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Hydrogen gas is a promising clean-energy vector that can alleviate the current imbalance between energy supply and demand, diversify the energy portfolio, and underpin the sustainable development of oil and gas resources. This study pinpoints the factors that govern hydrogen quantification by pulsed-neutron logging. Monte Carlo simulations were performed to map the spatial distribution of capture γ-rays in formations saturated with either water or hydrogen and to systematically assess the effects of pore-fluid composition, hydrogen density, gas saturation, lithology, and borehole-fluid type. The results show that the counts of capture γ-rays are litter in hydrogen-bearing formations. For low-to moderate-porosity rocks, the dynamic response window for hydrogen-saturated pores is approximately 10% wider than that for methane-saturated pores. Increasing hydrogen density or decreasing gas saturation raises the capture-γ ratio while narrowing the dynamic range. Changes in borehole fluid substantially affect the capture-γ ratio yet have only a minor impact on the dynamic range. Lithology imposes an additional control: serpentinite, enriched in structural water, generates markedly higher capture-γ ratios that may complicate the quantitative evaluation of hydrogen.
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1 INTRODUCTION
In the context of global efforts to combat climate change, the extensive use of traditional fossil fuels such as petroleum and natural gas has resulted in substantial carbon dioxide emissions, exacerbating greenhouse effects and global warming issues (Mehmood et al., 2020; Shanmugam, 2023; Liu et al., 2025). Hydrogen energy, characterized by its clean and efficient properties, is emerging as a promising alternative to conventional energy sources. In particular, naturally occurring hydrogen gas, which can be directly extracted as a green energy resource, demonstrates considerable potential for future development (Liu et al., 2024; Tian et al., 2022).
Geological surveys and research findings indicate that natural hydrogen (also known as “white hydrogen” or native hydrogen) is distributed across various geological settings worldwide (Gaucher, 2023). Zgonnik (2020) compiled data from 465 hydrogen-related geological locations, demonstrating that hydrogen seepage occurs on every continent (Zgonnik, 2020). To date, confirmed or ongoing exploration of natural hydrogen is concentrated in regions such as West Africa (e.g., the Taoudeni Basin in Mali), North America (e.g., the Kansas Basin in the United States), Australia (e.g., Western and South Australia), South America (e.g., Brazil), and Europe (e.g., France and Spain) (Han et al., 2025). These areas often feature specific geological contexts, including Precambrian cratons, serpentinized ultramafic belts, ancient rift zones, and fault-dominated regions, all of which are considered favorable for hydrogen generation and accumulation. For example, in African and Australian cratons, ongoing hydrogen production occurs as water reacts with Fe-rich basement rocks, with migration facilitated by deep fractures.
In the late 1980s, a well near the village of Bourakébougou emitted flammable gas, later identified as nearly pure hydrogen (∼98%). The reservoir lies within Precambrian basement rocks, and subsequent drilling revealed a shallow hydrogen-bearing system covering ∼50 km2. Remarkably, production tests showed that the hydrogen flow is self-replenishing, indicating an active subsurface generation process (Sequeira et al., 2025). Today, the field powers local electricity generation, making it the world’s first commercial use of native hydrogen.
At present, pulsed neutron logging technology has been widely utilized in petroleum and natural gas exploration. By measuring fast neutrons, thermal neutrons, and capture gamma rays generated through interactions between high-energy neutrons emitted by a D-T source and the formation, this technique enables effective evaluation of formation parameters such as porosity, density, and hydrocarbon saturation (Wang et al., 2021; Zhang et al., 2015; Fan et al., 2021; Zhou et al., 2018; Liu et al., 2018). Wu, Fan and Song et al. employed pulsed neutron logging techniques, combining capture gamma-ray spectra and neutron scattering cross-section measurements to monitor gas saturation in subsurface hydrogen storage reservoirs and during CO2 flooding of heavy oil, enabling quantitative characterization of gas-phase dynamics within the formation (Wu et al., 2024; Song et al., 2024). However, studies involving the application of this technology for the exploration of natural hydrogen resources remain limited, Wu studied the use of capture gamma rays for hydrogen saturation calculations but did not investigate gas identification between hydrogen and methane, nor the impact of formation matrix type and borehole fluid type on gas identification (Wu et al., 2024). Pirrone focused on monitoring gas reservoirs using inelastic gamma, porosity, and capture cross-sections, enabling the monitoring of water saturation and hydrogen content, and discussed the influence of pressure, but did not examine capture gamma response (Pirrone et al., 2024).
