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Abstract: 12 

The growing shortage of helium reserves presents a pressing worldwide concern. 13 

However, it remains ambiguous that how, when, and which type of tectonic 14 

environment the helium source rocks were formed. Recently, several helium-enriched 15 

gas fields have been discovered in the northern Ordos Block and confirmed to be crust-16 

derived. Why late Neoarchean–Paleoproterozoic effective helium source rocks are 17 

distributed in the northern Ordos Block are still not clear. Detailed petrological, 18 

geochemical, geochronology, Sr-Nd isotopic and in-situ EPMA of U, Th-rich minerals 19 

studies were analyzed on the outcrops and drill cores of the basement of the northern 20 

Ordos Block to investigate the helium source rocks. The results show that (1) Late 21 

Neoarchean–Paleoproterozoic A-type granite and S-type granitoids are effective helium 22 

source rock types, and a large amount of U-Th rich accessory minerals (e.g., phosphate 23 

minerals, zircon, magnetite et al.) are preserved in alkaline feldspar and quartz. (2) The 24 

helium source rocks are classified into distinct temporal intervals: 2.60–2.45 Ga, 2.45–25 

2.30 Ga and 1.95–1.80 Ga, respectively. The 2.60–2.45 Ga granitoids exhibit 26 

compositional signatures of I-type granites, consistent with magmatic arc tectonic 27 

settings linked to subduction zones. The 2.45–2.30 Ga granitoids display both A-type 28 

and I-type granitic affinities, indicating long live continental magmatic arc environment 29 

 
 * Corresponding author: lhc@cup.edu.cn 



 

 

characteristics. The 1.95-1.80 Ga granitoids exhibit both A-type and S-type 30 

characteristics, suggesting formation in an extensional tectonic regime following 31 

continental collision. (3) The 2.60–2.45 Ga period is late Archean subduction-accretion 32 

and arc magmatism, followed by arc-continent collision; The 2.45–2.30 Ga period is a 33 

long-time arc-continental accretion process with multiple arc magmatism; The 1.95–34 

1.80 Ga period represents continent-continent collision to post-collisional extension 35 

setting. Thus, the long-term arc-continental accretion and multistage crustal recycling 36 

of terrigenous sediments with high U and Th content, comparable to Phanerozoic 37 

subduction-accretionary orogens, explain why effective helium source rocks are 38 

enriched in the northern Ordos Block. By comparison of Khondalite Belt (NCC) with 39 

global Khondalite Belts, global Khondalite belts could be favorable areas for predicting 40 

the worldwide distribution of helium source rocks. 41 
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1 Introduction 45 

Helium is one of noble gases with special properties: chemical inertness, low 46 

boiling point, and low density. It is integral to numerous advanced technologies, such 47 

as cryogenic superconductivity, aerospace, nuclear industry, and medical technology 48 

therefore helium is regarded as a crucial resource for modern industry (Cai et al., 2010; 49 

Chen, et al., 2021). Worldwide helium-rich reservoirs are predominantly concentrated 50 

in a limited number of countries, including the United States, Qatar, Algeria, and 51 

Russia, which are dominantly located in ancient cratons (Li et al., 2024). By contrast, 52 

China faces significant helium resource scarcity and remains in an exploratory phase, 53 

actively pursuing technological innovation to address this critical limitation. Helium 54 

reserves have been found in Ordos Block, Sichuan Basin and Tarim Basin (Dai et al., 55 

2017; Liu et al., 2022; Ni et al., 2014; Peng et al., 2022; Tao et al., 2019; Zhang et al., 56 

2019), with lower helium content than that of above helium-rich countries. In recent 57 



 

 

years, several helium-rich gas fields have been discovered in the northern Ordos Block, 58 

including the Dongsheng gas field (Peng et al., 2022), Daniudi gas field (Liu et al., 59 

2022) and Sulige gas field (Dai et al., 2017), with helium content exceeding industrial 60 

helium thresholds (He % > 0.05%). The majority of helium in petroleum gas, which 61 

predominantly consists of ⁴He, is derived from the α-decay of ²³⁵U, ²³⁸U, and ²³²Th 62 

within sedimentary strata, basement rocks, or the crust. (Ballentine and Burnard, 2002; 63 

Brown, 2010). Previous studies have come to an agreement that the helium within the 64 

natural gas in the northern Ordos Block originates from large-scale ancient granite and 65 

metamorphic basement rocks (Liu et al., 2022; Peng et al., 2022). The high helium 66 

concentrations detected in natural gas reservoirs of the northern Ordos Block correlate 67 

with anomalously high uranium and thorium abundances in the basement rocks, 68 

coupled with the prolonged accumulation of radiogenic decay reaction. In addition, 69 

significant progress has been achieved in uranium exploration within the lower 70 

Cretaceous strata of the northern Ordos Block, with the origin of the uranium deposit 71 

attributed to the weathering of the basement rocks (Akhtar et al., 2017; Chen et al., 72 

2019; Zhang et al., 2017). The formation of sedimentary uranium deposits provides 73 

additional evidence that the basement rock in the northern basin is characterized by 74 

high uranium enrichment. Thus, during the enrichment accumulation of helium, it is 75 

initially released from the granitic basement. Subsequently, fault activities that connect 76 

the reservoir with the basement facilitate the transport of helium, which migrates into 77 

the overlying strata along these faults and accumulates alongside conventional 78 

hydrocarbon gases. Therefore, it can be inferred that it is the high U and Th contents of 79 

the basement rocks making them effective helium source rocks for the helium-rich gas 80 

fields. 81 

However, the factors contributing to the extensive spatial distribution of helium 82 

source rocks in the northern Ordos Block are still not clear. Furthermore, it remains 83 

ambiguous that how and when and which type of tectonic environment the helium 84 

source rocks were formed. Located within the western block of the North China Craton 85 



 

 

(NCC), the Ordos Block represents a classic example of a cratonic basin distinguished 86 

by its substantial basement thickness (Fig. S1). Currently it is generally accepted that 87 

the Western Block of the North China Craton (NCC) resulted from the convergence 88 

between the northern Yinshan Block and the southern Ordos Block, occurring along the 89 

Khondalite Belt approximately between 1.95 and 1.85 Ga (Li et al., 2011; Liu et al., 90 

2019; Liu et al., 2021; Yin et al., 2014; Zhang et al., 2017; Zhao and Guo, 2012; Zhao 91 

et al., 2005), finally forming the basement of Ordos Block. In addition, the basement of 92 

the Ordos Block is extensively overlain by sedimentary strata, which significantly 93 

hinders the understanding and characterization of the basement. 94 

Therefore, to investigate the helium source rocks, comprehensive analyses 95 

involving petrography, geochemistry, U–Pb geochronology, Sr–Nd isotope and in-situ 96 

EPMA of uranium- and thorium-rich minerals were conducted on surface outcrops and 97 

drill core samples collected from the Northern Ordos Block. Our study aims to answer 98 

which rock types in granitic basement are effective helium source rocks, when effective 99 

helium source rocks were formed, what source region effective helium source rocks 100 

belong to, and which tectonic environment helium source rock were formed. Our novel 101 

data provides important insights into understanding the rock types, ages, protoliths, 102 

source regions and tectonic environments of effective helium source rocks, which could 103 

account for the reason why effective helium source rocks are enriched in the Northern 104 

