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Abstract

:

Helium is a scarce strategic resource. Currently, all economically valuable helium resources are found in natural gas reservoirs. Owing to helium’s different formation and migration processes compared to natural gas’s, the traditional method of collecting wellhead gas to detect helium concentration may miss helium-rich layers in the vertical direction, which will not only cause the waste of helium resources, but also restrict the study of helium migration and accumulation mechanisms. To solve this problem, we designed a helium detector based on a quadrupole mass spectrometer. Through the combination of different inlet valves, we avoided gas mixing between different vertical layers during the inlet process and realized high-spatial-resolution helium concentration detection. We applied the helium detector to the Dongsheng gas field in the northern Ordos Basin, and the instrumental detection results were consistent with the laboratory analysis results of the wellhead gas, which demonstrated the stability of the helium detector in the field environment and the reliability of the data. Meanwhile, the results showed that the distribution of helium in the plane is highly heterogeneous, and the natural gas dessert layers and the helium dessert layers do not coincide in the vertical direction. In addition, we found a good correlation between helium and hydrogen concentrations. Combining our results with previous data, we propose a hydrogen–helium migration and accumulation model, which enriches the understanding of helium accumulation mechanisms and provides a basis for future helium resource exploration.
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1. Introduction


As a noble gas, helium is the lowest-melting-point and -boiling-point element known in nature. Due to its unique physical and chemical properties, helium is widely used in high-tech fields and applications such as nuclear industry, superconducting materials, medical treatments, aerospace, and so on. Especially in the ultra-low-temperature field (<1 k), helium has an irreplaceable position [1,2]. Although helium is the second most abundant element in the universe, after hydrogen, accounting for approximately 24% of the total elemental mass of the universe, helium concentration on earth is very low, and this gas is in short supply. Statistics show that the global helium supply in 2021 was about 167 million m3, while the demand was about 193 million m3 in the same period, with a supply gap of about 26 million m3 [3]. Furthermore, the United States, Canada, Russia, and other countries passed legislation to restrict helium exports, but the global helium demand is still growing at a rate of 4–6% per year, which further aggravates the global helium supply situation [1].



Up to now, no independently formed helium reservoir has been found. Helium is mainly coupled with hydrocarbon gas and sometimes with nitrogen and carbon dioxide [4,5,6,7,8,9], and most of the world’s commercial helium is extractfrom helium-rich natural gas reservoirs. Helium in helium-rich natural gas reservoirs is mainly generated by the radioactive decay of basement rocks, usually granite. Helium generated in a mineral lattice will enter the pore water. When gas passes through helium-containing pore water, helium dissolved in the water will enter the gas phase due to Henry’s law and further migrate and accumulate with the gas. This theory emphasizes the importance of external gas extraction and migration of helium, which is usually used to explain the coexistence of hydrocarbon gas and helium [7,10,11,12,13]. However, under normal circumstances, the process of natural gas generation and accumulation often occurs in the overlying strata of a basement. Hydrocarbon gases cannot directly extract helium from basement granite. If there are no other free gases, helium in basement granite is difficult to extract and accumulate. Previous studies suggested that nitrogen and carbon dioxide play a key role in the extraction of helium from the pore water of basement rocks, but there are many helium-rich gas reservoirs with low nitrogen and carbon dioxide concentrations. The gas that promotes the migration of helium from pore water in these gas reservoirs is still unclear and needs to be studied.



In the traditional exploration process, the detection of helium concentration in natural gas reservoirs requires collecting wellhead gas and sending it to the laboratory for analysis [14,15]. Usually, only a specific layer is analyzed (usually, the hydrocarbon enrichment layer), and the continuous vertical helium concentration cannot be obtained. This will not only cause the waste of helium resources, but also restrict the study of helium migration and accumulation mechanisms. Moreover, the sampling container is usually a steel cylinder. Due to the leakage of the steel cylinder itself, if the sample cannot be tested in time after sampling, errors in the results will be inevitable. Therefore, in order to accurately measure the continuous vertical helium concentration, real-time detection is required during drilling. Since the mid-1990s, researchers have employed gas chromatography and mass spectrometry to detect gas compositions during geothermal well drilling processes [16,17,18,19,20]. Gas chromatography is utilized for detecting gases such as CO2, CH4, and H2, while mass spectrometry is employed for detecting noble gases. In these studies, gas detection during drilling processes was primarily aimed at assessing potential gas hazards (typically, ATEX explosive atmospheres) and could also be utilized for monitoring fault fluid activities and underground fracture systems. But the spatial resolution of the available instruments is relatively low. In the exploration of helium resources, a low spatial resolution may lead to misjudgments regarding the extent of helium-rich layers, which is unfavorable for helium resource exploration. In order to achieve a high spatial resolution, we designed a helium detector based on a quadrupole mass spectrometer. Through the combination of different inlet valves, high-spatial-resolution helium concentration detection was achieved, which can not only avoid the omission of helium-rich layers, but also provide important information for the study of helium migration. In this paper, the helium detector was applied to the Dongsheng gas field in the northern Ordos Basin. Combining the instrument test results and previous research data, we discuss the spatial distribution characteristics of helium and provide a model of its migration and accumulation in this area.




