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Abstract


Rock permeability, an important factor in subsurface fluid migration, can be influenced by microcracks and chemical weathering due to water–rock interactions. Understanding the relationship between permeability, chemical weathering, and microcracks is crucial for assessing fluid flow in rocks. This study focuses on the hydrogeological characteristics of granite and gneiss, potential host rocks for high-level radioactive waste disposal in South Korea. Samples were analyzed for permeability, porosity, P-wave velocity, and chemical weathering indices. Regression analysis revealed a weak correlation between permeability and both porosity and rock density, while an inverse correlation was observed between permeability and chemical weathering indices. Interestingly, some samples showed low permeability (10−21 to 10−22 m2) despite high weathering, while others showed high permeability (10−18 to 10−19 m2) despite low weathering. SEM-EDS analysis indicated the presence of microcracks within the rocks or the filling of these cracks with secondary minerals. The findings suggest that chemical weathering generally increases pore size and porosity, but actual permeability can vary depending on the presence and connectivity of microcracks and the extent to which they are filled with secondary minerals. Therefore, both chemical weathering and microcrack connectivity must be considered when evaluating the hydrogeological characteristics of crystalline rocks.
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1. Introduction


Rock permeability is a crucial hydrogeological property that significantly influences fluid migration in subsurface environments [1]. It assumes particular importance in isolation repositories for substances like high-level radioactive waste (HLRW) disposal facilities and CO2 geological storage sites, which rely on subsurface geological characteristics [2,3,4]. In HLRW disposal facilities, impermeable rocks serve as host formations in the underlying strata to effectively impede the migration of radioactive elements [2,5,6]. Granite, metamorphic rocks, and shale are commonly used as host rocks because of their low permeability [7,8,9,10,11]. Similarly, in CO2 geological storage sites, the caprock functions in a manner analogous to the host formation in radioactive waste facilities, acting as a barrier to prevent the upward leakage of stored CO2, thus necessitating low permeability [12,13]. Consequently, permeability is a critically important characteristic of barrier-forming rocks, emphasizing the need to investigate the permeability properties of rock formations comprising the target layer during site selection for disposal facilities.



The permeability of deep aquifer rocks can undergo significant changes due to the presence of microcracks generated by physical impacts such as earthquakes and chemical weathering resulting from water–rock interactions [14]. Chemical weathering from these reactions can dissolve primary minerals or precipitate secondary minerals, thereby altering rock porosity and subsequently affecting permeability [15]. Under conditions dominated by water–rock reactions, chemical weathering can increase both the porosity and permeability of initially low-permeability rocks. Even in the absence of chemical weathering, microcracks within the rock can act as conduits for fluid movement, leading to a substantial increase in permeability [16,17,18]. Therefore, to assess the fluid flow characteristics of rocks, it is crucial to consider the interplay between permeability, the degree of chemical weathering, and the presence of microcracks.



Chemical weathering alters the chemical composition of rock through dissolution and precipitation processes resulting from water–rock reactions. Rock dissolution reactions vary depending on mineral solubility; as chemical weathering progresses, minerals that are more easily dissolved experience a decrease in their constituent elements, whereas minerals with relatively higher resistance to dissolution show an increase in their constituent element ratios. Furthermore, precipitation reactions can increase the constituent elements of the precipitated minerals. Changes in rock chemical composition due to dissolution and precipitation have been utilized in various fields to estimate the degree of chemical weathering, often employing chemical weathering indices. Generally, in rocks undergoing chemical weathering, the concentrations of alkali elements, alkaline earth metals, and silica tend to decrease due to their higher mobility, whereas elements such as Al, Fe, Mn, and Ti tend to increase or remain relatively constant [19,20]. For example, plagioclase, which constitutes a significant portion of the minerals in granite, has a relatively high solubility compared with other minerals. Therefore, the preferential dissolution of plagioclase during chemical weathering leads to a decrease in Na, Ca, K, and SiO2 elemental concentrations while increasing the relative Al2O3 proportion, which is a less mobile element within the rock.