Ordos Block. 105 

2 Geological setting 106 

The Ordos Basin, an extensive hydrocarbon-rich basin situated upon the Ordos 107 

Block, features a broad basement structure covered by substantial sedimentary deposits. 108 

Occupying a major area of the Western Block of the North China Craton (NCC), the 109 

Ordos Block is delineated by prominent tectonic boundaries: it adjoins the Yinshan 110 

Block (YB) and Khondalite Belt to its northern margin, the Helanshan-Liupanshan 111 

Thrust Belt (H-LTB) to its western edge, the Qinling Orogenic Belt (QB) to its southern 112 



 

 

boundary, and the Trans-North China Orogen (TNCO) along its eastern flank (Figs. S1 113 

and S2). 114 

The Ordos Block represents a tectonically stable cratonic segment of the North 115 

China Craton (NCC), displaying limited deformation and seismic activity. It is 116 

distinguished by substantial crustal thickness, averaging around 41.4 km, low 117 

geothermal gradients, and pronounced high-velocity seismic anomalies (Wang et al., 118 

2014). Structurally, the block exhibits a characteristic two-tiered arrangement, 119 

consisting of a crystalline basement of Precambrian beneath sedimentary sequences 120 

deposited from the Mesoproterozoic through the Phanerozoic, which collectively reach 121 

thicknesses of roughly 10 km (Kusky and Mooney, 2015). 122 

Current geological outcrop studies indicate that the Khondalite Belt, extending 123 

nearly 1,000 kilometers, is exposed along the Jining-Daqingshan-Wulashan-124 

Qianlishan-Helan Mountains, located between the northern margin of the Ordos Block 125 

and the Yinshan Block (Zhao et al., 2001, 2005, 2013). The Khondalite Belt is 126 

composed of graphite-garnet-sillimanite-K-feldspar gneiss, felsic paragneiss, quartzite, 127 

marble, and minor amphibolite (Lu et al., 1996). The protolith sedimentation occurred 128 

after 2.0 Ga (Yin et al., 2011; Dan et al., 2012), and the belt subsequently underwent  129 

granulite facies metamorphism followed by retrograde metamorphism during the 130 

period of 1.95 to 1.83 Ga (Guo et al., 2012; Jiao et al., 2015; Jiao et al., 2013; Santosh 131 

et al., 2009; Santosh et al., 2007; Wan et al., 2013b; Yin et al., 2011; Yin et al., 2009). 132 

Concurrently, S-type granitic magmatism occurred synchronously with the 133 

metamorphism (Jiao et al., 2013; Peng et al., 2012; Yin et al., 2011; Yin et al., 2009). 134 

Metamorphic supracrustal rocks and metamorphic plutonic intrusions are exposed in 135 

Jining and Wulashan-Daqingshan region, including the Neoarchean Sanggan Group (or 136 

Xinghe Group), the Neoarchean-Paleoproterozoic Wulashan Group, and the late 137 

Paleoproterozoic Meidaizhao Group. Chronological studies reveal that the northern 138 

margin of Ordos Block records multiple phases of magmatic activity, including 139 

granitoids at 2.55–2.45 Ga, 2.30–2.0 Ga, 1.96–1.94 Ga, and 1.85–1.82 Ga, as well as 140 



 

 

mafic rocks at 2.55–2.50 Ga, 2.45–2.37 Ga, 2.06 Ga, 1.97–1.92 Ga, and 1.84 Ga. These 141 

magmatic events were accompanied by metamorphic events at ~2.5 Ga, 2.45–2.40 Ga, 142 

and 1.95–1.85 Ga (Santosh et al., 2007, 2009; Dong et al., 2013, 2014; Wan et al., 2013; 143 

Liu et al., 2014c, 2017; Zhong et al., 2014). This indicates that the northern Ordos Block 144 

experienced multiple geological events during the late Neoarchean to the 145 

Paleoproterozoic. 146 

Analysis of drill core samples obtained from several exploration wells within the 147 

northern part of the Ordos Block indicates that the regional basement predominantly 148 

comprises Neoarchean granitoid gneisses as well as Paleoproterozoic paragneisses 149 

subjected to amphibolite- to granulite-facies metamorphic conditions, accompanied by 150 

subordinate granitoid gneiss (Zhang et al., 2021). Core samples from the basement 151 

reveal granitic magmatic activities at ~2.5 Ga and ~2.0 Ga, which are consistent with 152 

the granitic magmatic events recorded at 2.55–2.45 Ga and 2.30–2.0 Ga in the 153 

Khondalite Belt distribution area along the northern margin of the Ordos Block (Tian 154 

et al., 2023; Wan et al., 2013a; Zhang et al., 2015; Zhang et al., 2021). Zircon and 155 

monazite U-Pb dating also identifies two distinct sets of metamorphic ages at 1.96–1.94 156 

Ga and 1.9–1.88 Ga (Hu et al., 2013; Wan et al., 2013; Wang et al., 2014, 2019; Zhang 157 

et al., 2015; Gou et al., 2016; He et al., 2016), which correspond to the two sets of 158 

metamorphic ages documented in the Khondalite series of the Wulashan-Daqingshan 159 

and Helan Mountains areas along the northern margin at ~1.95 Ga and ~1.87 Ga (Yin 160 

et al., 2011; Cai et al., 2013). The comparable lithological assemblages and consistent 161 

magmatic-metamorphic histories observed across both regions provide compelling 162 

evidence that the basement rocks in the northern Ordos Block can be directly correlated 163 

with the geological domain of the Khondalite Belt. Both regions exhibit a ~2.5 Ga 164 

granitic basement overlain by high-grade metamorphic supracrustal rocks and 165 

underwent magmatic activities during the middle to late Paleoproterozoic (2.30–2.0 Ga) 166 

and metamorphic modifications at 1.95–1.85 Ga. These findings demonstrate that the 167 

basement in the northern Ordos Block predominantly consists of Neoarchean to 168 



 

 

Paleoproterozoic supracrustal metamorphic rocks and granitic gneisses, which 169 

experienced repeated episodes of magmatism and metamorphism spanning the 170 

Neoarchean through the Paleoproterozoic eras.  171 

Numerous substantial gas fields have been identified within the Upper Paleozoic 172 

tight sandstone reservoirs of the Ordos Block (Liu et al., 2009; Dai, 2016). Among 173 

these, the Dongsheng and Daniudi gas fields are distinguished by notably elevated 174 

helium concentrations (He et al., 2022; Liu et al., 2022; Peng et al., 2022). In the gas 175 

field of north Ordos Block, the Upper Paleozoic strata are developed from bottom to 176 

top as the Taiyuan Formation (C₃t), Shanxi Formation (P₁s), Lower Shihezi Formation 177 

(P₁x), Upper Shihezi Formation (P₂sh), and Shiqianfeng Formation (P₃s). In the 178 

Dongsheng Gas Field, the main source rocks for Upper Paleozoic natural gas are 179 

represented by coal-bearing strata within the Taiyuan and Shanxi Formations, 180 

consisting primarily of coal seams, carbonaceous mudstones, and dark mudstones (He 181 

et al., 2022). Highly quality reservoirs are represented by the conglomeratic coarse 182 

sandstones and coarse-grained sandstone layers found within the Lower Shihezi and 183 