This study investigates the capture gamma ray ratio response of hydrogen in natural hydrogen-bearing formations, comparing the capture ratio differences between hydrogen and methane. It provides valuable insights for gas type analysis using capture gamma rays. Additionally, the study explores the effects of gas saturation, hydrogen density, formation matrix type, and borehole fluid on hydrogen evaluation via capture gamma rays, thereby establishing a foundation for the quantitative assessment of hydrogen using this technique.
2 RESEARCH BACKGROUND
2.1 Properties of hydrogen
Hydrogen is a colorless, odorless, and flammable gas characterized by the smallest molecular weight among elemental gases. It possesses low density, low viscosity, and unique biochemical reactivity. Under identical temperature and pressure conditions, the density of hydrogen gas is only one-eighth that of methane, and its viscosity is merely 0.0101 mPa s at a pressure of 101.325 kPa and temperature of 0°C.
Current research indicates four primary pathways for natural hydrogen generation: (1) Natural radiolytic decomposition of deep groundwater induced by radioactive elements within highly radioactive rocks; (2) Reaction between subsurface hydrothermal fluids and peridotite during serpentinization, releasing hydrogen gas; (3) Deep-origin hydrogen emanating from the Earth’s core or mantle; and (4) Fault movements during rock fracturing processes, along with the associated formation of radicals.
Figure 1 presents macroscopic inelastic scatter cross-sections for quartz, calcite, dolomite, clay minerals, chlorite, water, oil, and hydrogen. It is evident from the figure that the macroscopic inelastic scatter cross-sections of hydrogen gas are significantly smaller compared to mineral constituents such as quartz, and also notably different from fluid phases like water and oil. This distinct difference serves as the fundamental principle for hydrogen evaluation using pulsed neutron logging techniques.
[image: Graph displaying macroscopic inelastic scatter cross section (m²) versus energy (MeV) for various materials: quartz, calcite, dolomite, clay minerals, chlorite, water, oil (0.87 g/cm³), and hydrogen. Each material is represented by a different colored line. Quartz and calcite have the highest peaks, while hydrogen is represented by a dotted line at the bottom.]FIGURE 1 | Macroscopic neutron inelastic scatter cross-sections for different media (Brown et al., 2018).Figure 2 presents the distribution of capture gamma rays at the detector positions under conditions of either water- or hydrogen-filled formation pores. As observed from the figure, the spatial distribution of capture gamma rays in the hydrogen-bearing formation is significantly narrower compared to that in the water-bearing formation. When formation pores are filled with hydrogen gas instead of fresh water, the capture gamma counts recorded near the detector are substantially reduced—by nearly an order of magnitude of 20 times—highlighting the distinct neutron interaction characteristics of natural hydrogen. This phenomenon is primarily attributed to differences in neutron moderation capability between the borehole and the formation materials. A stronger neutron moderation effect results in an increased number of thermal neutrons generated after interactions between fast neutrons and the formation. Consequently, under identical conditions, a higher capture gamma-ray count rate is produced.
