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Studying the changes in electrical resistivity of sandstones under various frequencies and saturation levels is important for addressing many geological problems through electrical prospecting. In this study, we investigated the effect of different frequencies (500 Hz–200 kHz) and saturation levels (0%–100%) on the resistivity of sandstone in the Ordos region. Our research indicates that when the saturation level is low (<40%), the resistivity of the sandstone decreases rapidly. With the increase of saturation level, pore water gradually becomes another major factor affecting resistivity in addition to induced polarization effect. When the saturation level is high (>80%), the resistivity tends to stabilize. Additionally, the resistivity of sandstone decreases with the increase of saturation. Furthermore, with an increase in frequency, the rate of reduction in resistivity gradually slows down, and the resistivity of sandstone decreases under the influence of saturation. This study provides a valuable reference for the practical application of sandstone resistivity in geological prospecting.
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1 INTRODUCTION
Stratigraphic lithologies often presents differences in electrical resistivity, which can be characterized by geophysical methods, in particular for mineral exploration. The induced polarization method is a part of geoelectrical exploration methods used to locate minerals and solve hydrogeology, engineering geology, and other problems based on the induced polarization effect of rocks and ores (e.g., Nunes and Alberto, 2014; Revil et al., 2017; Duvillard et al., 2018). In particular, the spectral induced polarization method (in the frequency domain) allows to obtain the complex resistivity spectra of a medium, which is linked to its conduction and polarization properties (e.g., Tabbagh et al., 2021).
As an important physical parameter of rocks, resistivity affects the propagation of electromagnetic fields in porous media (Liu et al., 2017). Due to its characteristics of accuracy, convenience, and non-destructiveness, resistivity characterization technology has a wide range of applications in geotechnical engineering (Long et al., 2017), petroleum exploration (Senger et al., 2021), and other fields. By measuring the resistivity of rocks, important information such as water saturation (Jiang et al., 2021), porosity (Whitman and Yeboah-Forson, 2015), permeability (Kirkby and Heinson, 2017), rock type and composition (Rekapalli et al., 2015; Senger et al., 2021; Bai et al., 2022a) can be determined. Since Archie first proposed the empirical relationship between rock resistivity, porosity, and water saturation (Archie, 1942), scholars have studied the resistivity changes of rocks on this basis and found that the development of fractures (Yin and Xu, 2021), pressure (Wang et al., 2014), saturation (Yang et al., 2022), and frequency (Zhou and Che, 2021) of rocks affect resistivity changes. The frequency of rock fractures significantly affects the variation of resistivity with water saturation which can be used for fracture detection and evaluation (Lee et al., 2021; Liu et al., 2022). The resistivity of rocks changes rapidly with the expansion of internal fractures (Li et al., 2015). Before rock fracture failure, an increase in compressive stress will increase rock resistivity (Sun et al., 2015), and the combined effect of rock compression and saturation will also affect rock resistivity (Pan et al., 2021).
As sandstones are one of the most common rock formations (Yin et al., 2021), it is essential to study the changes in resistivity to investigate the geological structure and solve related geological problems. Previous studies have focused on the influence of fractures (Park et al., 2017), pressure (Amalokwu and Falcon-Suarez, 2021; Zheng et al., 2023), temperature (Zhang et al., 2016; Liu et al., 2020; Yuan et al., 2022), and rock type (Wu et al., 2023) on rock resistivity. However, research on the resistivity of sandstone is not extensive enough. Therefore, it is significant to study the influence of different saturation and frequency on the resistivity of sandstone, explore the joint action of saturation and induced polarization effect in rocks, and explain the relevant change laws for the practical application of sandstone resistivity.
In this paper, we studied the resistivity changes of middle sandstone in the Ordos at different frequencies and saturations. We obtained the influences of low and high frequencies, low and high saturations on rock resistivity, and the corresponding resistivity values. Additionally, the factors affecting the resistivity change of sandstone at different frequencies and saturation are analyzed. The research results provide a valuable reference for the practical application of sandstone resistivity.
2 MATERIALS AND TEST METHODS
2.1 Sample preparation and test equipment
The core used for this test was extracted from sandstone in the overlying strata of the Ordos region, located in the Inner Mongolia Autonomous Region of China, as shown in Figure 1. The core was processed into cylindrical samples with dimensions of φ25mm × 50 mm using a coring machine and cutting machine. A total of 15 samples were divided into two groups, namely, SA and SB, based on the variation law of resistivity with saturation. Group SA comprised nine samples, while group SB comprised six samples.
