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Silica diagenesis plays a critical yet understudied role in modifying the hydrocarbon potential of organic-rich carbonate source rocks. This review systematically examines how silica transformations—from biogenic opal to quartz—fundamentally alter rock properties through three key mechanisms: First, mineralogical reorganization, where silica dissolution creates secondary porosity while cementation occludes pore throats, directly impacting fluid flow pathways. Second, geochemical feedbacks, including pH-driven carbonate dissolution and catalytic effects on organic matter maturation that influence hydrocarbon generation kinetics. Third, pore network evolution, where silica-induced microfractures provide migration conduits but heterogeneous cementation can trap hydrocarbons. The synthesis highlights three novel insights: (1) The timing of silica diagenesis relative to hydrocarbon generation determines whether pores remain open for migration or become sealed; (2) Microscale silica-carbonate interactions control reservoir quality more significantly than previously recognized; and (3) Modern analytical techniques reveal complex diagenetic histories that challenge traditional models. By integrating petrographic, geochemical, and petrophysical evidence, this work establishes a predictive framework for evaluating how silica diagenesis impacts petroleum systems, from source rock maturation to trap integrity. The findings are particularly relevant for unconventional carbonate reservoirs, where subtle diagenetic modifications disproportionately affect producibility. This comprehensive analysis advances our capacity to interpret reservoir behavior and optimize exploration strategies in silica-rich sedimentary basins worldwide.
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1 INTRODUCTION
Sedimentary basins are dynamic environments where post-depositional physical, chemical, and biological processes, collectively termed diagenesis (Sujkowski, 1958; Dayal, 2017), govern the ultimate characteristics and hydrocarbon potential of sedimentary rocks. Among these processes, silica diagenesis stands out as a critical yet underexplored factor influencing organic-rich carbonate source rocks. While previous studies have examined silica transformations in siliciclastic and chert-rich systems (e.g., Calvert, 1975; Hesse, 1988), their role in carbonate-dominated, organic-rich formations remains less understood, despite these rocks being key reservoirs and source rocks for hydrocarbons.
The various forms of silica that interact with carbonate minerals during diagenetic processes (Bustillo, 2010; Maliva and Maliva, 2016) create a complex network of reactions that can significantly alter the properties of sedimentary rocks. The resulting reactions include phenomena such as mineral replacement, cementation, and other textural modifications within sedimentary rocks (Morse, 2003; Klein and Walter, 1996; Varkouhi et al., 2020; Varkouhi et al., 2024). These diagenetic interactions are governed by a range of geochemical and physical factors, including the concentration and availability of dissolved silica, pH conditions, temperature regimes, and the compositional characteristics of the surrounding pore fluids (Calvert, 1975; Huggett et al., 2017; LeBlanc, 2017; Varkouhi et al., 2020).
Recent studies have highlighted the influence of stratigraphic and depositional controls on silica distribution within carbonate formations (Saffari and Kianoush, 2025; Yazdanpanah et al., 2025; Farzaneh et al., 2025), yet systematic reviews bridging these processes to hydrocarbon systems remain scarce. Saffari and Kianoush (2025) demonstrated how variations in stratigraphy across the Zagros region influence mineralization patterns, including silica-rich zones, through integrated petrophysical analysis. Similarly, Yazdanpanah et al. (2025) linked biostratigraphic and microfacies variations in the Jahrum Formation to diagenetic processes affecting silica distribution, emphasizing the role of depositional environment and stratigraphic position.
The significance of silica diagenesis is particularly noticeable in organic-rich carbonate formations (Huggett et al., 2017; Abu-Mahfouz et al., 2020), which serve as significant reservoirs for hydrocarbons. These formations exhibit distinctive mineralogical compositions and are especially sensitive to diagenetic alterations. Particularly, in these organic-rich carbonate formations, silica diagenesis involves the transformation and alteration of silica minerals, which can significantly impact the physical and chemical characteristics of the rock (Milliken and Olson, 2017). The distinctive mineralogical compositions of these formations often result from the interaction between the original sedimentary environment and subsequent diagenetic processes that occur after burial (Figures 1, 2).
