5% and then infilled in pores.

Gypsum is a common mineral in evaporatic environments and has significant impacts on the
reservoir properties. However, the causality of dolomitization and gypsum precipitation has
been a long debated issue. Some researchers suggest that the consumption of Ca®" and
enhanced Mg/Ca ratio in the brine due to gypsum (CaSO4:2H>0) precipitation have promoted
the dolomitization (Feng et al., 1998; Yang et al., 2018). While others believe that the
replacement of calcium by magnesium during dolomitization have resulted in Ca®* enrichment
of the reflux brine ahead of the dolomite body, which then generated gypsum (Jones and Xiao,
2005; Gabellone and Whitaker, 2016). In our simulations, the injected brines (boundary water)
are unsaturated with respect to gypsum and the gypsum precipitation occurred mostly in the
dolomite front zone. This is comparable with the results of Jones and Xiao, 2005 and indicates
that the gypsum precipitation was likely related to the Ca®" released by dolomitization and then
enriched in the dolomite front zone. This interpretation can also be supported by the
collaborative evolution of gypsum precipitation and reservoir porosity (Fig. 5.12b). In the early

stage, the precipitation rate of gypsum was relatively slow, and the pores cement-filled by
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gypsum was less than the pores increment by dolomitization. Thus the total porosity slightly
increased with gypsum abundance. Subsequently, the gypsum precipitation was accelerated,
and the total porosity tented to decrease when the pores cement-filled by gypsum was greater
than the pores increment by dolomitization. With continuous injection of brines, these early-
formed gypsum cement would be eventually dissolved since the brines are unsaturated with
respect to gypsum. Consequently, there is a steady linear increase in total porosity with gypsum

dissolution after pervasive dolomitization.

In summary, the porosity evolution during dolomitization reflect the comprehensive effect of
multi-factors including specific hydrogeological condition, initial sediment texture (i.e.,
permeability and reactivity), degree of dolomitization and dynamic precipitation-dissolution
process of the concomitant gypsum. Although the simulation results could not directly
represent the current pore characteristics since no burial diagenetic alterations were taken into
account, this RTM approach enables a quantitative description and assessment of the impact of
high-frequency depositional sequences on early reflux dolomitization, as well as the co-

evolution of dolomite, gypsum and reservoir porosity.
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Figure 5.12 Correlation analysis of the changes in mineral abundance with total porosity (data
from base case simulation at 400 ka). (a) Cross-plot of dolomite change with porosity. (b)
Cross-plot of gypsum change with porosity. Note the three stages showing the different porosity

evolution with gypsum precipitation and dissolution.
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5.3 Facies-controlled eogenetic karst of shoal deposits
5.3.1 Conceptual geological model and grid system

As noted above, the shoal-facies-related granular dolostone and crystalline dolostone constitute
the major reservoir rocks in the sub-salt Majiagou Formation in Ordos Basin. The formation
of these high quality carbonate reservoirs were mainly controlled by intermittent subaerial
exposure and dissolution processes (i.e., eogenetic karst) due to high-frequency sea level
fluctuations during the Middle Ordovician, as evidenced by multistage erosional surfaces
recognized in the core samples (Xiong et al., 2019; Xie et al., 2020). These multistage exposure
surfaces and their underneath dissolution features were found to be highly consistent. To be
specific, in the shallow marine restricted-evaporative environment of the North China platform,
the shoal-facies deposits (initially dominated by grainstone) are most likely to be exposed due
to their relatively high position and then subject to meteoric diagenetic environment (Fig. 5.13).
Due to a lack of compaction, the initial sediments were generally unconsolidated and had
relatively high porosities and permeabilities, thus providing effective diffusion paths for the
early meteoric water, which was characterized by random and diffuse flow; i.e., diffuse
intergranular flow (Saller et al., 1999; Xiao et al., 2016). As such, unsaturated meteoric water
can easily seep into the grainstone from the top of the shoals and then spreads along the
intergranular pores, leading to the dissolution of carbonate rock matrix (initial limestone

sediments) and the expansion of primary intergranular and intragranular pores.

Subsequently, the dissolved shoals were overlain by new sediment during transgression and
sea level rise, which preserved the erosion surfaces and brought vadose infills. Due to the high-
frequency sea level changes and periodic hydrodynamic variations, these two processes (i.e.,
karstification during regression and vadose infill during transgression) were repeated until the
deposits were buried. This ultimately resulted in the superposition of high-frequency cycles of
surface exposure and eogenetic karst system. In general, this eogenetic karst process was
collectively controlled by sedimentary paleo-geomorphology, intermittent sea level regressions
and grainstone-hosted favorable flow path, thus displaying a typical characteristic of shoal-

facies control. During burial, some of the early-formed karst systems were subjected to
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diagenetic alterations such as burial dolomitization, recrystallization and slight pores
cementation, which ultimately form the present shoal-facies dolostone reservoirs that are

characterized by dissolved pores (and vugs) and intercrystalline pores.
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Figure 5.13 Conceptual geological model of eogenetic karst showing the location of meteoric
diagenetic environment and typical lithological features of the sub-salt Majiagou Formation

in the Ordos Basin.

To reveal the geochemical mechanisms and potential controlling factors of the meteoric water-
rock interactions during subaerial exposure and karstification processes, the following part
adopts a two dimensional geometric model that represents an individual shoal-facies reservoir
in the Middle Ordovician Ordos Basin. Based on the thermo-hydro-chemical coupled model
applied in chapter 4, the facies-controlled eogenetic karst process of shoal deposits during an

exposure event can be simulated. The mineral-porosity distribution and evolution can also be
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reconstructed. In general, this grid system has a total of 2,100 cells, and the width and thickness
are 700 m and 20 m, respectively (Fig. 5.14a). Notably, the thickness of the grid system is
relatively larger in the middle part, with a maximum of 15.7 m, corresponding to a relatively
high sedimentation rate in the shoal cores (Tan et al., 2014). In contrast, the edges of the grid
system are thinner, with a minimum of 8.0 m, corresponding to a relatively low sedimentation
rate in the shoal margins. The hydrological boundary conditions are similar to the above one-
dimensional column model for eogenetic karst simulation. A total of 10 cells at the top of the
grid system are configured as the injection cells of meteoric water, and the lower boundary

allows the outflow of aqueous species released during carbonate dissolution process.

(a)

700 m

Meteoric freshwater injection

0 1.0 2.0 3.0

Initial pressure (bar)

Figure 5.14 (a) 2D grid system an individual shoal facies showing the variation in thickness
and the location of meteoric water injection cells. (b) Initial pressure distribution of the grid

system.
5.3.2 Rock properties and hydrogeological conditions

A large number of petrographic and reservoir studies in the Ordos Basin have indicated that
the eogenetic karst developed mainly in the newly deposited grainstone and thus exhibited a
characteristic of shoal-facies control (Xiao et al., 2019; Xiong et al., 2019; Liu et al., 2020).