2. Geological Background


In recent years, a high concentration of helium was detected in the Dongsheng gas field at the northern margin of Ordos Basin. Peng Weilong collected 92 natural gas samples for helium concentration analysis. The results showed that the average helium concentration in the Dongsheng gas field is 0.133%, with over 70% of the helium concentration exceeding 0.1% [15]. Therefore, the Dongsheng gas field was selected for helium detection during drilling. The Dongsheng gas field is located in the northern part of the Ordos Basin, which spans three tectonic units: the Yishan slope, the Tianhuan depression, and the Yimeng uplift (Figure 1a) [21]. The test wells were located between the Boerjianghaizi fault and the Wulanjilinmiao fault (Figure 1b). Figure 1c shows a comprehensive stratigraphic histogram of the Permian and underlying strata in the area. The reservoir in this area is the Lower Shihezi Formation of the Lower Permian (P1x), and the source rocks are coal, carbonaceous mudstone, and dark mudstone of the Upper Carboniferous Taiyuan Formation and the Lower Permian Shanxi Formation [22,23]. The source rocks of the Taiyuan Formation and Shanxi Formation are basically shallow in the north and deep in the south, according to their geological history. Their vitrinite reflectance also increases gradually from northeast to southwest, with the Ro value exceeding 1.4%, and the rocks entering a high-maturity stage, typical of good gas source rocks [24]. Due to the influence of tectonic events, the source rocks were rapidly buried from the Late Triassic to the end of the Early Cretaceous, generating a large amount of gas. This was a critical period for the formation of gas reservoirs [25]. The lithology of the reservoir shows that is mainly composed of coarse-to-medium-grained lithic sandstone with gravel in the P1x section, and the cap rocks is composed of mudstone and sandy mudstone of the Upper Shihezi Formation and Shiqianfeng Formation [15,26,27].




3. Methods


3.1. Mud Gas Detection Principle


Helium has two stable isotopes, 3He and 4He. 4He is radiogenic, and 3He is cosmogenic. According to its source, helium can be classified into atmospheric helium, crustal helium, and mantle-derived helium, which have different helium isotope ratios, corresponding to 1.4 × 10−6, 2 × 10−8, and 1.1 × 10−5, respectively [7,9,28,29,30,31]. Helium in natural gas reservoirs primarily consists of crustal and mantle-derived helium. Since the gas measured during the drilling process is released from the mud, which comes in full contact with air in the mud tank, a mixture of air and gas will form (Figure 2a). Therefore, in order to detect helium anomalies in the mud gas, the minimum detection limit of the instrument needs to be at least greater than the helium concentration in air (5.24 ppm, [7,32,33]).



To meet this requirement, we used a mass spectrometer for helium detection. Compared with other instruments, mass spectrometers have lower detection limits, allow for real-time access to gas information, have a wider application range, and provide automated detection [34,35]. Different types of mass spectrometers have different detection cycles. Traditional large magnetic mass spectrometers usually perform static measurements, require complex gas purification processes and long detection cycles, with a single test lasting more than two hours, and cannot determine the helium concentration in the mud gas in real time during the drilling process; so, they are not suitable for helium detection during drilling. Compared to large magnetic mass spectrometers, small mass spectrometers are characterized by their ability to perform rapid and dynamic measurements and by their portability. The quadrupole mass spectrometer is one of the most advanced and widely used small mass spectrometers and is very suitable for drilling site detection [19,20]. The helium detector was designed based on the quadrupole mass spectrometer. During the measurement process, the mud gas followed two paths, one into the chromatograph to measure the concentration of total hydrocarbons, hydrogen, and carbon dioxide, and the other into the helium detector to measure helium concentration (Figure 2b).



In the determination of the helium isotope ratio (3He/4He), achieving accurate results is primarily constrained by the 3He+ signal value, which is generally several orders of magnitude lower than the 4He+ signal value. During the measurement, gas impurities are ionized by the ion source, generating charged ions with the same mass-to-charge ratio as the target ion. These ions will interfere with the measurement. The ion interfering with 3He+ is HD+, and that interfering with 4He+ is 12C3+ [36]. Typically, the resolution of a small mass spectrometer is too low to distinguish 3He+ and 4He+ from their corresponding interfering ions; only a large magnetic mass spectrometer can do this and thus accurately measure the helium isotope ratio [37]. In the field, the measured 4He concentration is usually used to represent the total helium concentration due to the low resolution of portable instruments. The determination of helium isotope ratios was beyond the scope of this paper.