[image: Diagram of groundwater flow systems showing shallow, intermediate, and deep burial zones. Arrows indicate flow direction. Labels include "oxidized mineralogy" in shallow, "reduced mineralogy" in deeper zones, and presence of "plume" and "trap" in local systems. Depths range from near-surface to 3000 meters.]FIGURE 1 | Schematic illustration depicting diagenetic environments influenced by mineralogy, petroleum, hydro-geochemistry, and hydro-geology (modified from Machel, 1999). For clarity, the geological section is considered isotropic, featuring idealized groundwater flow lines. The hydrocarbon-contaminated plume shows a slight deviation due to local and regional groundwater flow systems. The depth limits distinguishing the burial diagenetic settings are approximate and informed by geological characteristics. Near-surface environments may be meteoric, brackish, marine, or hyper-saline.[image: Four diagrams labeled I to IV illustrate the formation of bitumen veins. Diagram I shows siliceous host sediment with biogenic material. Diagram II displays organic-rich mudstone with bitumen dispersed in the host mudstone. Diagram III depicts a transitional zone with formation of bitumen filaments above chert nodules. Diagram IV shows the development of bitumen veins with a reaction rim around chert nodules.]FIGURE 2 | A schematic diagram showing (from I to IV) the evolution of chert concretions, bitumen filaments, and bitumen veins. From precursor host sediment of siliceous (biogenic), organic-rich mudstone, to concretion formation, to reaction rim and fracturing/bitumen migration (From Abu-Mahfouz et al., 2020, supplementary materials).Carbonate rocks that contain high levels of organic matter can contribute to the generation of hydrocarbons under the right thermal conditions (Parnell et al., 2005; Abu-Mahfouz et al., 2019; Abu-Mahfouz et al., 2020; Farzaneh et al., 2025). However, the presence of silica can influence the porosity and permeability of the rock (Huggett et al., 2017; Abu-Mahfouz et al., 2020; Abu-Mahfouz et al., 2023a; El-Feky et al., 2025), affecting both the storage capacity of hydrocarbons and their mobility within the reservoir. For instance, the dissolution of silica can create additional pore spaces, enhancing the overall reservoir quality (e.g., Salem et al., 2005; Varkouhi et al., 2020; El-Feky et al., 2025). These physical modifications impact the storage capacity of reservoirs and the pathways available for hydrocarbon movement. Enhanced porosity resulting from silica dissolution can increase hydrocarbon storage potential, while permeability variations determine the ease with which hydrocarbons can flow through the rock matrix. Conversely, overgrowth or precipitation of silica can occlude pores and restrict fluid flow, thereby hindering hydrocarbon extraction (e.g., Higgs et al., 2007).
Furthermore, organic-rich carbonates are sensitive to diagenetic alterations due to their complex mineralogy and the interactions between organic matter and minerals during the burial process (Figure 1). Changes in temperature, pressure, and the surrounding chemical environment can lead to significant transformations in silica content (Calvert, 1975; Huggett et al., 2017), which in turn can affect the overall integrity and functionality of the reservoir. Thus, understanding silica diagenesis in these formations is crucial for evaluating their hydrocarbon potential. It can provide insights into the timing and conditions of hydrocarbon generation and migration, ultimately guiding exploration and production strategies in these valuable geological settings. Comprehensive studies that focus on the interactions between silica diagenesis and organic-rich carbonates can enhance the knowledge of reservoir behavior and inform better management practices for hydrocarbon resources. To this end, this review synthesizes recent advances in understanding how silica diagenesis alters the mineralogical, geochemical, and petrophysical properties of organic-rich carbonate rocks, with direct implications for hydrocarbon generation, migration, and retention. Unlike prior works that focus on silica diagenesis in isolation, we emphasize its interplay with organic matter maturation and pore network evolution, bridging gaps between traditional diagenesis studies and petroleum system analysis. The synthesis highlights three novel insights: (1) The timing of silica diagenesis relative to hydrocarbon generation determines whether pores remain open for migration or become sealed; (2) Microscale silica-carbonate interactions control reservoir quality more significantly than previously recognized; and (3) Modern analytical techniques reveal complex diagenetic histories that challenge traditional models.
In particular, this work systematically links silica diagenesis to hydrocarbon system dynamics, including catalytic effects on kerogen cracking and modifications to primary/secondary migration pathways. Most literature addresses silica diagenesis in cherts or sandstones; this work highlights its unique role in carbonate source rocks, where silica-carbonate-organic matter interactions dictate reservoir quality. Moreover, this review incorporates cutting-edge techniques (e.g., nano-scale imaging, Si-O isotopes) to decode diagenetic histories, offering new insights into timing and fluid-rock interactions.
1.1 Key objectives
	• To evaluate how silica diagenesis modifies mineralogy and pore structure in organic-rich carbonates, impacting hydrocarbon storage and flow.
	• To assess the geochemical feedbacks (e.g., pH changes, catalytic effects) of silica transformations on organic matter preservation and hydrocarbon generation.
	• To explore the timing and spatial variability of silica diagenesis relative to hydrocarbon maturation, informing predictive models for exploration.
	• To highlight emerging technologies (e.g., reactive transport modeling) that can refine diagenetic process understanding.

By addressing these objectives, this review aims to advance predictive capabilities in petroleum geology, offering a framework to optimize exploration strategies in silica-rich carbonate systems. The findings are particularly relevant for unconventional reservoirs, where subtle diagenetic changes significantly impact producibility. A flowchart outlining the systematic approach utilized in this paper to review silica diagenesis is shown in Figure 3.
[image: Flowchart of a research process on silica diagenesis in carbonate rocks. Steps include: Start, Literature Review, Data Collection (geochemical, petrological, hydrological studies), Analysis (mineralogical alterations, pore structure evolution, geochemical impact), Integration (linking diagenesis to hydrocarbon generation/migration), Validation (case studies, isotopic/imaging techniques), Conclusion and Future Directions, and End.]FIGURE 3 | A flowchart outlining the systematic approach utilized in this paper to review silica diagenesis.2 IMPACT OF SILICA DIAGENESIS ON CARBONATE SOURCE ROCK PROPERTIES
Silica diagenesis involves a complex series of transformations in organic-rich carbonate source rocks, significantly modifying their mineral composition, pore structure, and, indirectly, their internal geochemical environment. These alterations have profound implications for the ability of rock to generate, store, and expel hydrocarbons (Worden et al., 2018; Abu-Mahfouz et al., 2020).