Hence, porous grainstone (i.e., granular limestone) was adopted to specify the initial rock
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properties in the simulation, which is consistent with the rock property setting of the previous
one-dimensional column model. In general, an initial homogeneous 30% porosity and 3.85 x
1072 m? permeability (Knorizontal = Kvertica) Were specified throughout the two-dimensional grid
system, based on the porosity evolution reconstruction in the study area (Su et al., 2010) and
the rock-fabric petrophysical relationships and porosity-depth models for carbonate reservoirs
(Ehrenberg and Nadeau, 2005; Perrin et al., 2020). Given the uncertainties of permeability
anisotropy that is an intrinsic factor affecting heterogeneity of the flow caused by some specific
sedimentary structures (e.g., laminated texture and normal/reverse vertical grading of particles),
four other scenarios, i.e., Knorizontal / Kverticat = 0.2, 0.5, 2.0 and 5.0, were also involved in the

simulation for parametric uncertainty analysis.

Similar with the previous column model, an initial 30°C temperature and 0.1 MPa pressure are
specified in the upper boundary of the grid system, representing a common global mean
temperature in the Middle Ordovician (Trotter et al., 2008) and the normal atmosphere in a
subaerial setting, respectively. The following cells are calculated based on the geothermal
gradient (3°C/100 m) and formation pressure gradient (0.98 MPa/100 m) (Fig. 5.14b). In the
simulation, the grid system was specified to be initially saturated with modern seawater (initial
water; Table 4.1), and the meteoric water (boundary water; Table 4.1) was injected from the
top boundary (10 cells) of the grid system. For base case scenario, the injected rate was
calculated according to the volume of each injection cell and a given annual rainfall recharge
datum (628 mm/a). The atmospheric pCO2 was specified as 5,500 ppm, corresponding to a
mean value of atmospheric carbon dioxide concentration during the Ordovician period (Fig.
4.9a). Moreover, given that some key hydrogeological parameters, e.g., sea surface temperature
(25-40°C), atmospheric pCO2 (3,000-7,500 ppm) and climate-related rainfall (200-800 mm/a),
were fluctuated during the Ordovician period, sensitivity analyses were thus carried out to
evaluate the influence of these parametric uncertainties on the meteoric water-rock interactions
as well as the distribution and porosity evolution of karst-related shoal reservoir. Detailed
lithological and hydrogeochemical parameters for base case simulation and sensitivity analyses

are summarized in Table 5.3.
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Table 5.3 Lithological and hydrogeochemical parameters used for 2D simulation of eogenetic

karst.
Parameters Values (Source)
Calcite dissolution CaCO; + H" = Ca> + HCO3
Lithology Shoal-facies grainstone
Initial porosity 30%
Initial permeability 3.85x 102 m?
Permeability anisotropy Knorizontal / Kvertical = 0.2, 1.0 (base case), 0.5, 2.0 and 5.0
Thermodynamics and kinetics Thermodynamics for calcite dissolution
Initial water Modern seawater
Boundary water Modern atmospheric precipitation
Duration of subaerial exposure 5 ka—300 ka
Sea surface temperature 25, 30 (base case), 35 and 40 °C
Rainfall recharge 200, 400, 628 (base case) and 800 mm/a
pCO2 3,000, 5,500 (base case), 6,500, 7,500 ppm

5.3.3 Simulation results and discussion

According to the result of base case simulation (temperature = 30°C; pCO; = 5,500 ppm;
rainfall = 628 mm/a), a dissolution zone of calcite formed beneath the meteoric water injection
cells and extended downward and laterally with increasing exposure time (Fig. 5.15). This is
highly similar with the shape and development of the meteoric freshwater lens observed in
many previous studies of modern karst or paleokarst systems (Whitaker and Smart, 2007;
Swart and Oehlert, 2018). To quantitatively describe the distribution and evolution of the
karstification process, herein we define the dissolution lens as the area in which the amount of
calcite dissolution exceeds 1%. In general, in both directions (downward and lateral), the
amount of dissolution decreases with the increase in the distance from the meteoric water
source. To be specific, at exposure time = 5 ka (Fig. 5.15a), the influence of meteoric water
leaching on the shoal deposits is minor, with a maximum amount of dissolution of only 1.76%.
During this initial exposure stage, the dissolution lens has not yet formed, with very small
karst-affected zone in both vertical (less than 2 m) and lateral (nearly negligible) directions.
With time, a half oval-shaped dissolution lens gradually formed, located at the top of the shoal.

At exposure time = 50 ka (Fig. 5.15b), a maximum calcite dissolution of 5% can be observed,
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and the major part of the lens yields dissolution of 2—4%. The range of dissolution lens is about
6.5 m and 180 m in the vertical and lateral directions, respectively. At exposure time = 130 ka
(Fig. 5.15c¢), the range of dissolution lens expands to 10.5 m and 200 m in the vertical and
lateral directions, respectively. Meanwhile, there is also an elevated degree of karstification as
shown by a maximum amount of dissolution of 12.2% and a range of 4-8% for the major part
of the lens. At exposure time = 300 ka (Fig. 5.15d), the maximum amount of dissolution of
those grid cells near the meteoric water source is 34.0%, and the major part of the lens shows
a relatively wide range of amount of dissolution from 5% to 20%. During this stage, the
meteoric water could permeate the entire shoal deposits in the vertical, and has also a wide

range of impact (approximately 240 m) in the lateral.

(a)

(b)

50 ka

I [ .|
0 0.4 0.8 12 1.6 1.76 0 1.0 2.0 3.0 40 50
Calcite dissolution (%) Calcite dissolution (%)

I 1 . . .
20 40 60 80 100 122 0 50 10.0 150 200 25.0 30.0 34.0
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Figure 5.15 Simulation result of base case scenario showing the distribution and amount of

calcite dissolution at exposure times of (a) Ska, (b) 50 ka, (c) 130 ka and (d) 300 ka.