Chemical weathering indices have been used to indicate the degree of weathering in crystalline rocks, such as granite and gneiss [21,22,23,24,25,26]. Weathering can also significantly decrease rock strength, and some studies have explored the relationship between chemical weathering indices and rock mechanical properties [16,17,23,27,28,29,30]. For instance, Liu et al. [29] investigated the effects of chemical weathering on granite’s mechanical properties, finding that it significantly reduces strength and stability, increasing erosion susceptibility. They highlighted the importance of using chemical weathering indices to quantify weathering, as these indices correlate strongly with changes in the rock’s structural characteristics. In another study, Kubo et al. [16] examined the influence of microcracks on the permeability and hydrogeological properties of granitic rocks. They observed that chemical weathering not only increased the overall porosity but also promoted the development of microcracks, further enhancing the rock permeability. The presence of these microcracks provided additional pathways for fluid movement, significantly impacting the hydrogeological characteristics of the rock. Sausse et al. [30] focused on microcrack porosity and fluid permeability in granites, finding that chemical weathering-induced microcracks play a crucial role in increasing permeability by creating interconnected pore networks. They concluded that chemical weathering processes lead to the development of microcracks and increased porosity, which in turn enhances the permeability of granite. These studies suggest that chemical weathering plays a critical role in enhancing the permeability of crystalline rocks by increasing porosity and developing microcracks. However, while the increase in permeability due to chemical weathering has been extensively reported, the potential decrease in permeability resulting from precipitation reactions during chemical weathering has received much less attention. Therefore, research on the impact of secondary mineral precipitation due to chemical weathering on the hydrogeological properties of crystalline rocks is lacking.



The overall objective of this study is to provide foundational data on the impact of chemical weathering and the distribution of microcracks on fluid flow in crystalline bedrock, particularly for applications such as HLRW disposal site selection. To achieve this, the specific objectives were to (1) investigate the hydrogeological characteristics of granite and gneiss in the study areas; (2) analyze the chemical compositions of the samples to identify chemical weathering conditions that might contribute to increased permeability; (3) assess the relationships between crystalline rock permeability, porosity, P-wave velocity (Vp), and the degree of chemical weathering; and (4) identify microcrack distributions on sample matrix surfaces to provide insight into the contribution of microcracks to permeability.




2. Study Area and Rock Samples


Figure 1 shows the drilling locations and geological maps of the granite and gneiss used in this study. Two deep boreholes were drilled in Daejeon (granite) and Andong (gneiss) and entirely cored to a depth of approximately 1 km to investigate the hydrogeological, geophysical, geochemical, mineralogical, and stratigraphical characteristics (Figure 1). The Daejeon region belongs to the Okcheon Belt, based on the Korean Peninsula tectonic structure, and is located on the Mesozoic Daebo granite bedrock [31]. Mesozoic Jurassic two-mica granite is widely distributed throughout the study area. Two-mica granite has medium-to-fine crystal sizes and consists mainly of quartz, alkali feldspar, plagioclase, and biotite [32]. The Andong region is located at the Gyeongsang Basin boundary and contains mainly Paleoproterozoic gneiss. The study area has prevalent alkaline gneiss composed mainly of hornblende, biotite, and feldspar. The gneiss is heterogeneous due to a mixture of foliation and blocky structures and is characterized by various crystal sizes [31]. In total, 21 granite samples and 15 gneiss samples were collected at various depths from the drill cores for use in this study. Both rock samples were used to measure permeability, porosity, weathering degree, and Vp.




3. Measurement and Analysis Methods


3.1. Hydrogeological Characteristics


3.1.1. Permeability


Core flooding experiments were conducted to estimate the permeability of the drill core samples. These experiments simulate in situ fluid flow conditions more realistically by replicating subsurface environments where fluids pass through the core sample under controlled pressures. Considering the high-pressure cell specifications, all samples were approximately 50 mm in diameter and manufactured with a length of 60–70 mm. The schematics of the permeability measurement equipment used in this study are shown in Figure 2a. Nitrogen gas, an inert gas with almost no chemical reaction with other substances, was used as the injection fluid for the permeability measurements [8]. The high-pressure core holder used in the experiment had a pressure resistance of 380 bar and consisted of a cylindrical rubber sleeve to fix the drill core sample inside the holder. The rock sample was placed in the sleeve, and a confining pressure was applied by injecting water with a hand pump (ENERPAC P141, Menomonee Falls, WI, USA). The confining pressure was set at 20–30 bar higher than the injection pressure, and end pieces were mounted at both ends of the rock sample. Nitrogen gas was injected through the inlet using a syringe pump (TELEDYNE ISCO 500HP, Louisville, KY, USA), and the nitrogen gas flux passing through the rock sample was measured in real-time using a mass flow meter (MFM) (BROOKS 5860E, PA, USA). The nitrogen gas injection pressure was set in stages to measure the flux in the steady flow state for each pressure. The gas permeability (kact) at steady flow was calculated using the following equation [33]:


    k   a c t   =    2000   p   a   μ   q   a   L       P   1   2   −   P   2   2     A     