3.2. Instrument Design


The helium detector was designed based on a quadrupole mass spectrometer with a volume of 44 × 36 × 65 cm and a mass of 17.5 kg. It consists of three parts, which are the sample injection system, the detection system, and the control system. Its design is shown in Figure 3.



The sample injection system (Figure 3, ①, ②, ⑥) consists of a pressure-regulating valve, a chromatographic column, and an inlet valve box. The pressure-regulating valve is used to stabilize the pressure of the sample gas, and the inlet valve box contains a ten-port valve and a six-port valve, which can be switched automatically during the measurement process according to the set procedure. The chromatographic column can separate different gas components during the measurement process to avoid the interference of the remaining gas on the helium measurement. The detection system (Figure 3, ③) consists of a quadrupole mass spectrometer. The quadrupole mass spectrometer used was a Grand-He-001 from Suzhou Grand Energy Technology Co., Ltd (Suzhou, China). The analysis range of the instrument is 1–100 u, the resolution is 0.5 u, the scanning speed is 1 ms/u–16 s/u, and the detection limit is 1 ppm. The receiver types include an electron multiplier and a Faraday cup, and since helium concentration in the mud gas is usually low, all data in this study were provided by the electron multiplier. The vacuum of the mass spectrometer chamber during the operation was about 1.7 × 10−9 bar. The control system (Figure 3, ④, ⑤, ⑦) includes a power supply, a control module, and a temperature controller. The helium detector operates at 220 V, but the voltage at the drilling site typically fluctuates, so the helium detector was connected to the drilling site circuit for power supply through a UPS (Uninterruptible Power Supply) during the detection. The UPS can stabilize the voltage during the process to prevent any fluctuations that could affect test data accuracy. The control module is responsible for regulating the molecular pump and each solenoid valve within the instrument. It enables the real-time monitoring of the molecular pump’s operation and the automatic switching of the valves. The temperature controller is used to monitor the instrument’s operating temperature.



In traditional measurements, only one gas sample is measured at a time, the gas sample is usually stored in a steel cylinder, and the gas composition in it is homogeneous; so, the helium concentration obtained from the continuous measurement of one single sample remains unchanged. However, due to the continuity of the drilling process, the gas in the deep underground is continuously transported through the mud, from which it is released and then enters the helium detector for measurement. In this process, when the helium concentration between neighboring layers differs greatly, the continuous gas uptake will result in the mixing of helium at different concentrations, which will lead to a deviation of the measurement results from the real values and affect the helium prediction. To solve this problem, we designed separate inlet gas paths. Through the combination of a ten-port valve and a six-port valve, each gas injection is isolated from the others, avoiding the mixing of gas from different layers and improving the spatial resolution of the instrument.



The designed system’s gas flow diagram is shown in Figure 4, where the blue, red, and yellow lines represent carrier gas, sample gas, and carrier gas + sample gas, respectively. There are four working states. In the first one, shown in Figure 4a, the sample gas enters the ten-port valve from port 9 through the red gas path, then passes through port 8, the quantification ring (0.5 cm3), and port 1, and finally exits from port 10; the carrier gas follows three paths, two of which empty the residual gases in the pipeline, and the other one carries the carrier gas directly into the mass spectrometer. In the second working state (Figure 4b), the sample gas enters the ten-port valve from port 9 and then exits directly through port 10; at this time, one part of the carrier gas enters the ten-port valve through port 7 and then sends the sample gas stored in the quantification ring to the mass spectrometer for measurement. In the meantime, column 1 filters most of the hydrocarbon molecules, and the other two parts of the carrier gas are directly released. In the third working state (Figure 4c), the next sample gas enters the ten-port valve through port 9 and blows the carrier gas and the previous-round sample gas in the quantification ring out of the system, which avoids contamination between different sample gases and allows for continuously filling the quantification ring with the new sample gas; at this time, one part of the carrier gas blows the hydrocarbon molecules that were filtered out by the chromatographic column 1 in the previous working state out of the system, and another part of the carrier gas enters the ten-port valve through port 4, continuously sending the sample gas into the mass spectrometer for measurement. In this process, column 2 can filter most of the hydrogen and oxygen molecules, and the third part of the carrier gas is directly released. In the fourth working state (Figure 4d), the sample gas and the first part of the carrier gas follow the same paths as in Figure 4c. The second part of the carrier gas blows the hydrogen and oxygen molecules from the previous operating state out of the system after entering the ten-port valve through port 4, and the third part of the carrier gas continuously sends the sample gas into the mass spectrometer for measurement. The first, second, and third working states last for 10 s, while the fourth working state lasts for 30 s; the above four working states together constitute a complete test process.