[image: Figure 1]FIGURE 1 | Sampling position.
The test employed the following equipment models and main technical parameters.
(1) TH2816A Precision LCR Meter: Resistance display range of 1 × 10–5 Ω to 100 MΩ; Operating temperature of 0–40°C; Working humidity of RH ≤90%; Margin of error of ±0.05%; Test signal frequency of 50 Hz–200 kHz; Test speed of 32 ms/time.
(2) TDZ5-WS Centrifugal Machine: Maximum speed of 5000 r/min; Maximum relative centrifugal force of 4,390×g; Maximum capacity of 4 × 250 mL; Rotational speed accuracy of ±30 r/min; Time range of 1–99 min.
(3) Mettlee Toledo Me204 Electronic Scale: Measuring range of 0–220 g; Measuring accuracy of 0.0001 g.
2.2 Test process
The processed sample was placed in a drying box and dried at 105°C for 12 h to ensure complete dryness. After weighing, the sample was placed in a vacuum filling device to pump vacuum for 12 h and soaked in water for 2 h for filling. The resistivity measurement method used in this experiment is the two-electrode method. The copper sheet is placed in the upper and lower cross sections of the sample, and the insulating bricks are placed at both ends of the copper sheet to form a closed loop. The positive and negative poles of the resistivity characterization equipment are connected to the copper sheet respectively, and then the resistance of the sample at different frequencies is measured, and the resistivity of the sample is calculated by formula (1).
[image: image]
Where, ρ represents the resistivity of sandstone, measured in Ω·m; R represents the resistance of sandstone, measured in Ω; S represents the cross-sectional area of sandstone, measured in m2; and L represents the length of the sample, measured in m.
After weighing the mass of saturated water, the resistance under the saturated state was measured. The sample was then centrifuged and dehydrated for 5 min, and the mass of the dehydrated sample was measured again. Centrifugation was performed at different speeds (500 r/min, 700 r/min, 1,000 r/min, 1,500 r/min, 2,500 r/min, 4000 r/min) for 5 min, and the test sequence of weighing-resistance-centrifugation was repeated (with centrifugation rate increasing from small to large). The test process is shown in Figure 2. The saturation is calculated using formula (2):
[image: image]
Where Sa represents the saturation of the sample, measured in %; Ws represents the mass of the saturated sample, measured in grams; Wd represents the mass of the sample after drying, measured in grams; and Wc represents the mass of the sample after centrifugation, measured in grams.
[image: Figure 2]FIGURE 2 | Test process.
3 RESULT
3.1 Resistivity varies with saturation
Table 1 shows the change in saturation of sandstone samples after centrifugation at different speeds. After saturation, all samples had a saturation of 100%. To better describe the test trend, saturation levels less than 40% are referred to as low saturation, saturation levels between 40% and 80% are referred to as medium saturation, and saturation levels greater than 80% are referred to as high saturation. As shown in Figure 3, the resistivity of sandstone decreases with an increase in saturation at frequencies of 500 Hz, 1 kHz, and 10 kHz, with peak resistivity appearing at low saturation. When the frequency is 50 kHz, 100 kHz, and 200 kHz, the resistivity of sandstone first increases and then decreases with an increase in saturation. The peak resistivity appears in the range of 20%–40% saturation. Moreover, the higher the frequency, the lower the peak saturation.
TABLE 1 | Saturation changes at different centrifugal speeds.
[image: Table 1][image: Figure 3]FIGURE 3 | Variation trend of sandstone resistivity with saturation.
Based on the variation trend of resistivity with saturation at low frequency, the variation can be divided into two modes, namely, A and B. As depicted in Figure 4, in mode A, the resistivity showed a rapid decline at low saturation, followed by a steady decline as the saturation increased from low to medium-high levels. In mode B, the resistivity also decreased rapidly at low saturation and remained stable as the saturation increased from low to medium levels. After reaching a resistivity plateau, the resistivity continued to decrease with an increase in saturation and showed a steady decline as the saturation changed from medium to high levels.
[image: Figure 4]FIGURE 4 | Variation pattern of resistivity with saturation.