Shanxi Formations (He et al., 2022). Moreover, the substantial and widespread 184 

occurrences of mudstone and silty mudstone within the Upper Shihezi and Shiqianfeng 185 

Formations serve as highly effective regional sealing strata. The main gas producing 186 

layer is the Shihezi Formation and Taiyuan Formation of Permian strata (Peng et al., 187 

2022). 188 



 

 

3. Results 189 

3.1 Petrographic characteristics 190 

A total of eight granitoid gneiss samples were obtained from the Daqingshan-191 

Ulashan area, with their lithological characteristics and ages presented in Table 1 and 192 

illustrated in Figs. 1 and 2 193 

Table 1 The lithologies and age of the granitoids samples from the Daqingshan Complex 194 

Sample Rock Type Major Mineral Composition Accessory Minerals Age (Ma) 

BT-1-3-a 

Medium- to 

coarse-grained 

charnockitic 

gneiss 

Quartz (25%-35%), Perthite (45%-

60%), Plagioclase (5%-10%), 

Hypersthene (5%), minor biotite 

Monazite, Zircon, 

Magnetite 
2319 ± 25 

BT-2-a 
Granodioritic 

gneiss 

Plagioclase (25%-30%), Biotite (15%), 

Quartz (15%-20%), Amphibole (10%-

15%) 

Monazite, Zircon, 

Magnetite, Apatite, 

Rutile, Titanite 

2307.3 ± 8.6 

BT-3-a 
Granitic 

gneiss 

Potassium feldspar (25%-30%), 

Plagioclase (20%-25%), Quartz (10%-

15%), Biotite, Amphibole 

Monazite, Zircon, 

Apatite 
2551 ± 14 

BT-4-b 

Biotite-

bearing 

monzogranitic 

gneiss 

Plagioclase (20%-30%), Potassium 

feldspar (15%-25%), Quartz (15%), 

Biotite (10%), Amphibole 

Monazite, Zircon, 

Magnetite 
2578 ± 19 

BT-6-b 

Medium- to 

coarse-grained 

charnockitic 

gneiss 

Hypersthene, Perthite (25%-35%), 

Plagioclase (15%-25%), Quartz (20%-

30%), minor biotite (<5%) 

Zircon, Apatite, 

Ilmenite 
2475 ± 21 

BT-7-b 
Monzogranitic 

gneiss 

Plagioclase (20%-30%), Potassium 

feldspar (15%-25%), Quartz (15%), 

Biotite (5%-10%), Amphibole 

Monazite, Zircon, 

Apatite, Magnetite 
2307 ± 30 

BT-10-a 
Monzogranitic 

gneiss 

Plagioclase (25%-30%), Potassium 

feldspar (20%-30%), Quartz (15%), 

Biotite (10%), Amphibole (10%) 

Zircon, Titanite, 

Monazite 
1883 ± 27 

BT-14-a 
Monzogranitic 

gneiss 

Plagioclase (20%-25%), Potassium 

feldspar (20%-25%), Quartz (15%-

20%), Biotite (5%-10%), Amphibole 

(10%) 

Zircon, Magnetite, 

Monazite 
1834 ± 16 



 

 

 195 
Fig. 1. The Photographs of outcrops of the late Neoarchean - Paleoproterozoic granitoid 196 

samples collected from the KB. BT-1-3a: Charnockitic gneiss; BT-2-a: Granodioritic gneiss; BT-3-197 

b: Granitic gneiss; BT-4-a: Biotite-bearing monzogranitic gneiss; BT-6-b: Charnockitic gneiss; BT-198 

7-b: Monzogranitic gneiss; BT-10-a: Monzogranitic gneiss; BT-14-f: Monzogranitic gneiss 199 



 

 

 200 
Fig. 2. Photomicrographs of granitoids samples. BT-1-3a: Charnockitic gneiss; BT-2-a: 201 

Granodioritic gneiss; BT-3-b: Granitic gneiss; BT-4-a: Biotite-bearing monzogranitic gneiss; BT-6-202 

b: Charnockitic gneiss; BT-7-b: Monzogranitic gneiss; BT-10-a: Monzogranitic gneiss; BT-14-f: 203 

Monzogranitic gneiss. 204 



 

 

3.2. Zircon U–Pb ages  205 

The zircon U–Pb dating results for granitoid gneisses from the Daqingshan–206 

Ulashan region are summarized in Table S1 and graphically presented in Figs. 3, 4 and 207 

5. Cathodoluminescence (CL) imaging reveals that zircon grains from these samples 208 

commonly exhibit distinct magmatic oscillatory zoning patterns, and their Th/U ratios 209 

vary between 0.08 and 2.83, indicative of a magmatic genesis. Sample BT-1-3 210 

(charnockitic gneiss) yields a crystallization age of 2319 ± 25 Ma, while BT-2-b shows 211 

two distinct phases: a core age of 2307 ± 9 Ma and overgrowth rim age of 1880 ± 21 212 

Ma, indicating late magmatic reactivation. Older Neoarchean ages are recorded in BT-213 

3-b (2551 ± 14 Ma) and BT-4-b (2578 ± 19 Ma). Younger Paleoproterozoic events are 214 

evident in BT-6-b (2475 ± 21 Ma cores and 1898 ± 21 Ma rims), BT-7-b (2307 ± 30 Ma 215 

cores and 1945 ± 13 Ma rims), BT-10-a (1883 ± 27 Ma), and BT-14-f (1834 ± 16 Ma). 216 

The data suggest prolonged crustal evolution involving Archean basement formation 217 

(2.60–2.45 Ga) followed by Paleoproterozoic magmatic pulses (2.45–2.30 Ga), with 218 

evidence of metamorphic overprinting in some samples (e.g., BT-4-b showing potential 219 

high-grade metamorphic resetting). Zircon morphologies (100–250 μm lengths, aspect 220 

ratios 1:1–1:4) and internal structures correlate with discrete magmatic episodes 221 

documented in Figs. 5 and 6. 222 

3.3 Major- and trace-element geochemistry 223 

The major and trace element geochemical data are provided in Table S2. Sample 224 

BT-3, BT-4 and BT-6 of 2.60–2.45 Ga display magnesian to ferroan signatures, with 225 

low- to high-potassium affinities. Geochemically, they range from calcic to calc-alkalic 226 

in nature and exhibit metaluminous to slightly peraluminous characteristics. These 227 

samples are marked by a pronounced enrichment in light rare earth elements (LREE) 228 

and relative depletion in heavy rare earth elements (HREE), along with distinct positive 229 

europium (Eu) anomalies. Additionally, they show depletion in high-field-strength 230 



 

 

elements such as niobium (Nb) and tantalum (Ta), coupled with significant enrichment 231 

in large-ion lithophile elements including barium (Ba), potassium (K), rubidium (Rb), 232 

and strontium (Sr). Samples BT-1, BT-2, and BT-7, approximately 2.30 Ga, exhibit 233 

magnesian compositions with low- to high-potassium contents, ranging from alkalic to 234 

calc-alkalic affinities. They display metaluminous to slightly peraluminous 235 

geochemical signatures. These samples are enriched in light rare earth elements (LREE) 236 

and depleted in heavy rare earth elements (HREE), with either positive or negative 237 

europium (Eu) anomalies. Furthermore, they are characterized by depletion in high-238 

field-strength elements such as niobium (Nb) and tantalum (Ta), and significant 239 

enrichment in large-ion lithophile elements including barium (Ba), potassium (K), 240 

rubidium (Rb), and strontium (Sr). Samples BT-10 and BT-14, dated between 1.95 and 241 