The above simulation has shown the quantitative relationships between exposure time with the
amount of calcite dissolution and the range of dissolution lens. Combined with field studies
and statistical analyses of the thickness (via core observation) and physical properties (porosity
of the core samples with karst features under the microscope) of karst-related reservoirs, the
exposure time needed for the formation of each individual shoal-facies reservoir, which cannot

be achieved by previous studies of reservoir geology, can be estimated. Using a combination
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of water-rock interactions simulation in karst system and traditional reservoir properties data
obtained from field study, this study presents the first attempt to quantitatively estimate the
duration of subaerial exposure of the carbonate platform. To be specific, based on detailed core
observation and statistics of 23 cored wells in the Ordos Basin, the karst-related shoal
reservoirs show a wide range of thickness, from 0.3 m to 6.9 m (average 2.4 m). Nevertheless,
most of these reservoirs have relatively centralized thickness of 1-3 m, accounting for 60.9%
of all the reservoirs (Fig. 5.16a). Meanwhile, measurements of a total of 75 core samples show
that the karst-related shoal reservoirs in the Ordos Basin have rock porosities of 1.5-6.7%
(average 3.1%), with most of them ranging from 2—4% that accounts for 66.7% (Fig. 5.16b).
According to abundant petrographic evidence as previously shown by Liu et al. (2020) and
Xiong et al. (2020a), the initial intergranular pores of the grainstone sediments have mostly
been occluded due to prolonged burial compaction (the Ordovician Majiagou Formation has a
general burial depth of 3,000-4,000 m), whereas the karst-related dissolved pores (and vugs)
have been well-preserved. In other words, the measured porosities of core samples could
approximately represent the newly produced porosities via karstification. Therefore, it can be
inferred that the duration of subaerial exposure and karstification of shoal-facies grainstone in
the sub-salt Majiagou Formation ranges mainly between 30-110 ka (Fig. 5.17), This is
consistent with the brief to moderately long subaerial exposure (5-130 ka) as classified by
Saller et al. (1999) that is characterized by fine matrix pores (molds and intercrystalline pores)

and small conduit pores (vugs, fractures and fissures).
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Figure 5.16 Statistical analyses of the physical properties of reservoirs based on field study. (a)
Frequency histogram of the thickness of shoal-facies reservoirs obtained from core observation.

(b) Frequency histogram of the measured porosity of karst-related core samples.
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In addition, physical property analysis of core samples also shows obvious heterogeneity in
porosity distribution within an individual shoal. Generally, the rock porosity co-varies with the
cyclic depositional sequences (Fig. 5.2b), and reaches a maximum in the upper parts of each
individual shoal as shown by a decreasing trend of porosity with increasing distance from the
exposure surface (Fig. 5.17). This is highly consistent with the porosity distribution in the
simulation, and the measured porosities are all located between the two porosity evolution
curves of 30 ka and 110 ka (Fig. 5.17). These features have collectively indicated that the top-
down meteoric water leaching during subaerial exposure stage is the major mechanism of
shoal-facies reservoir development in the sub-salt Majiagou Formation, Ordos Basin, rather
than organic acid-controlled carbonate dissolution during burial as previous proposed because

the burial dissolution is normally not depth-dependent within an individual shoal.
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Figure 5.17 Comparison of measured rock porosity with simulated porosity. The measured
porosities show a decreasing trend with increasing distance from exposure surface, and are

distributed between the simulated porosity curves of 30 ka and 110 ka.
5.3.4 Controlling factors of karst-reservoir development

The controlling factors of paleokarst in the Ordovician Ordos Basin and their impacts on
reservoir development have been extensively studied. Nevertheless, the previous studies focus

mainly on the petrographic characterization such as reservoir types, accumulative thickness of
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shoal-deposits, identification of multi-stage subaerial exposure surfaces and reconstruction of
paleokarst model (e.g., Wang and Al-Aasm, 2002; He et al., 2013; Xie et al., 2020), less
attention has been paid to the different reservoir properties under influences of various extrinsic
hydrogeochemical conditions and intrinsic rock textures. For instance, the potential influences
of global sea surface temperature, climate-related rainfall recharge, atmospheric carbon
dioxide concentration during the Ordovician and sedimentary permeability anisotropy have
been barely discussed in the literature; whereas these factors have been proven to have
significant impacts on the formation of carbonate reservoirs according to the simulation study
of the column model in the previous chapter 4. As a result, the long-standing paleokarst
products-based research methods and the uncertainties of key hydrogeochemical conditions
have limited the accuracy of reservoir quality prediction in the Ordos Basin. In this study, the
thermo-hydro-chemical coupled RTM simulation has been verified to be an effective method
to quantitatively constrain and reconstruct the water-rock interactions and resulting porosity
evolution in a meteoric karst system. Therefore, the following part further evaluates the
influences of these key parameters on the degree of karstification and the distribution of
dissolution lens within an individual shoal-facies reservoir. In the simulation, only one
parameter was changed for sensitivity analysis, and the rest remain the same as the base case

scenario with an exposure time of 130 ka.

(1) Sea surface temperature

To reveal the impact of temperature variation on the eogenetic karst process, a group of
gradually elevated temperatures are specified as the initial temperatures at the top boundary of
the grid system, including 25, 30, 35 and 40°C, representing the temperature fluctuation of
global sea surface during the Ordovician (age ca. 485.4-443.8 Ma; Trotter et al., 2008). The
simulation results show different degrees of karstification and ranges of dissolution lens with
temperature variation (Fig. 5.18). Particularly, the range of dissolution lens expands obviously
with the increase in temperature, from a limited area close to the meteoric water source at 25°C
to a large area that almost covers the entire longitudinal depth of the shoal at 40°C. This
indicates that the higher temperature would facilitate the diffusion and downward seepage of

meteoric water within the vadose zone of the exposed shoal, and contribute to a deeper meteoric
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diagenetic environment and the formation of thick-bedded reservoirs. However, the degree of
karstification is inversely proportional to temperature, as shown by a significant decline in the
maximum amount of dissolution from 21.2% at 25°C to 4.4% at 40°C. This can be well-
explained by the Arrhenius equation (Eq. 3.5) because the calcite solubility is inversely
proportional to temperature, and thus an increasing temperature condition contributes to a
decreasing calcite solubility and eventually a lower degree of dissolution and rock porosity

increment (Morse and Arvidson, 2002).
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Figure 5.18 Simulation result of sensitivity analysis showing the distribution and amount of

calcite dissolution under conditions of different sea surface temperatures.

(2) Climate-related rainfall recharge

The regional rainfall recharge is usually related to the climate condition (Whitaker and Smart,
2007), which largely determine the flux of meteoric water permeating into the geological
formation. The simulation results show that the rainfall recharge has significant influences on
both the degrees of karstification and the ranges of dissolution lens (Fig. 5.19). For instance,
in arid to semi-arid environments (rainfall recharge <400 mm/a), the dissolution lens is limited
to a very small area beneath the meteoric water injection cells, with the maximum amount of
calcite dissolution of 4.6% and 7.8% under rainfall conditions of 200 mm/a and 400 mm/a,

respectively. In humid to semi humid environments (rainfall recharge >400 mm/a), however,
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the range of dissolution lens is apparently larger than that in arid to semi-arid environments,
and the maximum amount of calcite dissolution under rainfall conditions of 628 mm/a and 800
mm/a are 12.2% and 18.6%, respectively. In general, the simulation results have indicated that
a relatively humid climate with high rainfall recharge is important for the formation of large-
scale high quality carbonate reservoir. This is also consistent with the result of the previous

simulation in the column model (Xiong et al., 2021a).
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Figure 5.19 Simulation result of sensitivity analysis showing the distribution and amount of

calcite dissolution under conditions of different rainfall recharges.