3.2 Resistivity varies with frequency
Figure 5 demonstrates that the resistivity of medium sandstone decreases gradually with an increase in frequency. Additionally, the effect of saturation on resistivity decreases as frequency increases. Notably, at 200 kHz, the resistivity of sandstone varies the least with different saturation levels, indicating good resistivity stability. As frequency decreases, the resistivity of sandstone at 100 kHz and 50 kHz remains relatively stable, but the peak resistivity is higher than at 200 kHz.
[image: Figure 5]FIGURE 5 | Variation trend of sandstone resistivity with frequency.
Under dry conditions (0% saturation), the reduction in sandstone resistivity is most significant with an increase in frequency. Dry sandstone exhibits the highest resistivity at 500 Hz, and the resistivity under dry conditions is most affected by frequency. The maximum resistivity of the sandstone sample is 16,681.25 Ω cm at 500 Hz. At 10 kHz, the maximum resistivity decreases by 94.12%–981.25 Ω cm. Finally, at 200 kHz, the maximum resistivity is only 17.66 Ω cm, which is a mere 0.11% of the resistivity at 500 Hz.
As the saturation level increases, the change in resistivity in a saturated state (100% saturation) decreases with an increase in frequency. The maximum resistivity of the sandstone sample is 51.03 Ω cm at 500 Hz under saturated conditions. This maximum resistivity decreases by 15.39%–43.18 Ω cm at 10 kHz. However, at 200 kHz, the maximum resistivity increases by 59.61% to 30.42 Ω cm compared to the resistivity at 500 Hz.
4 DISCUSSION
The investigation reveals a strong exponential function relationship between resistivity and saturation of sandstone, as shown in Figure 6. When the frequency remains constant, the resistivity displays a rapid decline trend with increasing saturation. As saturation increases, the resistivity gradually stabilizes, indicating that the resistivity of sandstone decreases with increasing water saturation under fixed conditions. At low saturation, electron conduction occurs mainly through the solid phase (Boulahya et al., 2019), some studies have proved that the unconnected pore water dissolves the solid particles around the pores, resulting in a decrease in the adhesion between minerals and a change in the conductivity of the solid particles, and thus a higher resistivity (Bai et al., 2022b). With the saturation increases, the conductivity of sandstone transitions from electronic conduction in the solid state to ionic conduction in the pore water. As the saturation level increases, the ionic mobility also increases, resulting in enhanced conductivity of sandstone (Almpanis et al., 2021).
[image: Figure 6]FIGURE 6 | Variation trend of sandstone resistivity with frequency.
As the frequency exponential order increases, the resistivity of sandstone tends to decrease when the saturation level is low. Table 2 displays the curve fitting formula for changes in sandstone resistivity with varying saturation levels. The base number of the exponential function increases from 0.84 at 500 Hz to 0.97 at 200 kHz, indicating that the effect of saturation on resistivity diminishes as the frequency increases (Pan et al., 2022). At lower frequencies, there is a substantial difference in resistivity between dry and saturated states, which gradually decreases as frequency increases. The minerals in the sandstone will produce the induced polarization effect under the action of variable frequency electric field. When the saturation is different, the charged particles in the solution will change the conductivity of the sandstone, thus presenting different resistivity (Luo et al., 2022).
TABLE 2 | Fitting curve at different frequencies.
[image: Table 2]At low water saturation, the resistivity decreases rapidly with the increase of saturation (Figure 4 Rapid descent stage). With the increase of saturation, the water in the sandstone pores has a higher conductivity, which can form a conductive channel and reduce the overall resistance. As the saturation level of pore water increases, the resistivity of sandstone gradually decreases and reaches a plateau (Figure 4 Leveling off stage). The difference between mode A and mode B is that mode B has a plateau stage in medium saturation, which means that the resistivity in this part decreases slowly with the increase of saturation, and this phenomenon deserves attention. The conductivity of sandstone at different frequencies will be affected by polarization, double layer deformation, ion adsorption and other factors, and the measured values will be different (Sikiru et al., 2020), because the charge accumulated by the Maxwell-wagner polarization effect may still exist after the electric field is removed, it contributes to the resistance measurement process. In addition, Maxwell Wagner polarization occurs under high frequency conditions (Han et al., 2020), since sandstone is in line with Ohm’s law when tested at this frequency, it is less affected by polarization, and is a commonly used frequency band for testing, known as ohmic conduction.