2.1 Mineralogical alterations
The process of silica within carbonate sedimentary formations begins with its incorporation from diverse sources present during deposition. These sources commonly include the skeletal remains of siliceous microorganisms like diatoms and radiolarians (biogenic silica, primarily in the metastable forms of opal-A and opal-CT), detrital grains of quartz transported from continental sources, and volcanic ash, which can devitrify to form various silica phases (Huggett et al., 2017; Smirnov et al., 2020; Varkouhi et al., 2020; Pellegrino et al., 2020; Pellegrino et al., 2023). In particular, diatoms, siliceous phytoplankton, serve as the primary producers of biogenic silica in both freshwater and oceanic ecosystems. However, they represent only one among numerous biological groups capable of synthesizing biogenic silica, highlighting the diversity of organisms involved in silica production across different aquatic environments (Knoll, 2003). In marine environments, diatoms play a crucial role by contributing approximately 40% to the overall primary productivity, as noted by Armbrust (2009) and Nelson et al. (1995). Their abundance and activity make them a vital part of the biological pump, a complex system responsible for transferring elements from the surface to the depths of ocean. This process involves the production, aggregation, and sinking of particulate organic matter and biominerals, effectively redistributing nutrients and elements throughout the water column (Frings et al., 2024). The significance of diatoms in this context underscores their influence on oceanic biogeochemical cycles, highlighting their importance in maintaining marine ecosystem dynamics (De La Rocha and Passow, 2006; Pellegrino et al., 2020).
The burial of biogenic silica serves as a significant sink in the silicon resources of oceans and lakes (Jurkowska, 2022; Frings et al., 2024), playing a crucial role in regulating silicon cycling. At the same time, this process preserves a valuable record of past environmental conditions, forming a biosiliceous archive that offers insights into historical ecological and climatic changes. As the sediments are buried and subjected to increasing temperatures and pressures during diagenesis, the initial silica phases undergo significant transformations. The less stable biogenic opal-A and opal-CT are particularly prone to dissolution (Hooker et al., 2017; Varkouhi et al., 2020). This dissolution process releases significant amounts of dissolved silica into the ambient pore fluids. As burial depth and temperature continue to increase, this dissolved silica becomes supersaturated with respect to more stable silica polymorphs, primarily quartz and chert (Hesse, 1988; Van den Boorn, 2008). Consequently, precipitation of these more stable phases occurs, often at different locations within the sediment or rock (Worden et al., 2018).
These silica transformations do not occur in isolation; they actively interact with the dominant carbonate components of the rock (Huggett et al., 2017; Hooker et al., 2017). The precipitation of authigenic quartz (forms in place within the rock during diagenesis, rather than being transported from elsewhere) or chert can directly impact the existing carbonate mineralogy. For example, growing quartz crystals can displace or even replace pre-existing carbonate grains (e.g., Klein and Walter, 1996; Abu-Mahfouz et al., 2020), leading to a reduction in the overall carbonate content and a corresponding increase in the silica fraction of the rock (Figure 2). This replacement process can also alter the textural characteristics of the carbonate framework (Hooker et al., 2019; Abu-Mahfouz et al., 2023b; Usman et al., 2024), potentially affecting its mechanical strength and fracturing behavior.
Furthermore, the pore fluids enriched in dissolved silica, resulting from the dissolution of earlier silica phases, can significantly influence the processes of carbonate diagenesis, most notably dolomitization (Hooker et al., 2017; Fang and Xu, 2022). Dolomitization, the replacement of calcium carbonate (calcite) by magnesium-rich dolomite, is a complex process often mediated by the composition of the pore fluids. Silica-rich fluids can alter the Mg/Ca ratio and the overall ionic strength of the pore water, potentially either promoting or inhibiting dolomitization depending on the specific geochemical conditions. The interaction between silica diagenesis and dolomitization can lead to complex mineralogical zonation and textural patterns within the carbonate source rock, ultimately influencing its petrophysical properties and hydrocarbon potential (Worden et al., 2018; Abu-Mahfouz et al., 2020). For instance, dolomitization can create significant secondary porosity, but subsequent silica cementation might occlude these newly formed pores (Flügel, 2004). Understanding the paragenetic sequence (the order in which mineralization and diagenetic events occur during rock formation) of these mineralogical transformations is therefore crucial for deciphering the diagenetic history and predicting the reservoir characteristics of these formations.
2.2 Pore structure evolution
The evolution of the pore structure within carbonate source rocks is a dynamic process significantly influenced by the diagenetic transformation of silica (Huggett et al., 2017; Varkouhi et al., 2020; Abu-Mahfouz et al., 2020; Kianoush et al., 2023; El-Feky et al., 2025). These changes in porosity, permeability, pore size distribution, and connectivity are critical as they directly control the storage capacity for hydrocarbons and the ease with which fluids, including hydrocarbons, can migrate through the rock (Worden et al., 2018).