[image: Two color-coded diagrams depict the geometry of a pulsed neutron logging tool within a borehole and its surrounding formation. Both images have X and Y coordinates measured in centimeters. The left diagram is labeled (a) and the right is labeled (b). Color gradients range from red at the center to blue at the edges, indicating different measurement levels. Legends on the right side show numerical scales, likely representing measurement units such as neutron flux or similar data.]FIGURE 2 | Capture gamma-ray field distributions for water- and hydrogen-filled pores [(a,b) illustrate the distribution of capture gamma rays in formations with pore spaces filled with water at a density of 1.0 g/cm3 and hydrogen at a density of 0.025 g/cm3, respectively]. (a) Water-filled (b) Hydrogen-filled.2.2 Pulsed neutron capture gamma logging principle
According to the two-group neutron diffusion theory (Huang, 1985), the thermal neutron flux resulting from inelastic scattering, elastic scattering, and radiative capture interactions between fast neutrons emitted by a pulsed neutron source and the formation medium can be expressed as:
ϕr=SΣs1→24πD1D2κ22−κ12e−κ1r−e−κ2rr(1)
In Equation 1, S represents the neutron source strength, Σs1→2 denotes the scattering cross-section for fast neutrons moderating to the thermal energy group, D1 and D2 are diffusion coefficients for fast and thermal neutrons, respectively, κ1 and κ2 are the reciprocal of represent the slowing-down length and diffusion length, respectively, where κ=1/L=Σ/D.
By taking the gamma rays generated from the capture of thermal neutrons Sγr as the source term and substituting it into the gamma-ray diffusion equation, we obtain:
Dγ∇2ϕγr−Σaγϕγr+Sγr=0(2)
In Equation 2, Dγ is the gamma-ray diffusion coefficient, Σaγ represents the gamma-ray absorption cross-section, Sγr=ΣcapYϕr, Σcap is the thermal neutron capture cross-section, Y is the number of gamma rays produced per captured neutron, and ϕr is the thermal neutron flux. By solving the above equation using Green’s function integration, the capture gamma-ray counts at the detector position can be expressed as:
ϕγr=ΣcapYSΣs1→216π2D1D2Dγκ22−κ12e−κ1r−e−κ2rκγ2−κ12r+e−κ1r−e−κ2rκγ2−κ22r(3)
Thus, the ratio of capture gamma-ray counts at two different source-detector spacings r1 and r2 can be expressed as:
Rcap=ϕγr1ϕγr2=r2r1·e−κ1r1−e−κγr1κγ2−κ12−e−κ2r1−e−κγr1κγ2−κ22e−κ1r2−e−κγr2κγ2−κ12−e−κ2r2−e−κγr2κγ2−κ22(4)
As indicated by Equation 4, when the source-detector spacings are fixed, the capture gamma-ray ratio is primarily influenced by the slowing-down length, diffusion length, and gamma-ray attenuation characteristics of the formation media. Considering that in compensated neutron logging the slowing-down length for fast neutrons is significantly greater than the diffusion length of thermal neutrons, the capture gamma-ray ratio predominantly reflects the neutron moderation capability of the formation.
3 NUMERICAL MODELLING
Based on the structural parameters of the pulsed neutron logging tool, a numerical calculation model for pulsed neutron logging in hydrogen-bearing formations was developed. The overall geometry of the model is cylindrical, with a radius of 60 cm and a height of 120 cm. The formation matrix was composed of granite rock, and its porosity varied from 0 to 20 porosity units (p.u.). The wellbore had a diameter of 20 cm and included a cement sheath and casing. The casing was made of stainless steel with a density of 7.78 g/cm3, an outer diameter of 5.5 inches, and a wall thickness of 7.72 mm. The cement sheath was made of silicate material with a density of 2.15 g/cm3 and a thickness of 3.0 cm.
The pulsed neutron logging tool was positioned inside the casing, tightly against its inner surface. A D-T neutron tube emitting neutrons at an energy level of 14 MeV was used as the neutron source, with pulse emission cycles ranging from 0 to 40 μs, and a neutron source intensity of 1 × 108 n/s. The logging tool employed three LaBr3 gamma-ray detectors positioned at source-detector spacings of 33 cm, 58 cm, and 78 cm, respectively. Each detector crystal had a diameter of 1.5 inches, while their lengths were 2 inches (near detector), 4 inches (middle detector), and 6 inches (far detector), respectively. The inelastic gamma-ray recording time window was set from 0 to 40 μs, while the capture gamma-ray recording time window was set from 50 to 200 μs Additionally, variance reduction techniques such as weight-window and DXTRAN methods were applied to reduce simulation errors and ensure adequate accuracy of the numerical results.