1.80 Ga, are characterized by ferroan compositions with high potassium contents, 242 

displaying alkalic to calc-alkalic affinities and metaluminous to mildly peraluminous 243 

signatures. Geochemically, they are enriched in light rare earth elements (LREE) and 244 

depleted in heavy rare earth elements (HREE), with subtle europium (Eu) anomalies. 245 

Additionally, they show depletion in high-field-strength elements such as niobium (Nb) 246 

and tantalum (Ta), along with notable enrichment in large-ion lithophile elements 247 

including barium (Ba), potassium (K), rubidium (Rb), and strontium (Sr). 248 

3.4 In-situ Hf isotopic compositions in Zircon 249 

The in-situ hafnium (Hf) isotopic compositions of zircon grains from the granitoid 250 

samples are provided in Table S3. The zircons εHf(t) values from the samples of 2.60–251 

2.45 Ga is between +2.0 and +7.4. The average depleted mantle model ages (TDM2) of 252 

the crustal source span from 2878 to 2526 Ma, with the majority of values clustering 253 

between 2.8 and 2.6 Ga. Zircons from the 2.30 Ga samples yield εHf(t) values ranging 254 

between –2.8 and +1.4. Corresponding depleted mantle model ages (TDM2) fall within 255 

the range of 3025 to 2771 Ma, suggesting derivation from an older crustal source. 256 

Zircon εHf(t) values from the 1.95–1.80 Ga samples range from –8.9 to –0.2, indicating 257 



 

 

significant crustal reworking. The corresponding depleted mantle model ages (TDM2) 258 

span from 3036 to 2542 Ma, reflecting contributions from ancient crustal components. 259 

3.5 Whole rock Sr-Nd isotope compositions 260 

The whole-rock Sr–Nd isotopic data are summarized in Table S4. For samples 261 

dated between 2.60 and 2.45 Ga, (87Sr/86Sr)i ratios range from 0.700641 to 0.701996, 262 

while εNd(t) values vary from +0.98 to +2.30. Corresponding TDM1 model ages span 263 

from 2770 to 2507 Ma, and TDM2 model ages range from 2878 to 2526 Ma. Samples 264 

from the 2.30 Ga group exhibit (87Sr/86Sr)i ratios between 0.697138 and 0.702981, 265 

with εNd(t) values ranging from –2.00 to +1.46. The TDM1 ages fall within 2758 to 2592 266 

Ma, and TDM2 ages between 3025 and 2771 Ma. For the 1.90–1.80 Ga samples, initial 267 

8(87Sr/86Sr)i ratios vary from 0.701549 to 0.706241, and εNd(t) values span a broader 268 

range from –4.47 to +3.78. The corresponding TDM1 ages lie between 2573 and 2290 269 

Ma, while TDM2 ages range from 3036 to 2542 Ma. 270 

 271 



 

 

 272 
Fig. 3. Cathodoluminescence images of representative zircons from four granitoids (BT-1-3, 273 

BT-2, BT-3 and BT-4) from Ulashan-Daqingshan region. Red circles and blue circles mark the 274 

locations of U-Pb ages and Lu-Hf isotopic, respectively, with ages and εHf(t) values shown near the 275 

zircons. 276 



 

 

 277 
Fig. 4. Cathodoluminescence images of representative zircons from four our granitoids (BT-6, 278 

BT-7, BT-10 and BT-14) from Ulashan-Daqingshan region. Red circles and blue circles mark the 279 

locations of U-Pb ages and Lu-Hf isotopic, respectively, with ages and εHf(t) values shown near the 280 

zircons. 281 

 282 



 

 

 283 
Fig. 5. Zircon U-Pb Concordia diagram of granitoids samples from the Daqingshan Complex 284 

 285 



 

 

3.6 EPMA analysis 286 

The major element compositions of U- and Th-rich minerals are provided in Table 287 

S5. Energy-dispersive spectroscopic analysis identified a suite of U- and Th-bearing 288 

accessory minerals, including monazite, thorite, zircon, apatite, magnetite, xenotime, 289 

rutile, and titanite. These minerals, which are predominantly accessory minerals, are 290 

widely distributed across the analyzed samples. Their grain sizes typically range from 291 

10 μm to 200 μm, with the exception of one elongated grain measuring approximately 292 

600 μm. Due to extensive isomorphic substitution within these accessory phases, 293 

precise mineral identification is often hindered. Consequently, tentative classification 294 

through electron probe microanalysis (EPMA) was conducted based on dominant 295 

elemental compositions in cases where mineral identity remained ambiguous (Table 296 

S5). As shown in Figs. 7 and 8, uranium and thorium are primarily hosted within 297 

monazite, apatite, xenotime, magnetite, and zircon. These U- and Th-rich phases are 298 

either embedded within magmatic minerals—such as K-feldspar, albite, and quartz—299 

or located along the interfaces between them. 300 

4. Discussion 301 

4.1. Effective helium source rock 302 

The concept of "helium source rock" was initially proposed by Burwash and 303 

Cumming (1974) and subsequently cited by Brown (2010). Drawing a parallel with the 304 

definition of hydrocarbon source rocks, helium source rocks are described as “a type of 305 

rock enriched in uranium (U) and thorium (Th) capable of generating and releasing 306 

significant quantities of helium” (Zhang et al., 2020). Analogous to the role of organic 307 

matter in assessing hydrocarbon source rocks, the concentrations of uranium (U) and 308 

thorium (Th) serve as the primary criteria for determining whether a given rock type 309 

qualifies as a helium source rock. As noted by Brown (2010), uranium and thorium 310 



 

 

concentrations are significantly higher in granite and shale compared to those in 311 

sandstone and limestone. Extensive studies by various researchers on helium source 312 

rocks associated with helium-rich gas fields worldwide have identified that granitoid, 313 

organic-rich shale and bauxite rock are potential helium source rocks (Ballentine and 314 

Sherwood Lollar, 2002; Broadhead, 2005; Gold and Held, 1987; Johnson, 2012; 315 

Nikonov, 1973; Pierce et al., 1964; Ruedemann and Oles, 1929; Zhang et al., 2020). As 316 

for helium-rich gas fields in Ordos Block, granitic basement, organic-rich shale and 317 

bauxite rock are thought to be potential helium source rocks (Li et al., 2022; Liu et al., 318 

2022; Peng et al., 2022; Wang et al., 2023a). As the volume scale of granitic basement 319 

is much larger than that of organic-rich shale and bauxite rock, we prefer granitic 320 

basement rocks to be the helium source in Ordos Block. 321 

Our samples consist of three types granitoids of the basement including: I-type 322 

granitoids, A-type granitoids and S-type granitoids (Detailed discussion in 5.2). A-type 323 

and S-type granitoids generally exhibit higher concentrations of uranium (U) and 324 

thorium (Th) compared to I-type granites, indicating their greater potential as helium 325 

source rocks (Fig. 6a). Furthermore, S-type granites typically contain uranium (U) and 326 

thorium (Th) concentrations that exceed those of both A-type and I-type granites by 327 

approximately an order of magnitude, underscoring their elevated potential as helium 328 

source rocks (Fig. 6a). Given the limited dataset obtained from our collected samples, 329 

a comprehensive review of existing granitoid data from the basement of the Northern 330 