The dissolution of silica phases, often including biogenic opal-A and opal-CT, which are metastable at burial temperatures, releases silica into the pore fluids (Abu-Mahfouz et al., 2020; Varkouhi et al., 2020). This dissolution can create or significantly enhance secondary porosity (Salem et al., 2005; Lu et al., 2020), particularly in carbonate rocks that initially possess low primary porosity, such as micritic limestones or tightly cemented carbonates. The removal of silica framework grains or the leaching of silica cements can generate new pore spaces or enlarge existing ones, leading to a net increase in pore volume. Furthermore, silica dissolution can improve permeability by creating better-connected pathways for fluid flow (Figure 4). This is especially important for the expulsion of hydrocarbons during primary migration and the subsequent accumulation in reservoir rocks (Worden et al., 2018; Abu-Mahfouz et al., 2020). The enhanced permeability facilitates the movement of hydrocarbons through the source rock matrix and into more permeable carrier beds (Lu et al., 2020; Klaver et al., 2024; El-Feky et al., 2025).
[image: Diagram illustrating silica dissolution, featuring interconnected circular shapes with arrows indicating movement. A central jagged line represents the process of dissolution, highlighting the transformation and interaction of silica particles.]FIGURE 4 | Schematic drawing showing silica dissolution enhancing connectivity by creating pathways between isolated pores.Conversely, Silica cement precipitation often reduces porosity and impairs permeability in carbonate source rocks (Higgs et al., 2007). Dissolved silica in the pore fluids can precipitate as more stable phases like quartz overgrowths on detrital quartz grains (if present), as microquartz within the carbonate matrix, or as macroscopic chert nodules and layers. These silica cements tend to preferentially occlude pore throats, the narrow constrictions connecting larger pore bodies (El-Feky et al., 2025). The blockage of pore throats significantly reduces permeability, even if the overall porosity is not drastically diminished. This can severely hinder both primary and secondary migration of hydrocarbons. In the context of primary migration, constricted pore throats increase the capillary entry pressure that generated hydrocarbons must overcome to be expelled from the source rock (Pepper, 1991; Pang et al., 2005). In reservoir rocks, silica cementation reduces storage capacity and impedes hydrocarbon flow during production (Tosca and Wright, 2018).
The relationship between silica dissolution and precipitation can result in complex pore network characteristics. For instance, dissolution in one area might provide the silica for precipitation in another, leading to heterogeneity in porosity and permeability within the same rock unit (Lu et al., 2020; Klaver et al., 2024; El-Feky et al., 2025). The resulting pore size distribution is also significantly affected by these processes. Dissolution tends to create larger pores, while precipitation often fills smaller ones, leading to a shift in the dominant pore sizes and affecting capillary forces and fluid retention. Connectivity, the degree to which pores are interconnected, is perhaps the most crucial factor for fluid flow. Silica dissolution can enhance connectivity by creating pathways between isolated pores (Figure 4), whereas silica precipitation, particularly at pore throats, can drastically reduce connectivity, effectively trapping fluids within isolated pore spaces.
Ultimately, the diagenetic evolution of silica within carbonate source rocks plays a crucial role in determining their effectiveness in generating and expelling hydrocarbons, as well as the potential of associated carbonate and siliciclastic rocks to serve as viable reservoirs. Understanding the timing, extent, and spatial distribution of silica dissolution and precipitation is therefore essential for accurate petroleum system analysis and hydrocarbon exploration.
2.3 Geochemical environment
While the physical modifications to pore structure and mineralogy are significant, silica diagenesis also exerts an indirect yet important influence on the geochemical environment within organic-rich carbonate source rocks (Fantle et al., 2020). These alterations to the pore fluid chemistry can have cascading effects on the stability of the carbonate matrix (Figure 5), the preservation of organic matter, and the processes of hydrocarbon generation and migration. As silica minerals transform, they can influence the chemical reactions that produce and preserve hydrocarbons within the reservoir (Abu-Mahfouz et al., 2020).
[image: Diagram showing geochemical proxies and diagenetic sensitivity in carbonate (CaCO3) analysis. It includes sections labeled with factors such as temperature, pH, circulation, and paleo-redox, alongside elements and isotopes like Mg, Sr, and U. Arrows in various colors indicate replacement, siliciclastic contamination, temperature, and anaerobic respiration effects.]FIGURE 5 | Geochemical proxies and diagenetic alterations in carbonates (From Fantle et al., 2020). Arrow thickness indicates relative sensitivity to alterations.The dissolution of various silica phases, particularly the more reactive biogenic silica (opal-A and opal-CT), releases silicic acid (H4SiO4) into the pore fluids (Varkouhi et al., 2020). The dissociation of silicic acid can lead to an increase in pH, potentially creating more alkaline conditions within the microenvironment of the source rock (Figure 5). This alkaline shift can have several consequences for the carbonate components. While slightly alkaline conditions might promote the precipitation of certain carbonate cements under specific circumstances, more significant increases in pH could potentially lead to the dissolution of carbonate minerals, particularly calcite, depending on the saturation state of the pore fluids. This carbonate dissolution can further modify the pore network and release calcium and carbonate ions into the solution, influencing subsequent diagenetic reactions.