4 RESULTS AND DISCUSSION
4.1 Capture gamma response of different pore fluids
A numerical calculation model, as shown in Figure 3, was established with porosities ranging from 0 to 20 p. u. at intervals of 5 p. u. The formation pores were separately filled with freshwater, natural gas (methane), and hydrogen, having densities of 1.0 g/cm3, 0.2 g/cm3, and 0.025 g/cm3, respectively. Capture gamma-ray data from the near and far detectors were recorded, and the ratio of capture gamma-ray counts was calculated, as illustrated in Figure 4.
[image: Diagram illustrating a cross-section of a borehole setup, including labeled components: casing, cement, borehole, and surrounding formation. Inside, there are gamma detectors and a D-T source, separated by shielding materials.]FIGURE 3 | Schematic diagram of the numerical simulation model comprising a D-T neutron source (14 MeV), three gamma detectors, casing, cement sheath, and formation. The neutron emission time window is 0–40 µs, and the capture gamma recording window is 50–200 µs.[image: Graph showing the ratio of capture gamma versus porosity for three substances: water-saturated, methane-saturated, and hydrogen-saturated. The water-saturated line is black with square markers, methane-saturated is red with circle markers, and hydrogen-saturated is blue with triangle markers. The graph shows increasing ratios with higher porosity, with water-saturated having the highest ratio and hydrogen-saturated the lowest. Error bars are included on all lines.]FIGURE 4 | Dependence of capture gamma ray ratio on porosity under varying pore fluid conditions. The black curve corresponds to water-saturated pores, the red curve to methane-saturated pores, and the blue curve to hydrogen-saturated pores. Under identical formation parameters, the capture gamma ratio associated with hydrogen saturation is significantly lower than that of methane, thereby providing a reliable physical basis for distinguishing between methane- and hydrogen-bearing formations.From Figure 4, it can be observed that, for limestone formations, the capture gamma-ray ratio exhibits a significant positive correlation with porosity. As the porosity increases, the capture gamma-ray ratio also rises; however, the magnitude of this increase varies depending on the fluid filling the pores. Among the three fluids, freshwater has the strongest neutron moderation capability, followed by methane, with hydrogen being the weakest. Thus, for a given porosity, a stronger neutron moderation capability of the pore fluid results in a higher capture gamma-ray ratio. Therefore, the capture gamma-ray ratio is predominantly influenced by the neutron moderation properties of the pore-filling medium.
To further analyze the variations in capture gamma rays when pores are filled with natural gas or hydrogen, a dynamic variation parameter is defined as the ratio of the difference between capture gamma-ray counts in water-filled and gas-filled pores to the counts in water-filled pores, expressed mathematically as follows:
w=Rw−RgRw×100%(5)
where, w is the dynamic variation, Rw is the capture gamma-ray ratio under water-filled pore conditions, Rg is the capture gamma-ray ratio under natural gas- or hydrogen-filled pore conditions. Figure 5 shows the dynamic variation ranges for formations with pores filled with natural gas and hydrogen, respectively. As illustrated, the capture gamma-ray dynamic range increases exponentially with increasing porosity. Specifically, when porosity ranges from 5 p. u. to 20 p. u., the dynamic variation range for hydrogen-filled pores is approximately 10% greater than that for natural gas-filled pores.
[image: Graph showing dynamic change interval percentage versus porosity (p.u.). Two curves represent methane (grey squares) and hydrogen (red circles) saturations. Both curves increase as porosity rises, with hydrogen showing a steeper increase.]FIGURE 5 | Comparison of the dynamic range of capture gamma responses for methane- and hydrogen-saturated pores relative to water saturation. The red curve denotes hydrogen saturation, and the black curve denotes methane saturation. This also indicates that hydrogen and methane exhibit distinct differences in their capture gamma ratio responses.4.2 Capture gamma response for different gas saturations
A numerical model, as illustrated in Figure 3, was established with a limestone formation matrix and a porosity of 10 p. u. The pores were filled with mixtures of hydrogen gas and freshwater. The pore-space gas saturation was systematically varied (100, 80, 60, 40, and 20%), and the corresponding capture-gamma ratios are presented in Figure 6.