Ordos Block was conducted. The comparison reveals that our results align well with 331 

the broader statistical dataset, supporting the reliability and representativeness of our 332 

findings.  333 



 

 

 334 

Fig. 6. (a) The current U and Th content in the three types granitoids of the basement in the northern 335 

Ordos Block. (b) The initial U and Th content of the granitoids of the basement in the Northern 336 

Ordos Block. Data source: 2.60–2.45 Ga I-type granitoids (Dong et al., 2023; Liu et al., 2017; Wang 337 

et al., 2021) and this study; 2.45–2.30 Ga I-type granitoids (Wang et al., 2021) and this study; 2.46-338 

2.45 Ga A-type granitoids (Ouyang et al., 2020); 2.45–2.30 Ga A-type granitoids (Ouyang et al., 339 

2020; Wang et al., 2022a) and this study; 1.88–1.80 Ga A-type granitoids (Wang et al., 2022b) and 340 



 

 

this study; 1.87 Ga S-type granitoids (Dan et al., 2014; Zhang et al., 2016); 0.15-0.25 Ga granites 341 

from Qinling (Zhang et al., 2020); Shale layer from Dongsheng gas field (Wang et al., 2023a). 342 

In addition, utilizing the present-day concentrations of uranium (U) and thorium 343 

(Th), we estimated the initial U and Th contents of the granitoid rocks located along the 344 

northern margin of the Ordos Block. In comparison with the younger granitic rocks 345 

from the Qinling Mountains along the southern margin of the Ordos Block and the 346 

shale-type hydrogen source rocks in the Dongsheng Gas Field, the granitoids located 347 

on the northern margin of the Ordos Block demonstrate superior potential as helium 348 

source rocks. This is attributed to their higher uranium and thorium concentrations, 349 

greater geological age, and substantial volumetric presence (Fig. 6b). 350 

Table 2. Type and distributions of U and Th rich minerals in granitoids 351 

Minerals U content(wt.%) Th content(wt.%) 
Occurrence 
frequency 

EPMA 
times 

monazite 0.0058-1.5854 (0.6378) 1.7635-16.7191 (5.3230) very high 155 
thorite 0.3351-0.9359 51.8930-52.7371 rare 2 
zircon 0-0.6415 (0.1136) 0-1.4728 (0.0820) high 97 
apatite 0.0067-0.1649 (0.0605) 0.0018-0.0738 (0.0274) high 64 

magnetite 0.0032-0.1378 (0.0052) 0.0017-0.0799 (0.0198) high 64 
titanite 0.0135-0.3233 (0.1128) 0.0141-0.0990 (0.0487) medium 19 

xenotime 0.2050-1.0150 (0.4959) 0.0013-0.1072 (0.5081) medium 15 
rutile 0.0063-0.0983 (0.0520) 0.0008-0.0438 (0.0172) medium 22 

ilmenite 0.0064-0.0798 (0.0411) 0.0042-0.2423 (0.0676) medium 15 

As discussed in section 5.1, 2.45–2.30 Ga A-type granitoids and I-type granitoids 352 

and 1.95–1.80 Ga A-type granitoids and S-type granitoids are believed to be effective 353 

helium source rock type in the north Ordos Block. 2.60–2.45 Ga I-type granitoids 354 

exhibit the lowest U and Th content among the three types granitoids. In terms of U and 355 

Th content, 2.60–2.45 Ga I-type granitoids seem not to be effective helium source rock. 356 

However, 2.60–2.45 Ga I-type granitoids correspond to the 2.50 Ga crust growth event, 357 

exhibiting the largest rock volume of upper continental crust. Thus, 2.60–2.45 Ga I-type 358 

granitoids are supposed to be good helium source rock. 359 

From the rock scale to mineral scale, our observations indicate that uranium (U) 360 

and thorium (Th) are primarily concentrated within accessory mineral phases. Through 361 



 

 

EMPA, we identified U and Th-rich minerals including monazite, thorite, zircon, 362 

apatite, magnetite, titanite, xenotime, rutile and ilmenite (Fig. 7). Among the U and Th-363 

rich accessory minerals, phosphate minerals (monazite and xenotime) exhibit the 364 

highest U and Th and high frequency. Other minerals, including zircon, magnetite, 365 

titanite, rutile and ilmenite exhibit lower U and Th content and medium frequency. It is 366 

noteworthy that U- and Th-bearing accessory minerals are commonly hosted within, or 367 

occur at the boundaries between, primary magmatic phases such as K-feldspar, albite, 368 

and quartz (Fig. 8). Moreover, these U- and Th-rich minerals frequently exhibit close 369 

spatial association with alkaline feldspar, as illustrated in Fig. 8. 370 

 371 

Fig. 7. Backscattered electron images identifying U, Th rich minerals within the granitoids samples. 372 



 

 

U- and Th-bearing minerals include monazite (a), thorite (b), zircon (c), apatite (d), Magnetite (e), 373 

xenotime (f), magnetite, rutile (g) and titanite (h). Abbreviations: Mnz: Monazite; Xtm: Xenotime; 374 

Ap: Apatite; Mag: Magnetite; Zrn: Zircon; Rutile: Rt. Titanite: Ttn. 375 

The generation of crust-derived helium (⁴He) is calculated based on the radioactive 376 

decay formula, which has been described detailly in (Halford et al., 2022). According 377 

to the geological history of late Neoarchean–Paleoproterozoic period, the proportion is 378 

assumed as A-type (10%), S-type (10%), and I-type (80%) granitoids. 4He production 379 

from different helium source units is shown in Table 3. Despite accounting for only 380 

10% by volume, S-type granitoids contribute the largest share (46.4%) due to high U/Th 381 

concentrations. By contrast, although I-type granitoids exhibit lower U/Th 382 

concentrations, its 80% volume proportion results in a substantial contribution (43.5%). 383 

The result also shows that basement granitoids generate 3–4 orders of magnitude more 384 

helium than that of shale layer and bauxite layer. 385 

 386 



 

 

 387 
Fig. 8. Representative BSE (backscattered electron) images of U, Th rich minerals within the 388 

granitoids samples from the Daqingshan Complex. Abbreviations: Mnz: Monazite; Xtm: 389 



 

 

Xenotime; Ap: Apatite; Mag: Magnetite; Zrn: Zircon; Rutile: Rt. Titanite: Ttn. 390 

 391 

 392 
Fig. 9. The U and Th contents in U- and Th-rich minerals in the granitoids of the basement in the 393 

Northern Ordos Block 394 

 395 

Fig. 10. 4He production from different helium source units in the northern Ordos Block. Data from 396 

(Dai et al., 2012; Gao et al., 2023; Ji et al., 2013; Liu et al., 2012; Liu et al., 2015) 397 



 

 

Table 3 4He production from different helium source units in the northern Ordos Block 398 