3.3. Instrument Parameter Test


We tested the instrument parameters in the laboratory before the system was applied to the drilling site, based on the results of the best ionization energy of helium obtained by Brennwald et al. using a MiniRuedi, which showed that the best ionization energy of helium is 70 eV [34]. The following tests were performed at that energy. Comparing the helium detector described in this paper and the MiniRuedi, both include a quadrupole mass spectrometer, but the difference is that the MiniRuedi detection system uses the membrane balance sampling method and performs measurements in rivers and lakes. The rate of gas penetration through the membrane will be affected by factors such as temperature, flow rate, and membrane aging. During the drilling process, because the drilling speed is usually high, the underground gas will continue to move up rapidly; however, the membrane balance gas penetration rate is too low to allow for the required fast measurements. Compared with the MiniRuedi, the helium detector employed in this study uses a gas pump to send gas into the injection system, and the injection rate is much higher than that of the membrane equilibrium method, allowing for meeting the gas detection requirements of the drilling site.



The instrument parameters were tested, starting from a blank sample. As the instrument operated in a dynamic detection mode, it was necessary to test a dynamic blank. This was achieved by measuring the signal when the inlet valve was closed, which is shown by solid red dots in Figure 5. This value was used to calibrate both the sample gas and the standard gas. Moreover, natural gas usually contains hydrocarbons and carbon dioxide. The fact that hydrocarbon and carbon dioxide molecules may produce 12C3+ ions during the ionization process, whose mass-to-charge ratio is the same as that of 4He+ ions, could potentially affect the measurement results. Therefore, we injected standard hydrocarbons (CH4: 1.49 × 10−2, C2H6: 1.19 × 10−2, C3H6: 0.991 × 10−2, n-C4H10: 0.245 × 10−2, n-C5H12: 0.255 × 10−2; the complete injection volume was achieved with N2) and carbon dioxide (500 ppm; the complete injection volume was achieved with N2) into the helium detector for interference peak measurement, and the test results are shown in Figure 5. It can be seen in the figure that the 12C3+ signals generated by the hydrocarbons and carbon dioxide molecules were within the same range as those of the dynamic blank. Hydrocarbons and carbon dioxide in the gas will not cause discernible interference with the 4He measurement results.



This study used the external standard method to calibrate the helium concentration in the mud gas [34,38]. We configured helium standard gas samples with concentrations of 11.5 ppm, 20 ppm, 40 ppm, 60 ppm, 80 ppm, 100 ppm, 200 ppm, 300 ppm, 400 ppm, and 500 ppm, injected and measured them 10 times, and plotted their average concentrations, obtaining a standard curve (Figure 6). It can be seen in the figure that there was a good linear relationship between the concentration of the standard gas and the integrated area, and the R-square of the equation was 0.99903, which is highly acceptable. So, the helium concentration in the tested gas could be deduced by using this concentration standard curve.



To test the analytical accuracy of the instrument, we calculated the RSD (Relative Standard Deviation) of the 10 concentrations mentioned above, and the results are presented in Table 1. In the table, it can be seen that the lower the standard gas concentration, the greater the RSD. When the concentration exceeded 100 ppm, the RSD value tended to be stable, corresponding to less than 3%. Additionally, we also compared the deviation of single measurement values from the average value for each concentration, and the results are shown in Figure 7. It can be seen in the figure that when the standard gas concentrations were 11.5 ppm and 20 ppm, the error of the single measurements could be more than 10%, and the deviation was large. However, with the increase in the concentration, the error of the single measurements tended to stabilize, approaching 3%. Through the above analysis, we found that the error of the instrument was relatively large at low concentrations and small at high concentrations. Therefore, during field detection, when low helium concentrations are detected, the scanning interval (usually 1 min) can be appropriately reduced to obtain more data and ensure their reliability; this problem does not exist at high concentrations.



Furthermore, during the laboratory test, we found that the instrument produced signal attenuation during long-term continuous measurements. Considering that the instrument needs to continuously detect the helium concentration in the mud gas for a long time during field measurements, it is necessary to measure the attenuation coefficient of the instrument to regress the error caused by signal attenuation. In this paper, a helium standard sample with a concentration of 85 ppm was used for continuous measurement testing for 57 h, and the results are shown in Figure 8. It can be seen in the figure that as time increased, the signal gradually decreased, showing a downward trend overall. By fitting the data points, we found that the signal value and the time showed a good linear relationship, and the R-square of the equation was 0.93925, which is highly acceptable. The helium detector can be successful deployed at drilling sites, as it can measure all day automatically and uninterruptedly without manual operation; it is only necessary to test the attenuation coefficient of the instrument once a day, which is used to calibrate the helium concentration.