The alteration of pore fluid chemistry due to silica dissolution can also impact the preservation of organic matter (Varkouhi et al., 2020). Alkaline conditions, particularly in the early stages of diagenesis, can sometimes inhibit the activity of certain microorganisms responsible for the degradation of organic matter, potentially leading to a higher preservation rate of the kerogen. Conversely, the release of dissolved silica and associated ions might influence the complex interactions between organic matter and mineral surfaces, affecting its long-term stability and reactivity.
Furthermore, the presence of different silica phases within the carbonate matrix can influence the adsorption of organic molecules, including hydrocarbons (Parida et al., 2006). The surface properties of various silica minerals (e.g., surface area, charge) can affect the extent to which organic compounds are adsorbed onto their surfaces. This adsorption can impact the mobility of hydrocarbons during primary migration and their distribution within the pore network (Abu-Mahfouz et al., 2020). Strong adsorption could potentially hinder expulsion, while weaker adsorption might facilitate movement.
As highlighted by Huggett et al. (2017), the surfaces of silica minerals can also play a role in the catalytic cracking of kerogen during thermal maturation. The specific surface area and the presence of active sites on different silica phases can influence the rate and selectivity of these reactions, potentially affecting the yield and composition of the generated hydrocarbons. The evolving mineralogy due to silica diagenesis can therefore have a dynamic impact on the catalytic potential within the source rock.
Silica diagenesis is not just a process that modifies the physical framework of carbonate source rocks; it also actively participates in shaping their geochemical environment. The changes in pH and ionic concentrations resulting from silica dissolution can affect carbonate stability and organic matter preservation. Moreover, the presence and evolving nature of silica surfaces can influence the adsorption of organic molecules and potentially catalyze hydrocarbon generation reactions. Understanding these complex geochemical interactions is crucial for a holistic assessment of hydrocarbon generation and expulsion from organic-rich carbonate source rocks.
3 IMPLICATIONS FOR HYDROCARBON GENERATION AND MIGRATION
The alterations in mineralogy and pore structure induced by silica diagenesis have profound implications for the generation, migration, and retention of hydrocarbons within organic-rich carbonate source rocks.
3.1 Influence on hydrocarbon generation
Silica diagenesis can exert a subtle yet significant influence on the fundamental processes of hydrocarbon generation within organic-rich carbonate source rocks, primarily by modulating the thermal regime and potentially through catalytic effects (Huggett et al., 2017).
The rock matrix’s thermal conductivity determines how efficiently heat is transferred to organic matter (kerogen), influencing its maturation and hydrocarbon generation (Waples, 1994). Higher thermal conductivity means faster heating, which can lead to quicker and more efficient hydrocarbon production. Conversely, lower thermal conductivity can delay the maturation process. The presence and type of silica minerals, which often have different thermal conductivities compared to the dominant carbonate minerals (calcite and dolomite) can alter the overall thermal conductivity of the source rock. For instance, quartz exhibits a considerably higher thermal conductivity than calcite (García-Ten et al., 2010). Therefore, the precipitation of significant amounts of quartz during silica diagenesis can enhance the bulk thermal conductivity of the carbonate source rock. This increased thermal conductivity could potentially lead to a more rapid heating of the organic matter under a given geothermal gradient, accelerating the kinetics of kerogen cracking and hydrocarbon generation, potentially shifting the oil and gas windows to shallower depths or earlier times in the basin’s history (Wei et al., 2023). Conversely, if silica diagenesis results in the formation of less thermally conductive silica phases or if it inhibits the formation of highly conductive minerals, it could have the opposite effect, slowing down the maturation process.
Beyond its influence on thermal conductivity, the presence of silica surfaces within the source rock has been proposed to exhibit catalytic effects on the chemical reactions involved in kerogen cracking (Huggett et al., 2017; Abu-Mahfouz et al., 2020). Certain mineral surfaces can act as catalysts, lowering the activation energy required for specific chemical bonds in kerogen to break, thus facilitating the generation of hydrocarbons at lower temperatures or with different product yields. The specific type and surface area of the silica phases formed during diagenesis (e.g., microquartz, chert, or even remnants of biogenic silica) could influence the extent and nature of this catalytic activity. For example, the highly reactive surfaces of freshly precipitated silica or the porous structure of some biogenic silica remnants might offer more active sites for catalytic reactions compared to well-crystallized quartz. This catalytic influence could potentially alter the composition of the generated hydrocarbons, affecting the relative proportions of oil, gas, and bitumen.
Furthermore, silica diagenesis can indirectly influence hydrocarbon generation by affecting the pore fluid chemistry. The dissolution of silica can alter the pH and the concentration of dissolved ions in the pore water, which in turn might impact the stability and reactivity of organic matter. While the direct catalytic role of silica is still an area of active research, the interplay between silica diagenesis, thermal evolution, and the chemical environment within organic-rich carbonate source rocks underscores the complex ways in which this diagenetic process can influence the timing, rate, and potentially the products of hydrocarbon generation. Further research employing sophisticated experimental and modeling techniques is needed to fully elucidate these intricate relationships.
3.2 Impact on primary migration pathways
Primary migration, the process by which newly generated hydrocarbons are expelled from organic-rich source rocks (Littke and Welte, 1992; Peters and Fowler, 2002), is fundamentally controlled by the complex architecture and connectivity of the pore network within these fine-grained sediments (Klaver et al., 2024; El-Feky et al., 2025). Silica diagenesis exerts a significant influence on this pore system in carbonate rocks, thereby playing a critical role in determining the efficiency and timing of hydrocarbon expulsion (Abu-Mahfouz et al., 2020).