[image: Graph showing the ratio of capture gamma versus porosity. Six curves represent different hydrogen saturations: 100% (black squares), 80% (red circles), 60% (blue triangles), 40% (green triangles), 20% (purple diamonds), and water saturation (yellow line). Error bars are included for each data point.]FIGURE 6 | Capture gamma ratio responses as a function of hydrogen saturation. The yellow curve represents freshwater-saturated pores, while the purple, green, blue, red, and black curves correspond to hydrogen saturations of 20%, 40%, 60%, 80%, and 100%, respectively. An inverse correlation is observed between hydrogen saturation and capture gamma ratio, with higher hydrogen saturations yielding lower capture gamma responses.As demonstrated in Figure 6, for a fixed hydrogen gas saturation, the capture gamma-ray ratio increases with increasing porosity. Conversely, for a constant porosity, the capture gamma-ray ratio decreases with increasing hydrogen gas saturation. In compensated neutron porosity logging, a negative hydrogen index often appears when pores contain low-density gases, because the neutron moderation capability of gas is lower than that of the rock matrix, resulting in underestimated porosity measurements. However, the capture gamma-ray ratio does not exhibit a similar “excavation effect” phenomenon. Instead, the capture gamma-ray counts consistently increase as the neutron moderation capability of the pore-filling fluid or gas increases.
4.3 Capture gamma response of different lithologic matrix
A numerical model (Figure 3) was developed for three representative lithologies—serpentinite, granite, and shale—whose mineralogical compositions are listed in Table 1. For each case, porosity was fixed at 10 p. u. and the pore space was completely saturated with hydrogen gas. The resulting capture γ-ray ratios are presented in Figure 7. Granite and shale are dominated by quartz (SiO2) and contain no structural water, although minor oxides such as FeO, Al2O3, K2O, and CaO are present. In contrast, serpentinite is composed mainly of quartz and MgO and, in addition to the aforementioned trace oxides, includes approximately 10 wt% structural water.
TABLE 1 | Mineralogical composition of different lithological matrices (The table provides the specific mineral mass fractions for three types of formation rocks: Serpentine, Granite, and Shale).	Mineral Lithology	SiO2	MgO	FeO	H2O	Al2O3	K2O	CaO	Fe2O3
	Serpentine	0.4	0.4	0.05	0.1	0.01	0.01	0.01	0.02
	Granite	0.7	—	0.05	—	0.1	0.1	0.05	—
	Shale	0.7	—	0.02	—	0.15	0.06	0.02	0.05


[image: Graph showing the relationship between porosity and the dynamic variation parameter for different hydrogen saturation levels. Curves represent 100% (black square), 80% (red circle), 60% (blue triangle), 40% (green inverted triangle), and 20% (purple diamond) saturation, all increasing as porosity increases.]FIGURE 7 | Dynamic variation ranges of capture gamma responses at various hydrogen saturations. The black, red, blue, green, and purple curves represent hydrogen saturations of 100%, 80%, 60%, 40%, and 20%, respectively. An increase in hydrogen saturation leads to a significant expansion of the dynamic variation range.Figure 8 shows the response of the capture gamma-ray ratio with varying porosity for hydrogen-filled pores under three different lithological matrices. When the formation matrix is granite or shale, the capture gamma-ray ratio increases with increasing porosity. However, for serpentinite, the ratio decreases as porosity increases. This response is attributed primarily to serpentinite’s greater structural-water content; because water provides markedly stronger neutron moderation than hydrogen gas, increasing porosity diminishes the bulk moderating capacity of serpentinite and consequently lowers the capture-gamma ratio. Figure 9 illustrates the dynamic variation ranges for different lithological matrices. The dynamic variation ranges for granite and shale are nearly identical and consistently larger than those of serpentinite, with the maximum difference in dynamic range reaching approximately 25%.