3.4. Air Contamination Calibration


The helium concentration measured by the helium detector at a drilling site is not the that in the examined formation, because the mud gas will be contaminated with air during the degassing process. Usually, the helium concentration in a formation is much higher than in air (5.24 ppm, [7]), and air mixing will lead to a lower measurement value. Therefore, the test results need to be corrected to obtain the actual helium concentration. Since the concentration of methane in air is extremely low, only 1.92 ppm [39], which is negligible compared to that in underground gas, we hypothesized that all the measured methane comes from the underground; so, the helium concentration can be corrected accordingly. The correction formula is as follows:


    H e   r   =     H e   t   −   H e   a   ×   1 −   T G   100       T G   ×   10   − 2    











In the formula, Her is the original helium concentration in the examined formation, in %; Het is the helium concentration measured in the mud gas, in ppm; Hea is the helium concentration in air, with a value of 5.24 ppm; and TG is the total hydrocarbon concentration measured in mud gas, in %. This formula is applicable when the predominant gas in the reservoir is composed of hydrocarbons.





4. Results


In this paper, the designed helium detector was applied to the Dongsheng gas field in the northern Ordos Basin, and helium concentration was determined in three wells in the same area, namely, the wells HJQ-H501, HJQ-H505, and K2-P2. The software used could automatically integrate the signal curve into the concentration standard curve and use the integrated values to obtain the helium concentration in the mud gas. It was found that the time required by the mud gas to pass from the mud tank to the helium detector was 3.5 min; this delay time was taken into account when processing the data.



Helium detection in well HJQ-H501 started from the Shiqianfeng Formation, and the results showed that in the Lower Shihezi Formation, the helium concentration had a good correlation with the total hydrocarbon concentration. In this formation, the average total hydrocarbon concentration was 8.9%, with a maximum of 42.7%, and the average helium concentration was 190 ppm, with a maximum of 830 ppm. Meanwhile, hydrogen was also detected in the well, with a maximum concentration of 3.7%, and no carbon dioxide was detected. It is worth mentioning that a few high-helium-concentration layers were also detected above the main producing layer of the gas reservoir, in which the helium concentration was up to 199 ppm. Helium detection in well HJQ-H505 started from the Yan’an Formation, and no helium was detected during the whole drilling process. A high total hydrocarbon concentration was found in the Shanxi Formation and Lower Shihezi Formation, with a maximum concentration of 28.1% and an average concentration of 7.7%, and no hydrogen and carbon dioxide were detected. Helium detection in well K2-P2 started from the Lower Shihezi Formation, and no helium was detected during the whole drilling process. A high total hydrocarbon concentration was found in the Lower Shihezi Formation, with a maximum concentration of 71.3% and an average concentration of 24.8%. Hydrogen was not detected in the well, and carbon dioxide with a maximum concentration of 2% was detected. The above three wells are all located in the Duguijiahan area of the Dongsheng gas field and are relatively close to each other.




5. Discussion


5.1. Inhomogeneity of Helium Distribution


Among the above three wells, helium was detected only in the HJQ-H501 well; so, we will mainly analyze this well. Since the mud gas is contaminated by atmospheric components during the degassing process, it is necessary to correct the measurement results considering the air pollution to determine the true helium concentration in the examined formation. It is generally believed that the reliability of the data is low when the total hydrocarbon concentration in the mud gas is less than 0.2%. Therefore, the corresponding value needs to be removed when correcting the helium concentration. The corrected helium concentration is indicated as Her (%). After data processing, the helium detection results for the HJQ-H501 well are shown in Figure 9.



It can be seen in Figure 9 that there was very good consistency between the helium concentration and the total hydrocarbon concentration. This was due to the fact that because of their small size and of the poor sealing of the caprock, helium atoms could not remain isolated. Helium is usually coupled with hydrocarbon gases in reservoirs and further enriched in natural gas reservoirs. The helium concentration in the natural gas field in this area was tested by previous researchers, and the results showed that the average helium concentration in the Dongsheng gas field is higher than 0.1%, which, basically, is industrially valuable. Moreover, the Duguijiahan area has a higher helium concentration and, therefore, a greater potential for helium exploration and development [15,21]. We used the helium detector to measure the helium concentration in the P1x section of the HJQ-H501 well in the Duguijiahan area, which was found to be about 0.27% ± 0.0081%. This area has industrial value and can be classified as a helium-rich natural gas field (helium concentration between 0.15% and 0.5%, Dai et al., 2017). The detection results are comparable to previous test results by other researchers in the same section of this area, which further verifies the stability of the helium detector in field drilling sites and the reliability of the data.



Through further analysis, it can be seen in Figure S1 (the a–f layers in Figure S1 correspond to the a–f layers in Figure 9) that some non-natural gas layers showed a higher helium concentration, with an average of 1%, which is generally higher than the concentration in the P1x section (average 0.3%), far exceeding the helium industrial concentration standard. These layers mainly appeared in the Shiqianfeng Formation, Upper Shihezi Formation, and Lower Shihezi Formation. By analyzing the logging curves, it can be seen that the sandstone section had low natural gamma-ray values, negative spontaneous potential anomalies, and low neutron and interval transit time values. In contrast, the mudstone section showed properties opposite to those of the sandstone section, and resistivity was lower than in the adjacent sandstone section, making it easy to distinguish between sandstone and mudstone. Combining the analyses of lithology and helium concentration, it was found that there was an obvious positive correlation between them. Almost all high helium concentrations appeared in the sandstone section. This is because sandstone has higher porosity and better reservoir properties than mudstone, which usually forms reservoirs. It is worth noting that these sandstone sections appeared often overlain and underlain by mudstone, which is particularly obvious in Figure S1a,c,e,f, and the helium concentration showed an increasing trend in the sandstone sections sandwiched by mudstone.