The dissolution of unstable silica phases, such as biogenic opal or early-formed silica cements, can lead to an increase in both the overall porosity and, more importantly, the connectivity of the pore network (Huggett et al., 2017; Abu-Mahfouz et al., 2020). This enhancement in permeability, even if localized, can create more efficient pathways for hydrocarbons to overcome capillary entry pressures and move out of the source rock matrix. The creation of larger, interconnected pores facilitates the bulk flow of hydrocarbons (Figure 4), potentially leading to earlier and more effective expulsion. Furthermore, the dissolution of silica associated with organic matter degradation might create pathways directly linked to hydrocarbon generation sites, further aiding primary migration.
The diagenesis of biogenic silica, in some cases, particularly the development of chert nodules (e.g., Abu-Mahfouz et al., 2023a), is an important factor contributing to fracture formation in these rocks. As burial progresses, biogenic silica undergoes recrystallization into chert, generating internal stress that can lead to localized overpressuring. This pressure buildup is capable of initiating microfractures within the source rock (Abu-Mahfouz et al., 2020), driven by the substantial force associated with silica recrystallization. These microfractures act as migration pathways for bitumen released during the initial stages of hydrocarbon maturation (Figure 2). Understanding the interaction between silica crystallization and bitumen movement is essential to interpreting the mechanics of fracture initiation and hydrocarbon migration. The stress required to induce bitumen-driven mode I fractures is lower than the pressure exerted by quartz crystallization under equivalent conditions, typically exceeding 40 MPa (Maliva and Siever, 1988). This difference supports the hypothesis that silica-induced overpressure is sufficient to form microfractures that facilitate the escape and movement of bitumen.
On the other hand, the precipitation of various silica phases, including quartz overgrowths, microquartz, or the formation of chert nodules and layers (Abu-Mahfouz et al., 2023a), can severely impede primary migration. These authigenic silica minerals often preferentially precipitate within pore throats, effectively constricting or completely occluding the narrow passages that are crucial for fluid flow in low-permeability source rocks. This reduction in pore connectivity increases the tortuosity of migration pathways and significantly elevates the capillary entry pressures that hydrocarbons must overcome to be expelled. As a result, hydrocarbon expulsion may be delayed, less efficient, or require the buildup of higher pore fluid pressures within the source rock. This can lead to increased retention of hydrocarbons within the source rock matrix, potentially subjecting them to further maturation or even cracking if expulsion is significantly hindered.
The timing of silica diagenesis relative to the onset of hydrocarbon generation is also a critical factor. If significant silica cementation occurs prior to or during the early stages of hydrocarbon generation (Figure 6), the developing pore pressure from hydrocarbon generation might be insufficient to overcome the reduced permeability, leading to hydrocarbon retention. Conversely, if silica dissolution occurs concurrently with hydrocarbon generation, it could facilitate expulsion.
[image: Microscopic view of mudstone with labeled components. The image shows a brown textured surface, with a lighter area marked as "Silica". The rest is labeled as "Mudstone". A scale bar indicates 200 micrometers.]FIGURE 6 | Thin section image of carbonate mudrock from the Upper Cretaceous source rock sequence in central Jordan, displaying silica cement disseminated throughout the matrix, indicative of silica diagenesis processes.The complex relationship between carbonate mineral diagenesis and silica diagenesis further complicates the evolution of primary migration pathways. For example, dolomitization, a common diagenetic process in carbonates, can lead to significant changes in pore size and distribution (Flügel, 2004; Al-Ramadan et al., 2020), which can be either enhanced or counteracted by concurrent or subsequent silica precipitation or dissolution. Understanding the paragenetic sequence of these diagenetic events is therefore essential for accurately assessing their combined impact on primary migration in organic-rich carbonate source rocks. Advanced analytical techniques, such as high-resolution imaging and mercury intrusion porosimetry, coupled with detailed petrographic and geochemical analyses, are crucial for characterizing the complex pore networks and the influence of silica diagenesis on primary migration pathways at the micro- and nanoscale (El-Feky et al., 2025).
3.3 Effects on secondary migration and entrapment
The influence of silica diagenesis is not confined to the source rock; it extends to the broader petroleum system, critically impacting the processes of secondary migration and ultimate hydrocarbon entrapment (Mclimans, 1987; Ellis, 1998). Secondary migration involves the movement of hydrocarbons from the source rock through permeable carrier beds to a reservoir (Spencer, 1983). The efficiency of this process is highly sensitive to the petrophysical properties of these carrier beds, which can be significantly modified by silica diagenesis (Luo et al., 2023). For instance, the precipitation of silica cements, such as quartz overgrowths or the formation of microquartz within the pore spaces of sandstone or fractured carbonate carrier beds, can drastically reduce their permeability (e.g., Higgs et al., 2007; Hooker et al., 2017). This reduction in permeability can impede the flow of hydrocarbons, potentially leading to slower migration rates, increased losses due to biodegradation or adsorption, or even the compartmentalization of hydrocarbon accumulations. Furthermore, the reduction in porosity due to silica cementation directly diminishes the storage capacity of potential reservoir units encountered along the migration pathway, potentially hindering the accumulation of significant hydrocarbon volumes. Conversely, in some scenarios, silica diagenesis might indirectly enhance secondary migration (Abu-Mahfouz et al., 2020). For example, the dissolution of unstable silica phases could locally increase permeability within certain conduits (Figure 4), facilitating hydrocarbon movement. However, the more commonly observed and impactful effect is the impedance of flow due to silica cementation.