(3) Atmospheric carbon dioxide concentration

Given that the estimated pCO; value during the Ordovician by Berner (1997) has a wide range
of error (from ca. 2,500 ppm to over 7,500 ppm, with the best value of ca. 5,500 ppm), it is
essential to evaluate the impact of great pCO> variation on the eogenetic karst process. The
impacting mechanism of pCO; on the eogenetic karst has been clarified using column model
of meteoric water-rock system in the previous chapter 4, which affects carbonate dissolution
mainly by changing the partial pressure of carbon dioxide and the conversion of CO> into H"
and HCO3" in the solution. A comparison of the simulation results under conditions of different
pCO:2 (i.e., 3,000, 5,500, 6,500 and 7,500 ppm) shows that the distribution and range of the

dissolution lens remain almost unchanged, with an area of 6.5 m and 180 m in the vertical and
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lateral directions, respectively (Fig. 5.20). Nevertheless, there is an increasing trend in the
degree of karstification with gradual increase in pCO, as shown by an elevated maximum
amount of dissolution from 10.8% (pCO2 = 3,000 ppm) to 18.2% (pCO2 = 7,500 ppm). The
result has indicated that the pCO; can be an important rate-determining factor and relatively
higher pCO3 is conducive to produce higher rock porosity during eogenetic karst, while the

thickness and range of the reservoir are nearly unaffected.
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Figure 5.20 Simulation result of sensitivity analysis showing the distribution and amount of

calcite dissolution under conditions of different atmospheric carbon dioxide concentrations.

(4) Permeability anisotropy

The permeability anisotropy is a common parameter used to evaluate the physical property of
reservoir rocks, which refers to the difference of permeability in different directions. It is
usually related to the degree of order (the higher the degree of order, the stronger anisotropy)
and the shape of rock particles, as well as some special sedimentary or diagenetic fabrics (Witt
and Brauns, 1983; Rasolofosaon and Zinszner, 2002; Armitage et al., 2011). For example, the
permeability anisotropy in shale reservoir is mostly controlled by its bed-parallel lamellated
fractures (Zeng et al., 2016); the permeability anisotropy of sandstone reservoir can be
influenced by various types of bedding structures including vertical, parallel and oblique

beddings (Liu et al., 2018); the permeability anisotropy of carbonate reservoirs is generally
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associated with some specific sedimentary fabrics such as the microbial laminas and their
intervenient primary fenestral pores, the low-permeable argillaceous interlayers and the micro-
fractures formed by soft sediment deformation (Sun et al., 2017). The influence of permeability
anisotropy on the karst process is mainly determined by the differences in seepage and
diffusion rates of meteoric water in different directions, which results in great uncertainties in
the range and extending trend of the dissolution lens. To evaluate the difference in calcite
dissolution within a shoal reservoir, four types of permeability anisotropy, i.e., Knorizontal/Kvertical
= 0.2, 0.5, 2.0 and 5.0, were involved in the simulation (Fig. 5.21). To be specific, when
Knorizontal < Kvertical, the dissolution lens tends to extend vertically, and the meteoric water has
greater influence in the vertical direction of the shoal while the lateral expansion of dissolution
lens has been limited by relatively low Knorizontal. In contrast, when Knorizontal > Kvertical, the
diffusion of meteoric water is preferential in the lateral direction, thus leading to a relatively
small karst depth penetration and eventually a horizontal elliptic dissolution lens located at the
top of the shoal. The result has also shown that although the permeability anisotropy has
significant influences on the shape and extending trend of the dissolution lens, the degree of
karstification has been less affected, as indicated by a minor change in the maximum amount

of dissolution (from 10.6% to 13.2%) at different values of permeability anisotropy.
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Figure 5.21 Simulation result of sensitivity analysis showing the distribution and amount of

calcite dissolution under conditions of different values of permeability anisotropy.
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5.4 Diagenesis-porosity evolution and carbonate reservoirs prediction
5.4.1 Diagenetic history and porosity evolution

The Ordos Basin is a polycyclic superposition basin that formed in an earlier geological history
and has experienced a long period of evolution. After sedimentation of the Middle Ordovician
Majiagou Formation, the sub-salt carbonate strata (i.e., Ma57-19) in the study area underwent
the prolonged diagenetic processes from submarine, shallow burial, subaerial exposure to
medium-deep burial conditions (Fig. 5.22). The relevant diagenetic environments were also
complicated and varied greatly from seawater to meteoric to burial brine environments. As a
result, abundant characteristics associated with the prolonged diagenetic alteration have been
documented in the rock records (Fig. 5.23). Based on detailed petrographic analysis of drill
cores and also the author’s previous works on the multiple diagenesis in this area (Xiong et al.,
2019, 2020a), this prolonged diagenetic process of the carbonate reservoir in the sub-salt
Majiagou Formation can be divided into three main stages, corresponding to the different

diagenetic fluids and environmental conditions.
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Figure 5.22 Stratigraphic burial and thermal history of the Ordovician strata in the Ordos

Basin, based on frilling data from well Tainshegl (modified after Wang and Al-Aasm, 2002).
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8 micitic dolomite

acircle of
olomite cements

Figure 5.23 Photomicrographs showing the various diagenetic features of the sub-salt
Majiagou Formation in the Ordos Basin. (a) The coexistence of micritic dolomite and gypsum
in dolomite front zone. Well Jin2, 3,610.50 m. (b) Stylolite in the micritic dolostone, suggesting
an intense compaction during medium to deep burial stage. Well Jin2, 3,590.02 m. (c) Oolitic
dolostone, note the rim of dolomite isopachous cements enveloping the ooids. Abundant
intergranular pores are well-preserved. Well Jin2, 3,587.83 m. (d) Crystalline dolostone with
typical paleokarst features. The dissolved vugs are half-infilled by vadose dolomite silts. Well
Jin2, 3,591.72 m. (e) Granular dolostone with abundant gypsum cements infilled in the
intergranular pores. Well Jin2, 3,586.75 m. (f) Micrite dolomite with open fissure formed by

burial dissolution. Note the bitumen floating within the fissure, indicating potential
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hydrocarbon degradation during after the formation of dissolved fissure. Well Tong76,

3,725.44 m.