By observing the logging curves, it can be seen that the mudstone had a high natural gamma-ray value, indicating that the concentrations of uranium, thorium, and potassium were high. Helium in gas fields is mainly supplied by the mantle and the crust. In the mantle, it is mainly produced by the degassing of mantle magmas, and in the crust it is produced by the radioactive decay of uranium and thorium. Previous studies showed that the proportion of mantle-derived helium in the Ordos Basin is very small and can be ignored; so, helium in the Ordos Basin is mainly crust-derived [15,21]. There are two main sources of crust-derived helium, one consists of uranium-rich and thorium-rich metamorphic rocks and granitoids in the basin basement undergoing decay, and the other consists of uranium-rich and thorium-rich sedimentary rocks within the basin, usually organic-rich mud shales, undergoing decay. In this study, the mudstones appeared to supply helium to the sandstone and could also act as a cap layer, reducing the upward helium transport, which is important for helium preservation. In addition, these high-helium-concentration sandstone sections showed poor hydrocarbon generation capacity and could not generate large amounts of hydrocarbon gases. Since they are located far from the main hydrocarbon-rich rocks of the reservoir, they showed a small dilution effect of hydrocarbon gas on helium and a relatively high helium concentration.



The three wells for helium concentration detection in this study are all located in the same work area, have the same geological background, and are close to each other. According to the traditional oil and gas accumulation theory, the three wells should provide similar detection results [21]. Although a high hydrocarbon gas concentration was detected in all three wells, helium was detected in only one well, which is inconsistent with traditional knowledge, indicating that helium has a more complex accumulation mechanism. This phenomenon may be related to the different molecular kinetic features of methane and helium. Previous studies found that the molecular mean free path of helium is greater than that of methane. Therefore, in rock formations, the adsorption of methane reduces the channel size, increases surface roughness, and thus suppresses the molecular slip phenomenon. This results in a lower apparent permeability of methane compared to helium. Therefore, helium has a greater migration capacity relative to methane [40], which leads to a more complex accumulation mechanism for helium. Through the above analysis, we found that in the examined natural gas field, the horizontal distribution of helium was not uniform, showing a high degree of heterogeneity. At the same time, in the vertical direction, we found that the natural gas dessert layer might not coincide with the helium dessert layer. The helium concentration in the helium dessert layer was often 1 to 2 times higher than in the natural gas dessert layer, but these layers are not the traditional natural gas target layers, so they are easy to be missed in the traditional exploration process. Using the helium detector to conduct real-time helium detection during drilling processes can promptly allow for detecting abnormally high levels of helium, compensating for the deficiencies of the traditional exploration process, and is of great significance for helium exploration.




5.2. Implications for the Helium Accumulation Mechanism


At present, no independent helium gas reservoir has been found. Helium is mostly coupled with hydrocarbon gases, and sometimes with nitrogen and carbon dioxide. Helium in natural gas reservoirs is mainly produced by the radioactive decay of basement granite and then dissolved in pore water [4,5,6]. When free gas passes through pore water, helium dissolved in water will enter the gas phase due to Henry‘s law and follow the gas, further migrating and accumulate. Free gas plays an important role in the migration and accumulation of helium [7,10,11,12,13]. The formation and accumulation of hydrocarbon gases often occur in the overlying strata far from the basement; so, it is impossible to directly extract helium from basement granite. In addition to hydrocarbon gases, nitrogen and carbon dioxide play an important role in the extraction of helium. However, previous studies showed that the concentration of nitrogen and carbon dioxide in the natural gas of the Ordos Basin is very low, and the test results of this paper further verified this phenomenon [41]. Therefore, the extraction of helium by nitrogen and carbon dioxide in this area is very limited.