The role of silica diagenesis in the formation and maintenance of effective caprocks is equally significant for hydrocarbon entrapment. Caprocks, which are impermeable layers overlying reservoir rocks, prevent the buoyant escape of hydrocarbons. The precipitation of silica minerals, such as the formation of dense chert layers or the infilling of fractures with quartz cement within shale or tight carbonate caprocks (e.g., Abu-Mahfouz et al., 2023a), can significantly enhance their sealing capacity. These silica-rich zones reduce the permeability of the caprock, thereby increasing the capillary entry pressure required for hydrocarbons to break through and leak to the surface (Major, 2018). A well-developed silica-cemented caprock can thus be a critical factor in the long-term preservation of hydrocarbon accumulations.
Understanding the temporal and spatial evolution of silica diagenetic processes across the entire sedimentary basin, including source rocks, carrier beds, and caprocks, is therefore paramount for accurately predicting the location, size, and longevity of hydrocarbon accumulations. The timing of silica diagenesis relative to hydrocarbon generation and migration pathways is particularly crucial (Abu-Mahfouz et al., 2020). For example, early silica cementation in a carrier bed might occur before significant hydrocarbon expulsion from the source rock (Hooker et al., 2017; Huggett et al., 2017), potentially hindering migration. On the contrary, late-stage formation of a silica-rich seal above an already filled reservoir can ensure its long-term integrity. Therefore, integrating the diagenetic history with the thermal and burial history of the basin is essential for a comprehensive understanding of petroleum system dynamics.
4 METHODOLOGICAL ADVANCEMENTS
Recent advancements in analytical technologies and modeling methodologies have profoundly clarified the role of silica diagenesis in carbonate source rocks. High-resolution imaging techniques, particularly scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM), and synchrotron-based X-ray microtomography, have provided unprecedented insight into pore structure evolution at the micro- and nanoscale (e.g., Loucks et al., 2009; Bernard et al., 2012; Milliken et al., 2013; Anovitz et al., 2015; Gou et al., 2019; El-Feky et al., 2025). These tools allow for detailed visualization of the spatial and textural relationships between silica and carbonate phases, shedding light on the mechanisms of silica dissolution, mobilization, and reprecipitation, and their implications for porosity and permeability development (El-Feky et al., 2025). Such insights are vital for evaluating reservoir quality and predicting fluid flow behavior.
The stable isotopes of silicon (δ28Si, δ29Si, δ30Si) are an important source of information about the past and present silica cycle. In particular, isotopic analyses, especially those involving stable isotopes of oxygen (δ18O) and silicon (δ30Si), have emerged as vital tools for tracing the origin and evolution of silica in marine and lacustrine settings (Frings et al., 2024), particularly within carbonate systems. These isotopes act as sensitive geochemical tracers that reflect both the source material and the environmental conditions prevailing during silica mobilization and transformation (Poitrasson, 2017; Wang et al., 2019). Variations in δ18O values, for instance, are influenced by temperature-dependent fractionation processes between quartz, chert, and associated fluids, allowing for the estimation of paleo-temperatures during diagenesis. In contrast, δ30Si values are primarily governed by silica precipitation, dissolution, and biological uptake, providing insights into the biogenic or detrital origins of silica and the extent of isotopic re-equilibration during burial (Frings et al., 2024).
The combination of δ18O and δ30Si isotopic data serves as a powerful geochemical chronometer, offering temporal constraints on the timing and progression of diagenetic events (Figure 7). Analyzing these signatures in chert nodules, quartz overgrowths, and matrix silica helps reconstruct the sequence of fluid-rock interactions, including episodes of silica dissolution, recrystallization, and cementation (e.g., Frings et al., 2024). This isotopic evidence also sheds light on the sources of silica-bearing fluids, whether derived from seawater, meteoric input, or hydrothermal activity, and the pathways by which these fluids infiltrate the carbonate matrix (Huggett et al., 2017; Varkouhi et al., 2020).