Parameter Proportion U Th Age Area Thickness Density Porosity 
Weighted 

Contribution 

Unit % ppm ppm Ma km2 km g/cm3 % m3 

A-type 

Granitoid 
10% 1.78 17.3 2000 50,000 5 2.65 2.62 3.12 × 10¹⁰ 

S-type 

Granite 
10% 4.44 23.31 2000 50,000 5 2.65 2.62 1.42 × 10¹¹ 

I-type 

Granite 
80% 0.31 2.73 2000 50,000 5 2.65 2.62 1.33 × 10¹¹ 

Total 100% — — — — — — — 3.06 × 10¹¹ 

Dongsheng 

shale layer 
— 5.61 13.09 270 10,000 0.02 1.5 6.6 0.86 × 108 

Dongsheng 

bauxite 

layer 

— — — 300 10,000 0.002 2.5 6.6 — 

Daniudi 

shale layer 
— 4 19 270 2,000 0.03 1.5 6.6 0.29 × 108 

Daniudi 

bauxite 

layer 

— 20.35 57 300 2,000 0.012 2.5 6.6 0.58× 108 

 399 

4.2. Sources and petrogenesis of helium source rock 400 

The 2.60–2.45 Ga granitoids are geochemically characterized by elevated 401 

concentrations of SiO₂, Na₂O, and Al₂O₃, enrichment in potassium, and trends 402 

consistent with calc-alkalic magmatic evolution (Fig. 11). These granitoids fall within 403 

the magnesian to ferroan field, display low- to high-K affinities, and range from calcic 404 

to alkali-calcic in nature. They are also classified as metaluminous to slightly 405 

peraluminous. A notable feature of these granitoids is their high strontium (Sr) content, 406 

with most samples exceeding 400 ppm, and comparatively low concentrations of 407 

yttrium (Y) and ytterbium (Yb), averaging 10.55 ppm and 0.96 ppm, respectively. 408 

Additionally, they are enriched in rare earth elements, particularly light rare earth 409 

elements (LREE), while showing depletion in heavy rare earth elements (HREE), as 410 

illustrated in Fig. 12a. Elevated Sr/Y and (La/Yb)N ratios further support their 411 



 

 

classification as part of the tonalite-trondhjemite-granodiorite (TTG) suite (Fig. 12a, b). 412 

Trace element data indicate enrichment in large-ion lithophile elements (LILE) such as 413 

K, Rb, and Ba, and depletion in high-field-strength elements (HFSE) including Nb, Ta, 414 

U, and Ti (Fig. 12a, b). On trace-element discrimination diagrams, most samples plot 415 

within the volcanic-arc granite field (Fig. 15f), consistent with formation in a 416 

subduction-related magmatic arc setting. The overall geochemical signature aligns with 417 

that of Cordilleran I-type granitoids, as described by Frost et al. (2001), supporting a 418 

tectonic origin linked to subduction processes. 419 

I-type granitoids may originate through two primary mechanisms: (1) fractional 420 

crystallization of mantle-derived basaltic magma (Barth et al., 1995) or (2) partial 421 

melting of sub-alkaline meta-basalts followed by subsequent fractional crystallization 422 

(Rapp and Watson, 1995). Regarding the 2.60–2.45 Ga granitoids in the Ulashan–423 

Daqingshan region, zircon εHf(t) values for all analyzed samples are uniformly positive, 424 

as illustrated in Figs. 11 and 12. The corresponding depleted mantle two-stage Hf model 425 

ages (TDM2) are predominantly clustered between 2.7 and 3.0 Ga (Fig. 14b), suggesting 426 

that these granitoids were derived from juvenile crustal material that originally 427 

separated from the mantle during the period ca. 2.87–2.56 Ga. These interpretations are 428 

consistent with the findings reported by Liu et al. (2017), Wang et al. (2021), and Dong 429 

et al. (2023), further supporting the hypothesis that the Ulashan–Daqingshan granitoids 430 

were generated from juvenile crustal sources formed during the late Archean. 431 

The granitoid samples dated to 2.30 Ga and 1.88–1.80 Ga display elevated 432 

concentrations of SiO₂, Na₂O, and Al₂O₃, along with notable potassium enrichment and 433 

exhibit calc-alkalic magmatic differentiation trends. Geochemically, these rocks are 434 

classified as magnesian, with low- to high-K contents, and range from calcic to alkali-435 

calcic in nature. They also fall within the metaluminous to slightly peraluminous 436 

granitoid category (Fig. 11). According to prior research, subalkaline to peralkaline 437 

granites enriched in highly charged cations, such as Zr, Nb, Y, and REE, are typically 438 

associated with A-type granite signatures (Whalen et al., 1987; Eby, 1992). The whole-439 



 

 

rock geochemical data of these samples are consistent with this classification, as 440 

evidenced by their positions on discrimination diagrams (Figs. 20 and 21), thereby 441 

supporting their interpretation as A-type granitoids (Altherr et al., 2000; Bonin, 2007; 442 

Eby, 1992; Frost and Frost, 2011; Whalen et al., 1987). 443 

 444 
Fig. 11. Geochemical classification of granitoids samples from the Daqingshan Complex. (a): 445 

Total alkali vs silica diagram (Middlemost, 1994). (b) An-Ab-Or diagram (after Barker, 1979); (d): 446 

K2O vs. SiO2 diagram (Rollinson, 1993). (c): Na2O + K2O - CaO vs SiO2 diagram (after Frost et al., 447 



 

 

2001). (d): K2O vs. SiO2 diagram (Rollinson, 1993). (e) Plot of FeOT/(FeOT+MgO) vs SiO2 (Frost 448 

et al., 2001). (f): A/NK [Al2O3/(Na2O + K2O)] vs. A/CNK [Al2O3/(CaO + Na2O + K2O)] (after 449 

Maniar & Piccoli, 1989). Data sources: ca. 2.6–2.45 Ga (Ma et al., 2013a; Ma et al., 2013b; Ma and 450 

Zhong, 2018; Ouyang and Guo, 2020; Ouyang et al., 2020; Tian et al., 2023; Wang et al., 2023b; 451 

Zhang et al., 2011; Zhang et al., 2012; Zhang et al., 2023; Zhang et al., 2014), ca. 2.45–2.2 Ga (Dan 452 

et al., 2012; Wang et al., 2020; Wang et al., 2022a) , ca. 2.2–2.0 Ga (Wang et al., 2022c; Xu et al., 453 

2020). 454 

The origin of A-type granites has been a subject of extensive debate, with three 455 

primary genetic models proposed: (1)Partial melting (PM) model suggests that A-type 456 

granites form through the partial melting of diverse crustal sources (Collins et al., 1982; 457 

Frost et al., 1999; Frost and Ronald Frost, 1997; Whalen et al., 1987); (2) fractional 458 

crystallization (FC) model of mantle-derived alkaline basalts (Loiselle, 1979; Turner et 459 

al., 1992; Vander Auwera et al., 2003). (3) The assimilation-fractional crystallization 460 

(AFC) model indicates the contamination of mantle-derived alkaline basalts by Archean 461 

crustal material in the middle to upper crust (Li et al., 2019). Additionally, the mixing 462 

of more than two end-member lithologies can produce hybrid magmas (Eby, 1992; 463 

Mingram et al., 2000; Taylor and McLennan, 1995). The zircon Hf isotopic data reveal 464 

εHf(t) values ranging from –2.8 to +1.5, with corresponding depleted mantle model ages 465 