(1)




where     p   a     is the atmospheric pressure (atm),   μ   is the gas viscosity (cP),     q   a     is the gas flow rate measured at atmospheric pressure (cm3/s),   L   is the core sample length (cm), P1 is the inlet pressure (atm), P2 is the outlet pressure (atm), and A is the rock sample cross-sectional area (cm2). The outlet pressure was considered equal to the atmospheric pressure (1 atm).



The permeability measured using gas as the injection fluid was calculated differently based on the pressure conditions due to the Klinkenberg effect, which results from gas molecule slippage along the pore surface at low flow rates [34]. Therefore, the Klinkenberg calibration is particularly important for low-permeability rocks, as it is necessary to obtain a permeability equivalent to the actual permeability under deep geological conditions [34]:


    k   a   =   k   a c t     1 +    β     P   m         



(2)




where     k   a     is the actual permeability corrected by the Klinkenberg calibration,   β   is the Klinkenberg slippage factor, and     P   m     is the mean pressure between the inlet and outlet.



In this study, five points of kact were considered when increasing the injection pressure per sample to 30 bar to estimate     k   a    . As previously mentioned, the maximum permissible pressure of the permeability measurement instrument used in this study was 380 bar. The gas mass flow detection limit in the MFM was 5 mL/min. To obtain five points of kact per sample, 5 mL/min of gas flux must be detected at a pressure of at least 300 bar. From Equation (1), a minimum kact of 9.6 × 10−21 m2 was determined, and the minimum value of     k   a     that can be obtained using Equation (2) is 4.0 × 10−22 m2. The permeability measurement was repeated three times, and the average value was used as the result.




3.1.2. Porosity


The equipment used for the porosity measurement consisted of two chambers: one for the sample measurement and one as a reference. A schematic diagram of the porosity measurement setup is shown in Figure 2b. The advantage of this method is that it allows the same rock sample used for permeability measurements to be utilized for porosity measurements without any deformation. This enables a clearer evaluation of the correlation between porosity and permeability using the same rock sample. Porosity measurements were conducted using the same core samples as the permeability measurements to identify the correlation between porosity, permeability, and Vp. The porosity measurement method is based on Boyle’s law, in which the pressure of a gas is inversely proportional to its volume at a constant temperature:


    P   1       V   1   −   V   g     +   P   2     V   2   =   P   e       V   1   +   V   2   −   V   g      



(3)







The dried core sample was placed in a measurement chamber with a volume of V1, nitrogen gas was injected to apply a pressure of P1. Nitrogen gas was injected into a reference chamber with a volume of V2 and pressure of P2. The valve connecting the two chambers was then opened, and the pressure at equilibrium was recorded. These recorded pressures were substituted into Equation (3) to determine the volume of the dried core sample. The volume (Vg) of each dried sample was calculated using Equation (3).



The rock sample porosity was determined using the following equation:


  ∅ =      V   b   −   V   g       V   b       



(4)




where   ∅   is the porosity and     V   b     is the bulk volume of the rock sample. Porosity measurements were also performed in triplicate, and the arithmetic mean of these measurements was used as the final porosity value.





3.2. P-Wave Velocity


As minerals dissolve during the chemical weathering process, the increase in pore size and number leads to a decrease in rock density. Therefore, some previous studies have compared the degree of chemical weathering by analyzing differences in P-wave velocity based on changes in rock density [4,16,17,18]. P-wave velocity (Vp) was measured using the direct transmission method to assess the correlation between Vp and permeability. To measure the Vp, a Pundit PL-200 (Proceq instrument, Schwerzenbach, Swiss), two 54 kHz transducers (pulse, receive), standard couplant gel, and a calibration rod were used. A schematic diagram of the Vp measurement is shown in Figure 3. A Pundit device and calibration rod were used to ensure signal reading accuracy. The Vp was obtained by placing two transducers on opposite sides of the core sample. The Vp test mechanism comprised a pulse transducer that propagated the P-wave through the core sample and a receiver transducer that received the P-wave. The travel time and distance traveled by the transmitted wave were used to compute the Vp. The two core sample surfaces were polished to flatten them, and a couplant gel was used to closely attach the transducer to the core surface. When the P-wave velocity reached a steady state, the P-wave data were recorded using the measuring instrument.