Syngenetic to very early diagenetic stage. This stage is characterized by primary precipitation
of primary carbonate and evaporite minerals in the submarine environment. These initial
sediments were generally unconsolidated and had relatively high porosities and permeabilities.
With the accumulation of sediments, compaction took place and the initial calcareous
sediments (calcite muds and particles) were subjected to rapid micritization and lithification
processes, forming the widespread micritic and granular limestone. Moreover, during
sedimentation of the Ordovician Majiagou Formation, the North China Block was in the low-
latitude subtropical zone and the Ordos Basin was characterized by a shallow-marine carbonate
platform restricted by ambient paleo-uplifts (Wang et al., 1990; Fu et al., 2017). In such a
geographic setting, periodic evaporation of seawater and the increase of salinity contributed to
the multistage reflux dolomitization events in the relatively lowlands of the platform (i.e.,
lagoon). The shoal-facies grainstone, which was located at paleo-highs of the platform due to
its relatively rapid sedimentation rate (Tan et al., 2014), was more likely to be exposed and
subjected to meteoric water leaching during periodic sea level regressions, leading to the

multistage eogenetic karst systems.

Shallow burial stage. After sedimentation of the Ordovician Majiagou Formation, the cyclic
carbonate-gypsum deposits, which were weakly consolidated, underwent the shallow burial
environment. Due to continuous increase of the overlying sediments and under the influence
of increasing compaction, high salinity fluids (i.e., hypersaline seawater sealed in pores) were
released from the cyclic gypsum layers and then seeped into the adjacent carbonate rocks,
resulting in gypsum cementation in the intergranular pores. Although the inflow of compaction-
released hypersaline seawater and gypsum precipitation during this period resulted in
significant reservoir degradation, a recent study has shown that this gypsum cementation
occurred mainly in the shoal margins, and this densification and relatively poor properties of
the shoal margins protected the shoal core from cementation and alteration by hypersaline

seawater (Xiong et al., 2020a). Thus, abundant dissolved pores have been well-preserved in
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the core part of shoals.

Medium to deep burial stage. Since the late Carboniferous, the North China Block have slowly
subsided after a long period of tectonic uplift due to the Caledonian orogeny from the Late
Ordovician to the Early Carboniferous (Wang and Al-Aasm, 2002; Meng et al., 2019). Hence,
the sub-salt Majiagou Formation underwent a continuous burial environment with a rapid
increase in burial depth, and reached the maximum burial depth of more than 4,000 m in the
Cretaceous period (Fig. 5.22). In medium to deep burial environment, the diagenetic fluids are
mainly hypersaline seawater and basinal brines that were sealed in the in site rock porosity and
salt-bearing depression (eastern Ordos Basin), respectively. The grainstone, which developed
in shoal facies, preserved abundant dissolved pores and vugs that could provide flow pathways
for burial diagenetic fluids. Thus, with gradual increases in formation temperature and pressure,
these Mg?*-rich high salinity burial fluids preferentially migrated into the porous grainstone.
As a result, burial dolomitization and recrystallization occurred in the shoal-facies grainstone,
resulting in transformations of lithology and pore structure from the granular dolomite with
intergranular pores into the crystalline dolomite with intercrystalline pores (Xiong et al., 2020a).
In addition, hydrocarbon degradation-related organic acids and magmatic activities-related
hydrothermal fluids also resulted in slight burial dissolution in local areas. Although the
microfractures can be occasionally observed in dolostone, most of them have been full-infilled

by medium-coarse calcite cements and thus have poor reservoir capacity.

It should also be noted that although the diagenetic environments and fluid properties of the
Majiagou Formation in the Ordos Basin have been revealed generally, the carbonate rocks in
different sedimentary facies exhibit different diagenetic pathways, thus resulting in differential
evolution of reservoir properties. Based on a combination of the quantitative constraints of
dolomitization and karstification during early diagenesis in this study, and the qualitative
analysis of burial diagenesis in the previous studies, the diagenesis-porosity evolution of the

two main types of carbonate rock in the study area are established (Fig. 5.24).
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Figure 5.24 Diagenetic pathways and porosity evolution of the two main types of carbonate

rock in the sub-salt Majiagou Formation in the Ordos Basin.

(1) Diagenesis-porosity evolution of lagoon-facies micrite

The newly deposited carbonate sediments typically have high porosities of more than 40%

(Schmoker and Halley, 1982). However, the primary porosity of these fine-grained deposits in

lagoon facies would decline dramatically (to ca. 10%) during very early diagenetic stage as the

results of rapid micritization, lithification and compaction. Meanwhile, the relatively arid

climate and intense evaporation in the Ordovician Ordos Basin led to the increase in seawater

salinity. The high-density concentrated seawater would then seep downward and migrate into

the relatively lowlands of the platform, and thus promoted reflux dolomitization of the initial
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calcareous fine-grained sediments (micrite) in restricted-evaporative lagoon environment.
According to the 2D simulation of multistage reflux dolomitization, the dolomitization process
was accompanied by precipitation and dissolution of gypsum (Fig. 5.23a), and the evolution of
rock porosity depended on the relative rates of pore-infill by gypsum precipitation and pore-
increment via dolomitization. To be specific, in the flow path of dolomitizing fluids (the
dolomite front zone), the enrichment of Ca®" that was released during the replacement of calcite
by dolomite resulted in relatively high rate of gypsum precipitation (CaSO4-2H>0) and thus a
slight decrease in rock porosity. Subsequently, the early-formed gypsum tended to be dissolved
since the continuously injected dolomitizing fluid are unsaturated with respect to gypsum,
which gave rise to a re-increase of the rock porosity. After pervasive dolomitization, the
lagoon-facies micritic dolostone has a general porosity increment of 7.31% compared with its
micrite (limestone) precursor (Fig. 5.12). On the other hand, due to a relatively low geomorphic
position, the lagoon-facies micritic dolostone was barely affected by subaerial exposure or
meteoric water leaching at the penecontemporaneous stage. During burial, the porosity of
micritic dolostone exhibited a steady decreasing trend under continuous compaction (Fig.
5.23b). Although a small quantity of microfractures might be produced due to the influence of
tectonic compression during the Late Jurassic period (driven by the Yanshanian orogeny),
which resulted in a slight increase in porosity, most of these microfractures then were infilled
by macrocrystalline calcite cement under deep burial conditions. In general, the lagoon-facies

micritic dolostone eventually shows relatively low porosities of 1-3% (Fig. 5.24).