(TDM2) between 3.02 and 2.77 Ga (Figs. 11 and 12), indicating that these granitoids 466 

were generated through the partial melting of ancient crustal sources. Similarly, the Hf 467 

isotopic signatures and TDM2 ages of the ~2.30 Ga granitoids support their derivation 468 

from the partial melting of older continental crust. For the 1.88–1.80 Ga granitoids, 469 

zircon εHf(t) values range from -8.9 to -0.2, and TDM2 model ages span from 3.03 to 2.54 470 

Ga. These values further reinforce the interpretation that the magmas responsible for 471 

these younger granitoids were also sourced from reworking of ancient crustal material. 472 

S-type magmas are generally produced by the partial melting of metasedimentary 473 

rocks, particularly metapelites and metagraywackes, under water-deficient (water-474 

undersaturated) conditions (e.g., Vielzeuf and Holloway, 1988; Pati˜no Douce and 475 



 

 

Harris, 1998). The granitoids within the Jining and Helanshan complexes exhibit strong 476 

peraluminosity, as indicated by A/CNK ratios greater than 1.1, and display elevated 477 

zircon δ¹⁸O values ranging from 7.3‰ to 11.6‰ (Dan et al., 2014; Wang et al., 2018). 478 

These geochemical and isotopic characteristics are consistent with those of typical S-479 

type granites.  480 

High εHf(t) values in zircon grains are widely interpreted as indicative of juvenile 481 

continental sources (Jahn et al., 2000; Kemp et al., 2007; Kemp et al., 2005). The εHf(t) 482 

values data in the northern margin of Ordos Block (Fig. 14a) shows that 2.60–2.45 Ga 483 

granitoids exhibit high εHf(t) values, while 2.40–2.10 Ga and 2.00–1.80 Ga granitoids 484 

exhibit low εHf(t) values (Fig. 14a). Thus, 2.60–2.45 Ga I-type granitoids may represent 485 

juvenile continental growth, while 2.45–2.30 Ga A-type granitoids and 1.88–1.80 Ga 486 

A-type granitoids and S-type granitoids may represent the recycling of older crust. 487 



 

 

 488 
Fig. 12. Chondrite-normalized REE pattern (a) and primitive mantle-normalized trace elements 489 

spider diagram (b) for the whole-rock compositions of granitoids samples from the Daqingshan 490 

Complex (normalization values are from McDonough and Sun, 1995). Data sources are the same as 491 

in Fig. 11. 492 



 

 

 493 

Fig. 13. (a) plots of (K2O + Na2O)/CaO vs Zr + Nb + Ce + Y (after Kamaunji et al., 2020); (b) plots 494 

of (FeOT/MgO)/CaO vs Zr + Nb + Ce + Y for the granitoids samples from the Daqingshan Complex; 495 

(c) Plots of Y-Nb-3Ga Y-Nb-Ce and (d) Yb/Ta vs Y/Nb discrimination diagrams of the A1 and A2 496 

subgroups (after Eby, 1992). Data sources are the same as in Fig. 11. 497 



 

 

 498 

Fig. 14. (a) t-εHf(t) diagram for zircon and (b) t-εNd(t) for whole rock of the granitoids samples from 499 

the Daqingshan Complex. (c)207Pb/206Pb ages diagrams and (d) Hf model ages (TDM2) spectrums of 500 

zircons for granitoids in the KB and surrounding areas. Data sources from this study and ca. 2.60–501 

2.45 Ga (Chen et al., 2017; Gao et al., 2021; Lian et al., 2023; Liu et al., 2017; Ma et al., 2013a; Ma 502 

et al., 2013b; Ma and Zhong, 2018; Ouyang and Guo, 2020; Ouyang et al., 2020; Zhang et al., 2011; 503 

Zhang et al., 2012; Zhang et al., 2023; Zhang et al., 2014); ca. 2.45–2.10 Ga (Dan et al., 2012; Wang 504 

et al., 2020; Wang et al., 2022a), ca. 2.0–1.80 Ga (Wang et al., 2018; Wang et al., 2022c; Xu et al., 505 

2020) 506 

 507 

4.3. Late Neoarchean-Proterozoic tectonic environment of the helium source rock 508 

Previous studies have documented that the late Neoarchean granitoid gneisses 509 

from the northern margin of Ordos Block exhibit geochemical and geochronological 510 

characteristics consistent with Cordilleran I-type granitoids. These granitoids are 511 

interpreted to have formed through the partial melting of 2.7–3.0 Ga juvenile crust 512 



 

 

(Dong et al., 2023; Liu et al., 2017; Wang et al., 2021). The geochemical characteristics 513 

and εHf(t) values of granitoid samples BT-3 and BT-4 are consistent with the features of 514 

calc-alkaline Cordilleran I-type granitoids. These data indicate that the granitoids were 515 

generated through the partial melting of juvenile basaltic crust, suggesting their 516 

formation within a tectonic environment characteristic of subduction-related juvenile 517 

magmatic arc systems (Murphy and Nance, 1991; Sengor et al., 1993). In this study, a 518 

Neoarchean crystallization age of 2578 ± 19 Ma was determined for the TTG granitoids 519 

in the Daqingshan area. This represents the earliest recorded arc-related magmatic event 520 

within the Khondalite Belt (KB), predating previously reported ages by Liu et al. 521 

(2017), Wang et al. (2021), and Dong et al. (2023). The findings indicate that initial 522 

subduction activity between the Yinshan and Ordos blocks began around 2.57 Ga. 523 

Furthermore, they indicate that plate tectonics governed the tectonic processes in this 524 

region during the Neoarchean. 525 



 

 

 526 

Fig. 15. (a) Sr/Y vs Y diagram (after Defant and Drummond, 1990); (b) (La/Yb)N vs YbN diagram 527 

(after Martin, 1986) (c) Ba/La vs. Ba/Nb (after Jenner et al., 2009); (d) Plots of Zr/Nb vs Nb/Th, 528 

deep depleted component (DEP), enriched component (EN), recycled component (REC), depleted 529 

component (DM) (after Condie, 2005); (e) Diagram of U/Ce ratio vs. Th concentration of zircons, 530 

separating magmatic from metamorphic zircons ( after Wang et al., 2020) and (f) Y + Nb vs. Rb 531 

(after Pearce et al., 1984) for the granitoids samples from the Daqingshan Complex. Data sources 532 

are the same as in Fig. 11. 533 



 

 

Ouyang and Guo (2020) documented the 2.48–2.46 Ga plutonic suite in the 534 

Daqingshan-Wulashan area. The dioritic-granitic rock associations from this period 535 

suggest nearly simultaneous melting of both mantle and crustal sources at varying 536 

depths, indicative of post-tectonic extension (Ouyang and Guo, 2020). The 2.46–2.45 537 

Ga Jinpen gneissic granitoids from the Daqingshan area exhibit geochemical features 538 

typical of A2-type granites. These granitoids are interpreted to have formed through 539 

partial melting of pre-existing crustal rocks under high-temperature, low-pressure 540 

conditions, reflecting a tectonic regime shift from compression to extension and 541 

representing a critical phase in the initial cratonization of the North China Craton before 542 

approximately 2.45 Ga (Ouyang et al., 2020). The 2.42–2.35 Ga monzogranites in the 543 