3.3. Chemical Weathering Indices


To quantitatively assess the chemical weathering of granite and gneiss, four chemical weathering indices were calculated using the chemical compositions obtained by X-ray fluorescence (XRF) analysis (Shimadzu MXF-2400, Kyoto, Japan). XRF was used because of its high accuracy in quantifying elemental concentrations, particularly for key elements such as Si, Al, and Fe, which are important for assessing the degree of chemical weathering. During chemical weathering, differences in the mobility of elements cause changes in their ratios within the rock. In this study, we aimed to evaluate the degree of chemical weathering by using chemical weathering indices developed based on these elemental mobility differences. The selection of these specific indices, including the Ruxton ratio (RR), sesquioxide content (SOC), chemical weathering index (CWI), and product index (PI), was based on their relevance and sensitivity to various aspects of chemical weathering processes (Table 1).



The RR is calculated as the ratio of SiO2, which is mobile during weathering, to Al2O3, which is relatively immobile. A lower RR value indicates a higher intensity of weathering [35,36]. Rocks with RR values over 10 are considered fresh, while values close to 0 indicate significant weathering. This index effectively distinguishes between unweathered and highly weathered samples by reflecting the differential mobility of silica and alumina during weathering processes.



The SOC is an index reflecting the Fe2O3 content through iron oxidation and the Al2O3 content, which is resistant to weathering. SOC values increase as weathering progresses, making it a valuable indicator of the extent of chemical weathering [37]. This index was selected because it directly measures the accumulation of weathering-resistant oxides, providing insight into the progressive stages of weathering.



The CWI represents the ratio of chemical constituents related to the total chemical content affected by weathering. This index closely correlates with the physical properties of weathered granite [38]. For fresh rock, CWI values range from 15 to 20, while weathered rock values range from 20 to 40. The CWI was chosen due to its comprehensive reflection of the overall chemical alteration in the rock, capturing a broad spectrum of weathering processes.



The PI measures the content of immobile elemental oxides. Its value decreases as weathering intensity decreases, with the highest values found in debris and residual soil and the lowest in partly weathered rocks [39,40]. This index was included because it quantifies the accumulation of stable weathering products, providing a direct measure of the degree of chemical weathering.





 





Table 1. Chemical weathering indices used in this study.






Table 1. Chemical weathering indices used in this study.





	Chemical Weathering Index
	Formula
	Reference





	Ruxton ratio (RR)
	SiO2/Al2O3
	[36]



	Chemical weathering index (CWI)
	  100   ×   (Al2O3 + Fe2O3 + TiO2 + H2O)/

all chemical components
	[38]



	Sesquioxide content (SOC)
	Al2O3 + Fe2O3
	[37]



	Weathering product index (PI)
	  100   ×   [SiO2/(SiO2 + TiO2 + Fe2O3 + Al2O3)]
	[40]









3.4. Correlation Analysis


In order to examine the correlations between the variables (weathering indices, permeability, porosity, etc.) employed in this study, Pearson correlation analysis (r) was conducted. The Pearson correlation coefficient is expressed as follows:


  r =      ∑  i = 1   N        x   i   −   x  ¯        y   i   −   y  ¯            ∑  i = 1   N          x   i   −   x  ¯      2           ∑  i = 1   N          y   i   −   y  ¯      2           



(5)




where x and y represent the variables under investigation, and     x  ¯    and     y  ¯    are the mean values of these variables. The numerator in Equation (5) represents the covariance between the two variables, while the denominator signifies the product of the standard deviations of the two variables. This standardized measure of correlation evaluates the linear relationship between the variables, with values ranging from −1 to 1, indicating perfect negative and positive correlations, respectively.