(2) Diagenesis-porosity evolution of shoal-facies grainstone

For the shoal-facies grainstone in the Majiagou Formation, detailed petrographic analysis
shows that some of the particles in the dolarenite and oolitic dolostone are enveloped by a rim
of dolomite cements (Fig. 5.23¢c). These isopachous cements, which are fine-grained, typically
grown around the outer edges of the particles under submarine to shallow burial environments
(Zuo et al., 2019; Liu et al., 2020). Although these cements occupied part of the primary pore
space, the residual intergranular pores tended to be isolated and well-preserved since the
annular cementation of particles strengthened the granular structures (Tan et al., 2014).

Therefore, in the early diagenetic stage, the porosity decline of shoal-facies grainstone under
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the influence of compaction should be lower that of lagoon-facies micrite. Moreover, in
comparison with lagoon-facies micrite, a major characteristic of shoal-facies grainstone is that
it underwent eogenetic karst (Fig. 5.23d) during penecontemporaneous stage due to its
relatively high geomorphic position, which resulted in a porosity increment of about 6.7%
according to the simulation result (Fig. 5.17). During the subsequent burial diagenetic stage,
the porous grainstone was subjected to gypsum cementation (Fig. 5.23¢) and recrystallization,
leading to a decline of reservoir porosity as well as a transformation of rock structure (i.e., from
granular dolomite with intergranular pores into crystalline dolomite with intercrystalline pores).
Additionally, burial dissolution associated with organic acids and hydrothermal fluids were
observed in local area of the Ordos Basin (Fig. 5.23f), which resulted in a slight short-term
increase in porosity superimposed on the long-term decreasing trend. In general, the shoal-
facies deposits, which currently includes granular and crystalline dolostone, exhibit good

reservoir capacities and have relatively high porosities of 5-7% (Fig. 5.24).

5.4.2 Implications for carbonate reservoirs exploration

Based on the above analyses of diagenetic history and porosity evolution, reflux dolomitization
and eogenetic karst during the syngenetic to early diagenetic stage are the two dominant factors
that improve the reservoir quality. Although a few other types of constructive diagenesis have
also been occasionally observed in the studied area, such as recrystallization and burial
dissolution, numerous studies have shown that the occurrence of these burial diageneses were
still controlled by the early-form high porosity-permeability zones (Fu et al., 2019; Xiao et al.,
2019; Xiong et al., 2021c). Thus, the main contribution of the superimposition of burial
diagenesis was to optimize the pore structure of early-formed reservoirs (i.e., transformation
from intergranular pores to intercrystalline pores). This is conducive to the preservation of
reservoir porosity because the crystallized structure of dolostone are generally thought to be
more resistant to compaction (Schmoker and Halley, 1982; Jiang et al., 2016), but which has
limited effect on the direct generation of new pore spaces. In general, the dolostone reservoir
in the Majiagou Formation (Ordos Basin) display a typical characteristic of control by early

diagenesis. Therefore, the predictions of reservoir quality should be traced back to the nature
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of the sedimentary environment and paleo-geomorphology that have significantly controlled

the occurrence of dolomitization and karstification in the early diagenetic stage.

Simulation results of 2D reflux dolomitization have shown that the widespread dolostone in
the carbonate-evaporite successions was likely the result of superposition of a series of
relatively short-term dolomitization events. For an individual dolomitization event, a tabular
dolomite body was formed beneath the gypsum layer, corresponding to the late stage of the
depositional sequence. These dolomite zones have relatively higher porosity-permeability than
the limestone precursors. Therefore, in the vertical, the dolomite strata, which are sandwiched
in between the cyclic gypsum layers, are likely to be favorable exploration targets (e.g., the
MaS59 and Ma57 sub-members). Particularly, a recent exploration breakthrough has been made
in the thin-bedded dolostone interlayers between the multiple gypsum layers in the Ma5¢ sub-
member (Huang et al., 2021), which also supports our simulation results. In general, this
predictive analysis is based on two reasons. First, in the restricted-evaporative shallow marine
environment of the study area, the Middle Ordovician high frequency sea level fluctuations
resulted in periodic increase in seawater salinity and the superimposition of multistage
depositional sequences. Commonly, a single upward-shallowing sequence ends with the
gypsum deposition, which indicates that during the process of gradually increasing seawater
salinity, the later stage of carbonate deposition (i.e., prior to the final sulfate precipitation such
as gypsum and halite) should be the favorable period for reflux dolomitization. Second, these
multiple gypsum layers, which directly overlie the dolostone reservoirs, serve as good cap
rocks. The relatively high sedimentation rate of gypsum and subsequent release of free water
due to the dehydration during burial (i.e., transformation from gypsum (CaSOs-2H>0O) to
anhydrite (CaSO4)) could also result in disequilibrium compaction and increase in pore fluid
pressure (Tingay et al., 2009; Daigle et al., 2017). Thus, overpressure might be generated
within the interbedded carbonate strata, which is conducive to the preservation of dolostone

reservoir spaces and the enhancement of oil and gas productivity.

Moreover, the spatial distribution of karst-related reservoir is closely related to the paleo-

geomorphology during sedimentation. To be specific, the Middle Ordovician Ordos Basin was
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characterized by a general landscape of higher in the west (uplift) and lower in the east
(depression), and there was a clear lithofacies transition of limestone (mudstone) to dolostone
to gypsum and salt rocks from the west to the east (Fig. 5.1c). Based on the paleo-geomorphic
setting and our simulation results characterizing the range and degree of eogenetic karst, herein
we propose that the regional paleo-highlands in the middle-eastern parts of Yishan Slope area
(i.e., along the Shanbei Depression) should be favorable targets for further exploration of such
karst-related reservoir in the sub-salt Majiagou Formation (Fig. 5.25), rather than the Central
Uplift and its surrounding areas as previously thought (Wu et al., 2014; Yu et al., 2018). Several

main reasons are as follows.