Figure 7 is a schematic diagram of the effect of pore water on rock resistivity. The induced polarization effect in rock is closely related to the double-layer electrical phenomenon at the interface between rock particles and the surrounding solution. This effect causes the cations in the double-layer diffusion zone on the surface of rock particles to move and accumulate around the electrode under the influence of external current, resulting in the formation of a film-like material similar to colloidal particles (Gurin et al., 2015). This phenomenon affects the conductivity of rock, leading to an increase in resistivity. When the frequency is constant, the resistivity of sandstone mainly depends on water saturation, and the resistivity decreases with the increase of water saturation. When the electric field frequency changes, the induced polarization intensity will also change (Dhont and Kang, 2010), and both water saturation and frequency will affect the resistivity.
[image: Figure 7]FIGURE 7 | Schematic diagram of the effect of pore water on rock resistivity.
Figure 8 shows the proportion of some representative mineral components in model A and Model B. The difference in mineral composition between model A and model B can be seen in Figure 8. The change in resistivity of sandstone is also closely associated with its mineral composition and content (Bai et al., 2021), as the induced polarization effect between minerals varies due to differences in their dielectric constant and dielectric loss (Maineult et al., 2017; Bai et al., 2022a). The biggest difference between mode A and mode B lies in the difference of quartz and feldspar content, and the feldspar content in mode A is lower than that in mode B. Among them, quartz has a weak ability to conduct current, while feldspar has a certain amount of aluminum sodium ions and some oxides, which has a certain conductivity. Under the action of different electric field frequency, mineral content may affect the intensity of induced polarization (Shin et al., 2016). When the frequency is less than 10 kHz, the minerals affected by induced polarization are relatively singular, leading to a higher resistivity. However, when the frequency is higher than 10 kHz, the minerals are subject to more types of induced polarization (Zhdanov et al., 2018; Xin et al., 2022), resulting in a reduction in resistivity. This leads to a significant difference between mode A and mode B and the corresponding mineral composition proportions of sandstone.
[image: Figure 8]FIGURE 8 | Mineral composition of sandstone under two models A and B.
5 CONCLUSION
This study aimed to investigate the changes in resistivity of medium sandstone from the Ordos area under different frequency and saturation conditions and analyze the factors affecting resistivity. The factors affecting the resistivity change of sandstone at different frequencies and saturation are analyzed. The research results provide a valuable reference for the practical application of sandstone resistivity. Furthermore, the content of feldspar and quartz in sandstone influences the resistivity trend under medium saturation. These findings offer valuable insights for the practical application of sandstone resistivity. Therefore, the following research conclusions can be drawn.
(1) The resistivity of sandstone decreases with the increase of frequency, and the resistivity also decreases with the increase of saturation.
(2) Saturation affects the resistivity of sandstone. With the increase of saturation, the resistivity decreases exponentially. With the increase of electric field frequency, the decrease rate of resistivity with the increase of saturation gradually slows down.
(3) The proportion of feldspar mineral content in sandstone affects the variation pattern of resistivity with saturation, with higher feldspar mineral content leading to higher resistivity. At medium saturation, the resistivity of feldspar hinders the conductivity of pore water, inhibiting the decreased trend of sandstone resistivity. However, with increasing saturation, the resistivity eventually decreases and stabilizes.
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Sample Saturate 500 r/ 700 r/ 1,000 r/ 1,500 r/ 2,500 r/

number (%) min (%) min (%) min (%) min (%) min (%)
SA-1 100 88.12 7387 59.62 5012 3824 312
7 sA2 100 90.77 [ 77.86 68.63 5941 50.18 4280
SA3 100 8855 [ 79.01 69.47 58.02 5038 4084
SA4 100 94.12 8431 78.43 68.63 [ 58.82 47.06
SAS 100 97.55 92.65 | 8284 [ 7059 60.78 4362
SA6 100 94.19 86.43 7481 65.12 5543 4574
I SAT | 100 8235 | 66.67 54.90 47.06 3137 2353
SA-8 1 100 7831 | 63.12 5228 43.60 3492 2408
SA9 1 100 7732 [ 6372 | 5465 | 45.58 | 3424 2290
SB-1 100 97.84 | 87.04 63.28 54.64 46.00 3521
SB-2 | 100 65.81 | 4444 | 3162 | 2735 14.53 10.26
B3 100 88.10 7381 6429 5238 4286 3571
SB-4 100 8561 73.62 | 64.03 | 56.83 | 4484 3285
SB-5 I 100 8298 59.57 38.30 I 3191 2128 17.02
SB-6 | 100 97.54 95.09 | 87.71 [ 7543 65.60 50.86
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