Furthermore, to assess the statistical significance of the Pearson correlation coefficients, a two-tailed t-test was performed, with the significance level set at 0.05. According to the conventional criteria for hypothesis testing, if the significance probability (p-value) exceeds 0.05, the null hypothesis is retained, suggesting that there is no statistically significant correlation between the variables. Conversely, if the p-value is less than 0.05, the null hypothesis is rejected in favor of the alternative hypothesis, which posits a significant correlation between the variables. A p-value below 0.05 thus indicates that the correlation between the two factors is statistically significant, confirming a reliable association within the dataset.




3.5. Rock Matrix and Microcrack Distribution


The presence of microcracks in rock significantly contributes to increased permeability by reducing tortuosity [3]. The extent of microcrack development and connectivity can have a substantial impact on the hydraulic properties of the rock, regardless of the degree of chemical weathering. To examine the microcracks and mineralogical characteristics of the rock samples, scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDS) (JEOL JSM-7610F, Tokyo, Japan) was used at the Center for Research Facilities at Gyeongsang National University. SEM-EDS analysis was conducted using thin sections that were infiltrated and solidified with resin to preserve the original crack shapes and prevent the generation of secondary cracks during sample preparation. These thin sections were prepared to identify the effects of differences in mineral structure and the presence of microcracks on permeability. The prepared thin sections were examined using SEM to observe the structure of the constituent minerals, the presence of microcracks, and the connectivity of these microcracks. EDS was used to analyze the elemental composition of the minerals within the rock and the secondary minerals filling the microcracks.





4. Results and Discussion


4.1. Correlation Between Porosity and Permeability


The distributions of porosity and permeability with depth for granite and gneiss samples are shown in Figure 4. The porosity of the granite samples was below 1.0%, averaging around 0.5%, with permeability ranging from 7.9 × 10−19 m2 to 1.4 × 10−21 m2, except for three samples that were lower than the measurement limit (<4.0 × 10−22 m2) (Figure 4a). The gneiss samples showed an average porosity of approximately 0.4%, and permeability varied from 3.6 × 10−18 m2 to 4.6 × 10−22 m2 (Figure 4b). Typically, granite and gneiss show porosity values ranging from 0.1% to 1.5% and permeability values from 10−21 m2 to 10−16 m2 [10,41,42,43]. However, the measured values in this study were generally similar to or lower than these typical ranges. Notably, the measured values for both rock types demonstrated an increasing trend with depth. Generally, porosity is expected to decrease with depth due to mechanical compaction under high-pressure conditions underground [44]. Nevertheless, in this study, the porosity of the rocks in the lower parts was higher than in the upper parts, suggesting that the lower samples were more altered and weathered, leading to increased voids and cracks. Some gneiss core samples, in particular, displayed high permeability (approximately 3.0 × 10−18 m2), indicating the presence of numerous microcracks in those sections.



Figure 5 shows positive correlations between porosity and permeability for both granite and gneiss, suggesting that rocks with higher porosity tend to have higher permeability. The correlation coefficients between porosity and permeability for both rock types indicate moderate correlations (granite: r = 0.52, p < 0.05 and gneiss: r = 0.41, p < 0.05). This moderate correlation is due to certain granite samples showing high permeability regardless of porosity. Specifically, samples from depths of 375 to 425 m and 690 to 980 m showed high permeability (about 10−18 to 10−19 m2) despite having similar porosity to other granite samples. For gneiss, samples from depths of 400 to 600 m showed relatively high permeability despite having low porosity. These variations in permeability, despite similar porosity levels, might be attributed to the presence and distribution of microcracks, which likely developed in these sections and significantly contributed to the increased permeability [16].




4.2. Correlation Between P-Wave Velocity and Permeability


The correlation between Vp and permeability for the granite and gneiss samples is shown in Figure 6. The Vp of the granite samples ranged from 2821 to 5156 m/s, while that of the gneiss samples ranged from 3687 to 6471 m/s. A strong negative correlation was observed between permeability and Vp for granite (r = −0.8, p < 0.05), and a weak negative correlation for gneiss (r = −0.32, p < 0.05). Generally, higher Vp values correspond to denser rock structures with fewer pores and lower permeability, as well-cemented structures reduce porosity and the number of interconnected pores, limiting groundwater flow [45,46,47]. However, a lower Vp does not always correlate with higher permeability. Some gneiss samples showed relatively low permeability despite their low Vp, suggesting that secondary minerals such as carbonate and clay may block groundwater movement by filling pores or microcracks.