[image: Graph and map showing data on dissolved silicon (dSi) concentration. The left graph plots depth versus dSi concentration in micromoles per liter with various marked points. The right map illustrates global ocean bottom water dSi concentration with a color gradient, ranging from blue (low) to yellow (high). A color bar indicates the scale from zero to one hundred eighty micromoles per liter.]FIGURE 7 | Major vertical and lateral gradients in the modern ocean silicon cycle. Vertical profiles of silicon concentrations (black lines) and dissolved silicon δ30Si (red lines) from the Equatorial Atlantic (diamonds), North Pacific (circles), and Lake Baikal (filled squares) display typical ‘nutrient-like’ patterns (from Frings et al., 2024). These distributions are governed by biomass production in the euphotic zone and its gradual dissolution during sinking. Data sources include de Souza et al. (2012) and Reynolds et al. (2006) for the Atlantic and Pacific profiles, respectively, and Panizzo et al. (2017) for Lake Baikal. Dissolved silicon concentrations in ocean bottom waters show lower [dSi] in the North Atlantic and higher [dSi] in the North Pacific, reflecting variations in water mass age. Symbols indicate the sampling locations from panel A. These data are derived from the WOCE Global Hydrographic Climatology (Gouretski and Koltermann, 2004).Moreover, isotope-based reconstructions contribute to understanding the role of temperature, pressure, and fluid composition in driving diagenetic transformation (Huggett et al., 2017; Hooker et al., 2017), which in turn influences porosity evolution and reservoir quality. When integrated with petrographic, mineralogical, and geochemical data, stable isotope analyses enable a multidimensional view of silica diagenesis, offering critical insights into both local-scale pore evolution and basin-scale fluid migration systems. As such, isotopic tools not only enhance the reconstruction of diagenetic environments but also support predictive modeling of reservoir development and hydrocarbon migration in silica-rich carbonate settings.
Complementing these empirical approaches, reactive transport modeling has emerged as a crucial tool for simulating the coupled geochemical and hydrological processes that drive silica and carbonate diagenesis. These simulations incorporate variable parameters such as temperature, pressure, mineral surface reactivity, and fluid composition to predict mineralogical changes and porosity evolution over geological timescales (Huggett et al., 2017). Such models not only enhance predictive capabilities but also aid in hypothesis testing and scenario evaluation, allowing researchers to explore diagenetic pathways under different boundary conditions.
A multidimensional integration of data across scales, from pore-scale imaging and isotopic geochemistry to core-scale petrophysical measurements and basin-scale modeling, has culminated in a more comprehensive framework for interpreting silica diagenesis. The synthesis of porosity and permeability data from core analyses and well logs with mineralogical, petrographic, and geochemical datasets enables more accurate assessments of reservoir heterogeneity and diagenetic alteration (e.g., Usman et al., 2024). This holistic approach not only refines interpretations of diagenetic history but also informs more effective strategies for hydrocarbon exploration and production, particularly in complex carbonate systems where silica diagenesis plays a critical role in shaping reservoir properties.
5 LIMITATIONS, ADVANTAGES, AND FUTURE DIRECTIONS
5.1 Limitations
	• The review primarily concentrates on silica diagenesis within carbonate rocks, with relatively limited discussion on siliciclastic systems. Since siliciclastic rocks can also undergo similar silica-related diagenetic processes, expanding coverage to these systems could provide a more comprehensive understanding.
	• Additionally, the manuscript does not extensively explore the role of microbial activity in mediating silica diagenesis. Emerging research suggests that microbes can significantly influence silica mineralization and dissolution, and incorporating this aspect could enhance the depth of the discussion.

5.2 Advantages
	• The manuscript offers a holistic perspective on silica diagenesis, effectively integrating mineralogical, geochemical, and hydrological processes. This interconnected approach facilitates a better understanding of how silica transformations impact hydrocarbon system development and maturation.
	• The inclusion of advanced analytical techniques, such as high-resolution imaging and isotopic analyses, underscores the manuscript’s relevance to contemporary research methodologies. These approaches enable detailed characterization of diagenetic features, fostering more accurate interpretations of silica-related processes.

5.3 Future directions
	• Further investigation into how microbial communities influence silica diagenesis is warranted, particularly regarding their role in mineral transformations and implications for hydrocarbon preservation.
	• Developing basin-scale predictive models that incorporate silica diagenesis and fluid migration patterns could improve exploration strategies and risk assessments.
	• The application of machine learning and data-driven approaches to analyze large petrographic and geochemical datasets holds promise for identifying subtle diagenetic trends and enhancing predictive capabilities in silica diagenesis studies.

6 CONCLUSION AND FUTURE PERSPECTIVES
Silica diagenesis plays a pivotal and multifaceted role in shaping the properties and hydrocarbon potential of organic-rich carbonate source rocks. The dissolution and precipitation of silica phases significantly alter the mineralogy and pore structure of these formations, with direct consequences for hydrocarbon generation, primary and secondary migration pathways, and ultimate retention. Recent methodological advancements, including high-resolution imaging, isotopic analyses, and geochemical modeling, are providing unprecedented insights into these complex diagenetic processes.
Despite these advancements, several key areas warrant further investigation. Future research should focus on:
	• Developing more integrated studies that combine advanced analytical techniques with robust geochemical modeling to better quantify the impact of silica diagenesis on hydrocarbon generation kinetics and expulsion efficiency.
	• Investigating the potential role of microbial activity in mediating silica diagenetic reactions within organic-rich carbonate environments.
	• Exploring the influence of silica diagenesis on the development of unconventional hydrocarbon resources in carbonate mudstones and shales.
	• Establishing more predictive models that can incorporate the effects of silica diagenesis into reservoir characterization and flow simulations.

A deeper understanding of the intricate relationship between silica diagenesis and organic-rich carbonates will undoubtedly lead to improved predictive capabilities in petroleum geology, ultimately contributing to more effective strategies for hydrocarbon exploration and resource management in these critical geological settings.
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