[image: Graph showing the ratio of capture gamma versus porosity for different rock types and saturation conditions. The y-axis represents the ratio of capture gamma, ranging from 10 to 30, and the x-axis shows porosity from 0 to 20 percent units. Various colored lines and symbols indicate serpentinite, granite, and shale under water and hydrogen saturation, with a legend for each type.]FIGURE 8 | Capture gamma ratio responses under three different rock matrix conditions with pores saturated by either freshwater or hydrogen. The black, red, and blue curves correspond to Serpentine, Granite, and Shale matrices, respectively. Solid lines represent freshwater saturation, while dashed lines represent hydrogen saturation. The capture gamma ratios for Shale and Granite matrices are nearly identical, while a clear distinction is observed compared to the Serpentine matrix.[image: Line graph showing the dynamic variation parameter percentage versus porosity for three materials: serpentine rock, granite, and shale. Serpentine rock data is represented by squares with a lower curve, while granite and shale data have similar upward-curving lines denoted by circles and triangles, respectively.]FIGURE 9 | Dynamic variation ranges of capture gamma responses for different formation matrix compositions. The black curve corresponds to Serpentine, the red curve to Granite, and the blue curve to Shale. The dynamic variation ranges for Shale and Granite matrices are nearly identical.4.4 Capture gamma response for different hydrogen densities
A numerical calculation model, as shown in Figure 3, was established with a granite formation matrix and a fixed porosity of 10 p. u. Hydrogen gas was used to fill the pores, with gas densities set at 0.0025 g/cm3, 0.05 g/cm3, and 0.1 g/cm3, respectively. Under subsurface high-temperature and high-pressure conditions, changes in temperature and pressure can alter the density of hydrogen gas. By examining the capture gamma-ray response at varying hydrogen densities, the variations in capture gamma-ray measurements under different pressure conditions were assessed.
Figure 10 presents the capture gamma-ray responses for the three hydrogen densities. When other conditions remain constant, higher pressures correspond to greater gas densities, leading to an increase in the capture gamma-ray ratio as hydrogen density increases within the pores. An increase in hydrogen gas density enhances the number of hydrogen atoms per unit volume, thereby strengthening neutron moderation capability and consequently increasing the capture gamma-ray ratio. Figure 11 illustrates the dynamic variation ranges under different hydrogen gas density conditions. As hydrogen density increases, the dynamic variation range decreases. This phenomenon arises because higher hydrogen densities result in an increased hydrogen index within the formation, enhancing neutron moderation capability. Consequently, the difference in neutron moderation between hydrogen-filled and water-filled pores diminishes, thereby reducing the dynamic variation range.
[image: Graph showing the relationship between porosity and the ratio of capture gamma for different gas densities. Four lines are depicted: black squares for 0.0025 g/cm³, red circles for 0.05 g/cm³, blue triangles for 0.1 g/cm³, and green triangles for water saturation. Each line shows increasing gamma ratios with increasing porosity.]FIGURE 10 | Capture gamma ratio responses under varying hydrogen densities within the pore space. The black, red, and blue curves correspond to hydrogen densities of 0.025 g/cm3, 0.05 g/cm3, and 0.1 g/cm3, respectively, while the green curve represents freshwater saturation. Lower hydrogen densities result in smaller capture gamma ratios.[image: Graph showing the relationship between porosity and dynamic variation parameter for different gas densities: 0.0025 g/cm³ (black squares), 0.05 g/cm³ (red circles), and 0.1 g/cm³ (blue triangles). The dynamic variation parameter increases with porosity for all densities, with the steepest increase at 0.0025 g/cm³.]FIGURE 11 | Dynamic variation ranges of capture gamma responses under different hydrogen density conditions. The black, red, and blue curves correspond to hydrogen densities of 0.025 g/cm3, 0.05 g/cm3, and 0.1 g/cm3, respectively. Lower hydrogen densities result in a larger dynamic variation range.4.5 Capture gamma response for different borehole fluid
Based on the configuration shown in Figure 3, a numerical model was built for two borehole conditions—hydrogen-filled and freshwater-filled. Formation porosity was varied from 0 to 30 p. u. in 5 p. u. increments, with the pore space in each case filled by hydrogen or freshwater, respectively. The resulting capture-gamma count ratios as a function of porosity are presented in Figure 12. Based on the simulated data, Equation 5 was applied to calculate the dynamic response range for each borehole-fluid type across the porosity and the resulting trends are depicted in Figure 13.