4.3. Correlation Between Chemical Weathering Indices and Permeability


The correlation between the Si and Al contents in the granite and gneiss samples is shown in Figure 7. The Si and Al contents showed a very strong or strong negative correlation (granite: r = −0.97, p < 0.05 and gneiss: r = −0.77, p < 0.05). This negative correlation is explained by the difference in mobility between Si and Al during chemical weathering. The Si/Al ratio represents the degree of chemical weathering [36]. As chemical weathering progresses, Si is leached out by the dissolution of silicate minerals, while Al remains in precipitated clay minerals as a by-product of silicate mineral dissolution [16,37]. In this study, granite and gneiss samples with a relatively low Si content and high Al content (low Si/Al ratio) indicate that they have undergone more chemical weathering than other samples. Furthermore, the chemical weathering likely occurred more extensively in rocks with relatively higher permeability.



The correlation between chemical weathering indices and permeability for granite and gneiss is shown in Figure 8 and Figure 9. Granite samples showed weak correlations between permeability and the chemical weathering indices (RR: r = 0.36, p < 0.05; CWI: r = −0.40, p < 0.05; SOC: r = −0.33, p < 0.05; PI: r = 0.33, p < 0.05), while gneiss showed relatively moderate correlations (RR: r = 0.60, p < 0.05; CWI: r = −0.60, p < 0.05; SOC: r = −0.58, p < 0.05; PI: r = 0.56, p < 0.05). Lower values for RR and PI indicate increased chemical weathering, whereas higher values for CWI and SOC represent more advanced weathering. Based on these indices, it is typically expected that rocks with higher degrees of weathering would show lower permeability. However, in this study, samples with higher weathering indices showed lower permeability, contrary to previous findings.



The relationship between chemical weathering and permeability in granite has been extensively studied, with many previous works indicating a positive correlation between the degree of chemical weathering and increased permeability [48,49,50,51,52]. This correlation is primarily attributed to the formation of secondary minerals and changes in the pore structure. Studies have shown that as granite undergoes chemical weathering, primary minerals such as feldspars and micas are transformed into secondary minerals like clays and iron oxides. These secondary minerals can occupy pore spaces and create new pathways for fluid movement, thereby increasing the overall permeability of weathered granite [23].



In contrast to these findings, the results of this study suggest a more complex relationship. Although moderate chemical weathering occurred in both rock types, the formation of secondary minerals may have blocked fluid pathways, leading to lower permeability despite increased porosity. Even when rocks have undergone substantial chemical weathering, resulting in increased porosity, permeability can remain low if secondary minerals, such as carbonate and clay, fill the pore spaces and microcracks, obstructing fluid flow [16,37]. This process explains the weak correlation between permeability and the chemical weathering indices observed in this study and highlights the role that secondary mineral formation plays in determining the hydraulic properties of the rock.



The mechanisms observed here, which cause a weak correlation between chemical weathering indices and permeability, are also likely responsible for the weak correlation between chemical weathering indices and Vp in granite samples. Secondary minerals that form as a result of weathering can increase rock density and stiffness, increasing Vp and impacting fluid flow [45,46]. Therefore, in this study, the presence of secondary minerals complicates that relationship, suggesting that the impact of chemical weathering on permeability is strongly influenced by the specific nature of mineral alteration and the infilling of pores.




4.4. Microcrack Effects on Permeability


To investigate the relationship between mineral structure and permeability, samples with varying permeability levels were analyzed using SEM-EDS. Both the granite and gneiss samples were predominantly composed of minerals larger than 100 µm, such as quartz, plagioclase, biotite, and pyroxene (Figure 10). In the high-permeability samples (Figure 10a,c), a greater number of microcracks of various sizes were observed between mineral crystals and the surrounding matrix compared to low-permeability samples (Figure 10b,d). This suggests that the presence and distribution of microcracks significantly contribute to the permeability of crystalline rocks. Microcracks in these rocks typically form along crystal boundaries, within quartz crystals, and along twin planes in plagioclase [16], which further facilitates fluid flow.