First, the Yishan Slope area was located in the transition zone between the Central Uplift and
the salt-dominated Shanbei Depression, with a moderate seawater salinity that is favorable for
dolomitization. During syngenetic period, this area was subjected to pervasive reflux
dolomitization. Second, this shallow seawater area, which was generally in the high-energy
subtidal to intertidal zone (Fu et al., 2017; Chen et al., 2019), contributed to the development
of the foundation of the reservoir rocks, i.e., carbonate shoal grainstone in the relative paleo-
highlands (Fig. 5.25). Due to periodic sea level fluctuations in the Middle Ordovician Ordos
Basin (Xiong et al., 2019), these shoal-facies deposits were susceptible to intermittent subaerial
exposure and leaching by meteoric water, leading to facies-controlled dissolution and
interconnected pore networks. The adjacent paleo-lowlands, however, were dominated by the
organic-rich argillaceous carbonates and laminar gypsum deposits of a restricted-evaporative
lagoon environment. As such, multisets of source-reservoir-cap assemblages, which comprise
interbedded argillaceous dolostone, granular/crystalline dolostone with pore networks, and
gypsum layers, were formed. Moreover, these interbedded carbonate-evaporite successions
would have contributed to a relatively closed diagenetic system during burial as the high-
density gypsum layers would have significantly impeded the diffusion of burial fluids (e.g.,
basinal brines and magmatic fluids), thus facilitating the preservation of early-formed pores in
the carbonate karst system (Bjerlykke and Jahren, 2012; Liu et al., 2020). In general, based on
identification of the multistage subaerial exposures via core and logging data, and together with

the above simulation results, we conclude that the exploration for high-quality hydrocarbon
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reservoirs (i.e., karst-altered dolostone) in the Majiagou Formation (Ordos Basin) could be
concentrated on the core part of carbonate shoals, particularly at locations a few meters

(normally less than 3 m) below the multistage subaerial exposure surfaces.
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Figure 5.25 Conceptual geological model showing the paleogeomorphic feature, sedimentary
environment and distribution of hydrocarbon reservoirs in the sub-salt Majiagou Formation in

the Ordos Basin (the locations of shoal deposits refer to Fu et al., 2017).
5.5 Summary

In this chapter, a case study, which combined RTMs method and traditional geological methods
(i.e., petrography and physical reservoir properties), was conducted in the Middle Ordovician
Majiagou Formation in the Ordos Basin, North China. On the basis of existing geological
knowledge and abundant drill data, simulations were performed on the two key types of
carbonate diagenesis including multistage reflux dolomitization and facies-controlled
eogenetic karst. Particularly, the temporal and spatial evolution of minerals and reservoir
porosities were reconstructed. Controlling factors of these two diagenetic processes were also
investigated based on sensitivity analysis and evaluation of parametric uncertainty. Finally, a

new diagenesis-porosity evolution model, which provides more diagenetic details and
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quantitative data on porosity evolution than previous geological studies, was established and
the favorable targets for further exploration of hydrocarbon reservoirs were pointed out. The

main conclusion of this chapter are as follows.

The reflux dolomitization occurred mainly in the restricted-evaporative environment in the
Ordos Basin, leading to a maximum porosity increment of 7.3% in the lagoon-facies micrite.
Cyclic evolution of lithology and rock texture due to superimposition of multiple depositional
sequences resulted in different brine fluxes and rock reactivities, and eventual varying degrees
of dolomitization and heterogeneous distribution of dolomite zones. Although higher salinity
and brine injection rate would promote the brine flux and dolomitization rate, the intercalated
gypsum layers impeded downward seepage of brines and prevented the isolated dolomite

bodies from merging into a larger dolomite zone.

The eogenetic karst developed mainly in the shoal-facies grainstone due to its relatively high
paleo-topographic position in the basin and the Middle Ordovician high frequency sea level
fluctuations. A dissolution lens was formed at the core part of the shoal during successive
carbonate dissolution via meteoric water leaching. Based on a comparison of simulation results
and measured data from drill core samples (e.g., reservoir thickness and porosities), the
duration of subaerial exposure and karstification of shoal-facies grainstone in the sub-salt
Majiagou Formation ranges mainly between 30-110 ka, leading to porosity increments of 1.5—

6.7% (average 3.1%).

The hydrocarbon reservoirs in the sub-salt Majiagou Formation in the Ordos Basin display a
typical characteristic of early diagenesis-control and the major reservoir porosities were formed
during syngenetic to early diagenetic stage. The prediction of such carbonate reservoirs should
particularly focus on the sedimentary environment and paleo-geomorphology that have
significantly controlled the occurrence and distribution of dolomitization and karstification.
Thus it can be inferred that the regional paleo-highlands (carbonate shoal facies) in the middle-
eastern parts of Yishan Slope area should be favorable targets for further exploration of

hydrocarbon reservoirs in the Ordos Basin.
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6 Conclusions and outlook

Diagenesis research is an important basis for hydrocarbon reservoir characterization and
exploration in sedimentary rocks. In the past few decades, great progress has been made in the
theory and methodology of diagenesis, which contributes to numerous important achievements
in guiding oil and gas exploration. The methodology of carbonate diagenesis is diverse, mainly
including petrology, mineralogy, geochemistry, fluid inclusion petrography and laboratory
physical experiments. Nevertheless, these diagenetic products-based methods have
shortcomings in quantitative characterization of the evolution of diagenetic geo-bodies and the
physical properties (porosity-permeability) of reservoirs at multiple spatial-temporal scales,
which limits the prediction of precise diagenetic trends and thus introduces uncertainties into
reservoir quality prediction. This thesis leverages reactive transport modeling (RTM), which is
an emerging approach for diagenesis study, to forward simulate the two most important
diagenetic processes of carbonate rocks (i.e., dolomitization and karstification), focusing on
the mechanisms of diagenetic fluid-rock interactions, the spatial-temporal variations of
diagenetic minerals and rock porosity as well as their potential controlling factors. Some
controversies in carbonate diagenesis, which cannot be well explained by classical methods,
have also been discussed. Based on investigation of two generic models, and a case study of
hydrocarbon reservoir quality prediction in the Ordos Basin (North China) using integrated

RTM and classical geological approaches, the following main conclusions are reached.

The fundamentals of the coupled thermo-hydro-chemical geo-processes are given in chapter 2.
Three major fluid-rock interactions associated with carbonate diagenesis are considered in this
thesis, i.e., carbonate dissolution, replacive dolomitization and concomitant gypsum/anhydrite
cementation. The methodology and some representative mathematical/numerical models used
for RTM studies in geological porous media are summarized, including chemical reactions,
fluid flow and solute transport, and reaction-induced porosity and permeability changes. The
simulations are performed using the reactive transport computer code TOUGHREACT, along
which the coupling of thermo-hydro-chemical domains (THC) and solution method are also

introduced.
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The concentrated seawater-driven reflux dolomitization process is modeled in chapter 3. A
simplified one-dimensional column model is used to simulate the mineral replacement reaction
of calcite by dolomite. The kinetic process of dolomitization is modeled as a reaction network
that comprises calcite dissolution followed by dolomite precipitation. Increased dolomite,
decreased calcite and dynamic gypsum evolution (precipitation followed by dissolution) are
observed during simulation. The gypsum precipitation is likely related to the combination of
released Ca®" during dolomitization (2 mole CaCOs replaced by 1 mole MgCa(COs),) and
SO4* in the solution. The rock porosity-permeability is collectively controlled by pore-
increment via dolomitization and pore-infill by gypsum precipitation, displaying a dynamic
variation of slight decrease followed by substantial increase. Sensitivity analyses suggest that
the reaction rate and degree of dolomitization can be influenced by various hydrogeochemical
conditions and rock fabrics (sediment reactivity and fluid mobility). Higher brine salinity,
temperature, reactive surface area and brine injection rate accelerate the reaction rate, while
the degree of dolomitization can only be enhanced under conditions of higher brine salinity

and temperature, as well as fine-grained rock fabric such as micrite.