Through further analysis of the data, we found an obvious relationship between hydrogen and helium. Figure 10 shows the correlation diagram of hydrogen and helium concentrations. Figure 10a,b represent the first member of the Lower Shihezi Formation in the HJQ-H501 well and the high-helium-concentration area at the top of this member, respectively. Figure 10c,d represent the Huoshiling Formation to the basement and the Huoshiling Formation of well SK-2, respectively. The data of well SK-2 are quoted from Han et al., 2023 [42]. The SK-2 well is located in the Songliao Basin and was drilled through the Cretaceous strata into the underlying basement. In previous works, interval gas sampling was conducted during the drilling process, and these test data could be used to analyze the vertical gas migration. It can be seen in Figure 10a,b that the correlation between hydrogen and helium concentrations in the first member of the Lower Shihezi Formation was poor, but there was a good correlation in the high-helium-concentration area at the top of the formation. The SK-2 well showed the same pattern. The correlation between hydrogen and helium concentrations in the Huoshiling Formation was obviously better than that in the Huoshiling Formation, including the basement (Figure 10c,d). Generally, there was no correlation between hydrogen and helium concentrations from different sources, and these gases also appeared diluted to different degrees by the main gas components in the later stage. However, the positive correlation between hydrogen and helium concentrations in Figure 10b,d shows that hydrogen and helium were mixed before their upward migration, which was observed also in previous studies on the correlation between nitrogen, carbon dioxide, and helium concentrations [7,10,11,12,13] and proves that hydrogen plays an important role in the migration of helium.



At present, it is generally believed that the inorganic genesis of hydrogen mainly occurs in three ways, which are serpentinization, deep degassing, and irradiation of water. Serpentinization refers to the process of generating hydrogen by the reaction between Fe2+-rich minerals (olivine or pyroxene) and water in basal ultramafic rocks; deep degassing refers to the process of releasing hydrogen from the mantle and the earth’s core, excluding the process of degassing within the earth’s crust; water irradiation refers to the process of decomposing hydrogen from water by the energy generated by the decay of radioactive elements (e.g., uranium and thorium) in the earth’s crust, which is also considered to be an important source of hydrogen [43,44,45,46]. Previous studies on hydrogen isotopes in the SK-2 well suggested that the hydrogen in the basement and the Huoshiling Formation mainly derives from the mantle [42]. Since for the HJQ-H501 well the hydrogen isotope test was not conducted, it was impossible to determine the hydrogen source in this well based on isotope data. Usually, the helium isotope ratio can be used to determine whether there is a mixture of mantle-derived fluids. A large number of previous test results showed that the helium isotope ratio in the Ordos Basin suggests a typical crustal source for helium [14,41]. No mantle-derived fluid was found in the basin; so, a deep source of hydrogen can be excluded. In addition, the basement of the Hangjinqi area is mainly composed of Archean and Paleo–Mesoproterozoic granitic gneiss, quartzite, and quartz sandstone. These rocks contain less Fe2+ minerals (olivine and pyroxene), and the contribution of serpentinization to hydrogen production is also extremely limited. Therefore, hydrogen in the HJQ-H501 well is mainly produced by the irradiation of water. Through logging curve analysis and by examining the results of previous studies, it can be seen that the distribution of groundwater in this area is complex [47], and the granite rocks widely distributed in the basement of this area are rich in radioactive elements such as uranium and thorium. The energy generated by the decay of uranium and thorium and the widely distributed water provide sufficient conditions for the irradiation of water to produce hydrogen.



During the late Mesozoic and early Cenozoic, the Ordos Basin experienced a series of tectonic uplift events, particularly during the early Cenozoic period. Continual subduction and compression of the Pacific plate and Indian Ocean plate led to a sustained uplift along the basin margins [48,49]. This resulted in a decrease in the original formation temperature and pressure, causing gases dissolved in groundwater to exsolve, allowing hydrogen and helium to migrate upward together. This process is akin to that observed in the Weiyuan gas field in the Sichuan Basin, which underwent a significant tectonic uplift of nearly 4000 m during the Himalayan orogeny [50]. Consequently, the pressure and temperature of the gas field significantly decreased, leading to the migration of helium, previously trapped in fractures and pores of the granite basement, from high-pressure zones to reservoirs, where it accumulated at normal pressure [51]. However, because of its high reactivity, hydrogen may react with unsaturated long-chain hydrocarbons during its upward migration to form saturated short-chain hydrocarbons [52,53,54], thus decreasing the hydrogen concentration. Nonetheless, regardless of whether hydrogen is transformed into hydrocarbon gases, helium remains inert during this process. Therefore, both hydrogen and hydrocarbon gases can serve as carrier gas for transporting helium upward.



Based on the above discussion, this paper proposes a hydrogen–helium migration and accumulation model (Figure 11). In the diagram, Well-1 represents the situation of a sedimentary basin, where there is no obvious mantle-derived material. Helium is mainly derived from the crust and is produced by the radioactive decay of the basement granite of the basin, and hydrogen is mainly derived from the irradiation of water. Under the influence of the basin tectonic movements, hydrogen produced by water irradiation extracts the helium dissolved in pore water, and the complex hydrodynamic conditions and fracture distribution in the basin provide a migration path for hydrogen and helium, so that they continue to migrate upward along the faults and accumulate in structural high points and hydrocarbon gas reservoirs, which become enriched in helium; this process was observed in well HJQ-H501. Well-2 represents a situation in which the faults in the basin communicate with the overlying mantle, where helium has a crust–mantle mixed origin, and hydrogen mainly comes from mantle degassing. During the upward migration of mantle-derived hydrogen and helium along the fault, crust-derived helium is continuously extracted from the rock, and hydrogen and helium migrate upward to the structural high points together to form a reservoir; this process was observed in well SK-2.