In this study, several samples showed low permeability despite having high chemical weathering indices. SEM-EDS analysis demonstrated that the microcracks in these samples were filled with secondary minerals such as calcium carbonate and clay (Figure 11). The infilling of these secondary minerals can obstruct fluid pathways, significantly reducing the overall permeability even in the presence of microcracks [15,30,53]. This suggests that chemical weathering not only increases porosity but also leads to the precipitation of minerals that fill these voids, thereby limiting fluid flow. The dual effect of chemical weathering, creating porosity while simultaneously reducing permeability through mineral infill, explains the observed weak correlation in granite to moderate correlation in gneiss between chemical weathering indices and permeability.





5. Conclusions


This study investigated the relationships between porosity, permeability, Vp, and chemical weathering indices in granite and gneiss, which are candidate rocks for HLRW disposal sites. The primary goal was to understand the factors influencing the hydrogeological properties of these crystalline rocks. Our results showed a positive correlation between porosity and permeability for both rock types, confirming that higher porosity generally leads to higher permeability. Additionally, Vp results demonstrated that lower rock density is associated with higher permeability.



However, unlike previous studies, we found that many samples showed low permeability despite high chemical weathering indices. SEM-EDS analysis revealed that this discrepancy was due to the presence of secondary minerals, such as clay or carbonate, which formed in the pores and microcracks during chemical weathering. These minerals blocked fluid pathways, thereby reducing permeability even in rocks that had undergone weathering. While extreme chemical weathering often leads to a clear increase in permeability due to the extensive breakdown of the rock structure, in mild to moderate weathering stages, permeability is controlled by a more complex interplay of factors. Specifically, secondary minerals can offset the effects of increased porosity by filling microcracks and voids, impeding fluid flow.



Thus, chemical weathering has a dire effect on permeability. It can either increase permeability through the creation of porosity or decrease it by introducing mineral infill that blocks fluid movement. The findings of this study emphasize the importance of considering not only the degree of weathering but also the presence and connectivity of microcracks, as well as the extent of secondary mineralization, when evaluating the hydrogeological properties of crystalline rocks.



In conclusion, the permeability of crystalline rocks like granite and gneiss is influenced by a combination of porosity, microcrack distribution, and the extent of secondary mineral infill. To accurately assess the hydraulic behavior of these rocks, a comprehensive approach is needed that integrates chemical weathering, microcrack development, and weathering product infillings. These findings are crucial for predicting the hydrogeological behavior of crystalline rocks, especially in applications such as HLRW disposal site selection, rock mechanics, and other geological engineering contexts.
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Figure 1. Geological map of boreholes with two rock types (granite and gneiss) used in this study. Granite and gneiss samples were collected at Daejeon and Andong, respectively. 
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Figure 2. The schematics of the apparatus used to measure (a) permeability and (b) porosity in this study. 
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Figure 3. The schematics of the apparatus used to measure Vp in this study. 
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Figure 4. Permeability and porosity measurement results for (a) granite and (b) gneiss samples based on sample depth. Red lines and circles represent permeability values, while blue lines and triangles represent porosity values. 
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Figure 5. Correlations between permeability and porosity of both rock types. Red circles represent granite sample correlated values, while blue triangles represent gneiss sample correlated values. The long (red) and short (blue) dashed lines indicate the correlation between the porosity and permeability of granite and gneiss, respectively. 
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Figure 6. Correlations between permeability and Vp for (a) granite and (b) gneiss samples. 
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Figure 7. Correlation between Al2O3 and SiO2 content of both rock types. Red circles represent granite sample correlated values, while blue triangles represent gneiss sample correlated values. The long (red) and short (blue) dashed lines indicate the correlation between the porosity and permeability of granite and gneiss, respectively. 
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Figure 8. Correlation between permeability and chemical weathering indices ((a) RR; (b) CWI; (c) SOC; (d) PI) for granite samples. 
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Figure 9. Correlation between permeability and chemical weathering indices ((a) RR; (b) CWI; (c) SOC; (d) PI) for gneiss samples. 
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Figure 10. Thin section BSE images for granite and gneiss samples using SEM-EDS analysis. (a,c) show the surfaces of high-permeability granite (3.11 × 10−19 m2) and gneiss (3.17 × 10−18 m2) samples, respectively. (b,d) show the surfaces of low-permeability granite and gneiss samples (both < 4 × 10−22 m2). 
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Figure 11. Thin section BSE images and SEM-EDS data for granite and gneiss samples. SEM images show (a) clay filling the cracks in the granite and (b) calcium carbonate filling the cracks in the gneiss. 
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