The eogenetic karst process of carbonate sediments in the meteoric diagenetic environment is
modeled in chapter 4 using a one-dimensional generic model. In the vadose meteoric water-
rock system, there is a downward decreasing trend in carbonate dissolution and rock porosity.
The exposure time and rainfall recharge significantly determine the karst-affected depth and
porosity increment. The amount of dissolution is also affected by a downward decrease in
calcite solubility (temperature-dependent) and the enrichment of Ca?* and HCOs" in the lower
part. The promotional effect of calcite dissolution from increasing rainfall is more significant
than increasing exposure time. The atmospheric carbon dioxide concentration is an important
rate-determining factor of carbonate dissolution, because higher pCO; is conducive to higher
dissolution rate, but has a minor impact on the extent of karst. The influence of atmospheric
pCOaz variation over geological time on porosity increment during eogenetic karst has also been
reconstructed in a hypothetic base case scenario. Due to the different rate-determining reaction
mechanisms, thermodynamically controlled calcite (limestone) tends to have a higher

dissolution rate than kinetically controlled dolomite (dolostone) in a subaerial low-temperature
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environment.

Following generic model studies, chapter 5 presents an integrated geological (petrographic and
physical reservoir properties) and RTM study of hydrocarbon reservoir prediction in the
Ordovician Majiagou Formation, Ordos Basin, China. RTM simulations are performed on the
two key diagenetic processes, i.e., multistage reflux dolomitization and facies-controlled
eogenetic karst. The reflux dolomitization occurred mainly in the restricted-evaporative
environment, leading to a maximum 7.3% porosity increment of the lagoon-facies micrite.
Cyclic evolution of lithology and rock texture due to superimposition of multiple depositional
sequences resulted in different brine fluxes and rock reactivities, and eventually varying
degrees of dolomitization and heterogeneous distribution of dolomite zones. The intercalated
gypsum layers impeded downward seepage of brines and prevented the isolated dolomite
bodies from merging into a larger dolomite zone. The eogenetic karst developed mainly in the
shoal-facies grainstone due to its relatively high paleo-topographic position and high frequency
sea level fluctuations. A dissolution lens was formed at the core part of shoal deposits during
successive meteoric water leaching. Integrated simulation results and drill/measured data
suggest that the duration of subaerial exposure and karstification of shoal-facies grainstone
ranges mainly between 30—110 ka, leading to porosity increments of 1.5-6.7% (average 3.1%).
In summary, the Majiagou Formation reservoir displays the typical characteristic of control by
early diagenesis and the major reservoir porosities were formed during the syngenetic-early
diagenetic stage. The prediction of such reservoirs should particularly focus on the sedimentary
environment and paleo-geomorphology that have significantly controlled the occurrence and
distribution of dolomitization and karstification. It can be thus inferred that the regional paleo-
highlands (carbonate shoal facies) in the middle-eastern parts of Yishan Slope area should be

favorable targets for further exploration of high quality reservoirs in the Ordos Basin.

As an expanding discipline in geosciences, numerical modeling of diagenetic fluid-rock
interactions has achieved remarkable advances in the past 20 years, and has been proven to
hold great potential for both academic interest and industrial applications. However, it must be

acknowledged that the RTM approach still faces a few challenges before it can be routinely
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used for practical reservoir prediction and development risk assessment. First, most of the
models used in current studies are based on generic hydrological and geochemical mechanisms,
while ignoring the complexity and heterogeneity of rock fabrics, textures and pore-throat sizes.
Hence, an inevitable problem is that the fluid flow and solute transport processes in natural
geological systems are more complex than that in simulated grid cells which always require
necessary simplification and assumptions. This issue undermines the confidence of traditional
geologists in the utility of the modeling approach. Second, a major challenge facing RTM
simulation of diagenesis is that we are currently unable to validate the model or a particular
diagenetic event at a geological spatial-temporal scale, which results in uncertainties in the
extrapolation of the simulation results. For instance, the rate constant in Eq. 3.6 is obtained
from the laboratory dolomite precipitation experiment conducted by Arvidson and Mackenzie
(1999) under high-temperature conditions (115-196°C). In a near-surface low-temperature
environment with reflux dolomitization, the applicability of this empirical rate constant
remains uncertain. Besides, intense karstification is usually accompanied by rock structure
changes, such as karst collapse, mixed infill and in situ brecciation, which result in significant
complexity and uncertainty of the fluid flow. In this case, the current porosity-permeability
relationship (Eq. 2.64), which is derived from the Kozeny-Carman equation, seems to be

inapplicable.

Therefore, in follow-up work, the thermodynamic/kinetic mechanisms of more diagenetic
geochemical reactions, especially under various environmental conditions, need to be explored,
such as the different formation mechanisms of dolomite under high-temperature laboratory
conditions and low-temperature natural conditions. Possible changes in rock structure during
diagenesis with their feedback on rock reactivity and permeability should also be taken into
consideration, such as the impact of rock collapse, brecciation and karst conduit on fluid flux
and flow paths, and the impact of burial compaction on mineral reactive surface area. Overall,
numerical modeling of diagenetic fluid-rock interactions requires further refinements in the
fields of eliminating thermodynamic and kinetic uncertainties and coupling sedimentary (or
diagenetic) heterogeneity and rock structure changes in the current thermo-hydro-chemical

(THC) models. Integrating the use of classical geological methods (as many as possible) and
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the RTM approach should be emphasized, especially with regard to the mutual verification of
laboratory physical experiments and simulation results. These issues will likely become

attractive venues of diagenesis research in the near future.

Through simplifying the complex geological processes into conceptual hydrological and
geochemical models that are more accessible, RTM simulation is expected to be widely applied
in future petroleum geology because it provides a faster and more economical approach to
characterize and predict reservoir quality on a flexible spatial-temporal scale, especially in
areas that are poorly explored or away from well control. Furthermore, RTM of fluid-rock
interactions also has broad applications on other types of geo-energy development such as
calcite/anhydrite/salt cementation in geothermal reservoirs and on CCUS research such as CO>

underground sequestration and bio-methanation, and the karst-related carbon cycle.
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