6. Conclusions


In this paper, we designed a helium detector based on a quadrupole mass spectrometer. Through the combination of different inlet valves, we avoided the mixing of gas from different vertical layers during the inlet process and realized high-spatial-resolution helium concentration detection. We applied the helium detector to the Dongsheng gas field in the northern Ordos Basin, and the instrumental detection results were consistent with the laboratory analysis results of the wellhead gas, which demonstrated the stability of the helium detector in the field environment and the reliability of the data. The instrumental results showed that the spatial distribution of helium was different from that traditionally assumed; in fact, the distribution appeared highly uneven in the plane, and the natural gas dessert layer and helium dessert layer did not coincide in the vertical direction. In addition, by comparing these results with previous data, we propose a hydrogen–helium migration and accumulation model, which enriches the understanding of the helium accumulation mechanism and provides a theoretical basis for future helium resource exploration.
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Figure 1. Location of the Dongsheng Gas Field in the Ordos Basin (a), location of the test wells (b), and comprehensive stratigraphic histogram (c). (Modified after [15]). 
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Figure 2. Schematic diagram of the mud gas real-time detection device. (a) Degassing process of mud gas in mud tank, (b) overall mud gas testing process at drilling site. 
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Figure 3. Design of the helium detector. ①: Pressure-regulating valve; ②: chromatographic column; ③: quadrupole mass spectrometer; ④: power supply; ⑤: control module; ⑥: inlet valve box; ⑦: temperature controller. 
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Figure 4. Instrument gas flow diagram. The blue, red, and yellow lines represent carrier gas, sample gas, and carrier gas + sample gas, respectively. And (a–d) represent the first, second, third, and fourth working states respectively. 
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Figure 5. Instrument blank and interference peak signal diagram. 
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Figure 6. Helium concentration standard curve. 
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Figure 7. Single measurement deviation analysis. 
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Figure 8. Instrument signal attenuation test. 
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Figure 9. Detection results for helium, C1–C4, and total hydrocarbon components in the HJQ-H501 well. 
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Figure 10. Correlation of hydrogen and helium concentrations. (a) The first member of the Lower Shihezi Formation in the HJQ-H501 well, (b) the high-helium-concentration area at the top of the first member of the Lower Shihezi Formation in the HJQ-H501 well, (c) the Huoshiling Formation and basement in the SK-2 well, (d) the Huoshiling Formation in the SK-2 well. 
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Figure 11. Hydrogen–helium migration and accumulation model (modified after [55]). 
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Table 1. Test data of helium standard samples at various concentrations.
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	Conc

/ppm
	11.5
	20
	40
	60
	80
	100
	200
	300
	400
	500





	
	216.06
	489.87
	1113.44
	1655.32
	2227.78
	2717.81
	5452.34
	8128.76
	10,214.36
	12,526.37



	
	206.94
	487.52
	1119.00
	1718.25
	2231.40
	2688.56
	5489.84
	8011.93
	10,496.63
	12,576.73



	
	204.70
	457.73
	1029.81
	1667.75
	2303.24
	2739.66
	5476.91
	8001.17
	10,161.67
	13,143.76



	
	212.84
	488.04
	1111.86
	1694.24
	2170.98
	2799.83
	5516.29
	8029.04
	10,560.70
	13,113.57



	
	185.18
	456.76
	1017.85
	1503.53
	2323.41
	2882.53
	5388.67
	8112.97
	10,586.12
	13,102.60



	
	187.14
	451.80
	1043.91
	1693.03
	2371.86
	2708.83
	5524.52
	8204.97
	10,751.64
	13,173.48



	
	205.48
	483.45
	1070.14
	1699.05
	2349.79
	2845.90
	5396.38
	8191.51
	10,399.08
	13,022.04



	
	205.15
	502.19
	1051.76
	1677.83
	2310.09
	2787.58
	5766.08
	8205.77
	10,571.15
	13,243.08



	
	178.84
	481.67
	1070.56
	1719.30
	2315.90
	2859.42
	5511.45
	8210.38
	10,502.72
	13,010.30



	
	203.18
	511.61
	1085.95
	1687.23
	2322.80
	2838.35
	5396.49
	8263.57
	10,648.68
	13,069.48



	STDEV
	11.79
	18.83
	34.09
	59.15
	59.26
	65.93
	103.87
	89.50
	175.13
	232.84



	AVERAGE
	200.55
	481.06
	1071.43
	1671.55
	2292.73
	2786.85
	5491.90
	8136.01
	10,489.28
	12,998.14



	RSD
	5.88
	3.91
	3.18
	3.54
	2.58
	2.37
	1.89
	1.10
	1.67
	1.79
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