[image: Line graph showing the ratio of capture gamma versus porosity (p.u.). Four trends are presented: a solid gray line for water-filled boreholes with water-saturated formations, a dashed gray line for water-filled boreholes with hydrogen-saturated formations, a solid red line for hydrogen-filled boreholes with hydrogen-saturated formations, and a dashed red line for hydrogen-filled boreholes with water-saturated formations. The y-axis ranges from 0 to 30, and the x-axis ranges from 0 to 20.]FIGURE 12 | Capture gamma ratio responses under different borehole and formation fluid conditions. The black curve represents a borehole filled with freshwater, and the red curve represents a borehole filled with hydrogen. Solid lines correspond to formations saturated with freshwater, while dashed lines correspond to formations saturated with hydrogen. The borehole fluid type has a significant impact on the magnitude of the capture gamma ratio.[image: Graph depicting the dynamic change interval (%) against porosity (p.u.) with two datasets. The black line with squares represents water-filled boreholes, and the red line with circles represents hydrogen-filled boreholes. Both lines show a positive correlation, increasing sharply before leveling off as porosity increases.]FIGURE 13 | Dynamic variation ranges of capture gamma responses for boreholes filled with freshwater and hydrogen, respectively. Although the change in borehole fluid significantly affects the capture gamma ratio, the dynamic variation ranges under both conditions are nearly identical.Figure 12 presents the capture-gamma response characteristics under a range of formation conditions for boreholes filled with hydrogen and, for comparison, with freshwater. At any given porosity, the capture-gamma ratio is systematically lower in a hydrogen-filled borehole, owing to hydrogen’s low density and correspondingly smaller hydrogen index per unit volume, which reduce the neutron-capture probability relative to water. As a result, the absolute difference between the hydrogen- and freshwater-saturated cases is modest when the borehole fluid itself is hydrogen. Figure 13 plots the dynamic response range for boreholes filled with hydrogen and freshwater, respectively. The two curves are virtually coincident, indicating that the influence of borehole-fluid composition on the capture-gamma ratio is largely cancelled during the dynamic-range calculation. Hence, the overall dynamic response is essentially insensitive to whether the borehole is filled with hydrogen or freshwater.
5 CONCLUSION
Hydrogen exhibits significantly different neutron cross-sections compared to other minerals or fluids. In this study, Monte Carlo numerical simulations were employed to investigate the distribution and characteristic behavior of capture gamma rays under various hydrogen-bearing formation conditions. The following conclusions were drawn:
Compared to water-filled pores, when low-density and low-viscosity hydrogen gas is present in the pores, the capture gamma-ray counts within and near the borehole decrease significantly. Relative to water- or methane-filled pores, hydrogen-filled pores result in a substantial reduction in the capture gamma-ray ratio, highlighting a clear distinction between hydrogen and water. When the pore space is filled with hydrogen and methane, the capture gamma ratio of hydrogen is significantly lower. This difference can aid in distinguishing between hydrogen and methane gases. Changes in the borehole fluid type significantly affect the captured gamma ratio but have little effect on the dynamic range. A decrease in hydrogen saturation or an increase in hydrogen density enhances the neutron moderation capacity of the formation, thereby increasing the capture gamma-ray ratio. When pores are filled with hydrogen, the lithological matrix has a pronounced impact on the capture gamma-ray ratio. In particular, matrices containing crystalline water exhibit more significant variations, which may cause notable interference in the quantitative identification and evaluation of hydrogen in the formation.
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