Daqingshan area show the characteristics of Cordilleran I-type granitoids, suggesting 544 

their formation in a continental magmatic arc environment (Wang et al., 2022b). 545 

Coexisting 2.43-2.33 Ga A-type granitoids showing the coexistence of A1- and A2-type 546 

granitoids, indicative of continental arc magmatism within a rifting regime (Wang et 547 

al., 2022a). Combined samples BT-1, BT-2 with samples BT-7 showing the occurrence 548 

of A-type granite and I-type granite characteristics, indicating multiple magmatic arc 549 

events during 2.45–2.30 Ga. Our result is consistent with Wang et al. (2020, 2022a). 550 

The 1.95–1.93 Ga granitoids display geochemical characteristics consistent with 551 

adakitic affinity and are interpreted to have formed through partial melting of a 552 

thickened ancient lower crust. These features reflect a significant tectonic transition in 553 

the Khondalite Belt during the late Paleoproterozoic, marking a shift from syn-554 

collisional to post-collisional tectonic settings within the 1.95–1.93 Ga interval (Wang 555 

et al., 2022c). The geochemical signatures of the 1.86–1.80 Ga quartz monzonites from 556 

the Daqingshan area indicate that they were likely generated through the partial melting 557 

of Neoarchean-aged crustal material, particularly Neoarchean TTG rocks. This melting 558 

process was driven by elevated thermal input associated with the upwelling of mantle-559 

derived magmas within a post-collisional extensional tectonic regime (Wang et al., 560 

2022b). Overall, there are multiple magmatic events during 1.95-1.80 Ga, including 561 



 

 

1.95-1.93 Ga adakitic granites and S-type granites (Dan et al., 2014; Wang et al., 2018; 562 

Wang et al., 2022c; Xu et al., 2020), 1.86-1.80 Ga A-type granites (Wang et al., 2022b; 563 

Xu et al., 2020), and ~1.87 Ga S-type granites (Yin et al., 2011; Yin et al., 2009). Our 564 

data, including samples BT-10, BT-14, further supports the above process, indicating 565 

the tectonic transition from continent-continent collisional setting to a post-collision 566 

extensional setting in the late Proterozoic. 567 

Our new findings, integrated with previous studies, demonstrate that the 568 

Khondalite Belt (KB) comprises multiple magmatic arcs and experienced prolonged 569 

deposition and multi-phase metamorphism, resembling Phanerozoic subduction–570 

accretionary orogens such as the Cordilleran accretionary orogen (Cawood et al., 2009; 571 

Liu et al., 2017; Wang et al., 2022a; Wang et al., 2021).  572 

 573 

4.4 Overview of helium source rock of the Khondalite Belt in the NCC an574 

d worldwide 575 

Khondalite Belts exhibits favorable areas for predicting the distribution of 576 

helium source rocks, as the Khondalites are high grade metapelitic rocks usuall577 

y containing minerals with high U and Th content, accompanied by A-type gra578 

nitoids and S-type granitoids. 579 

Global khondalite belts (including khondalite rocks) are conspicuous around580 

 the world, such as Kerala Khondalite belt of southern India (Morimoto et al., 581 

2004), Highland Complex of Sri Lanka (Sajeev and Osanai, 2004), Jequie Bloc582 

k, Bahia in Brazil (Barbosa et al., 2006), Claudio Shear Zone in southern Sao 583 

Francisco craton(Brazil) (Coelho et al., 2019), Skallevikshalsen, Lutzo-Holm Co584 

mplex (Kawakami and Motoyoshi, 2004) and Rundvagshetta, Lutzow-Holm Co585 

mplex in East Antarctica and Khondalite belts in North China Craton (Kou et 586 

al., 2017; Li et al., 2014; Qiu et al., 2017; Santosh et al., 2006b; Wang et al.,587 

 2018, Xu et al, 0214). 588 



 

 

Santosh et al. (2006a) summarized the geochronology of the khondalite bel589 

t of Trivandrum Block, Southern India and the Electron probe ages indicate th590 

at the metasediments were derived from Archean to Paleo-Mesoproterozoic crus591 

tal components, which likely accreted during the assembly of ancient superconti592 

nents such as Ur and Columbia. Liu et al. (2016) pointed out that the khondal593 

ite precursor sediments of Trivandrum Block were deposited more than 2.1 Ga 594 

ago. The southern Indian khondalites represent a segment of an extensive Palae595 

oproterozoic metasedimentary belt that potentially formed a continuous depositio596 

nal system extending from southern Madagascar through the Trivandrum Block 597 

to Sri Lanka's Highland Complex. This metasedimentary package exhibits chara598 

cteristics typical of a passive continental margin sequence, likely developed alo599 

ng the southern periphery of the Archaean to early Palaeoproterozoic Dharwar 600 

craton (Dharmapriya et al., 2014; Liu et al, 2016). 601 

The Khondalite in Brazil is in the dextral Claudio shear zone (CSZ) in so602 

uthern Sao Francisco craton (SFC). The metamorphic setting of the CSZ khond603 

alitic paragneisses is characterized by a metamorphic peak of 900–950 °C and 604 

10–11 kbar and monazite U-Th-Pb geochronology constrains two distinct meta605 

morphic events: (1) peak metamorphism at 2011 ± 20 Ma, and (2) post-peak r606 

etrograde stage at 1910 ± 20 Ma, delineating a ~100 Myr tectonothermal evolu607 

tion (Coelho et al., 2019). The Khondalite in CSV exhibit similar P and T evo608 

lution to the Wulashan Complex from North China Craton (NCC). The khondal609 

itic rocks of both CSZ and Wulashan Complex were subjected to a clockwise 610 

P-T-t path granulite facies metamorphism accompanied by partial melting events611 

 when SFC and NCC were probably connected during Paleoproterozoic. (Cai et612 

 al., 2016; Coelho et al., 2019). The evidences indicate that global khondalite 613 

belts formed synchronously under similar tectonic settings. 614 

By comparison of U and Th content in Khondalite Belt (NCC) with globa615 

l Khondalite Belts, we found that global Khondalite belts, containing Khondalit616 



 

 

e Belt (NCC), Khondalite belts in Southern India and Khondalite belts in Sout617 

hern Sao Francisco craton (Brazil) exhibit high U and Th contents, which are 618 

comparable to the three types granitoids of helium source rock in this study(Fi619 

g. 16). Thus, we propose that global Khondalite belts holds significant scientifi620 

c value for predicting the worldwide distribution of helium source rocks. 621 

 622 

Fig. 16. Comparison of U and Th content in Khondalite Belt (NCC) with global Khondali623 

te Belts. Data sources: Khondalite (NCC) (Kou et al., 2017; Li et al., 2014; Qiu et al., 2624 

017; Wang et al., 2018, Xu et al, 0214);Kerala Khondalite (India) (Kroner et al., 2015); E625 

astern Ghats (India) (Dash et al., 1987); Madurai Block (Plavsa et al.,2012); Paleoproteroz626 

oic Khondalite (Brazil) (Cuadros et al.,2017) 627 

4.5 The accumulation mechanism of U and Th in the Northern Ordos Block 628 

Uranium (U) and thorium (Th), being strongly incompatible elements, exhibit low 629 

partition coefficients and preferentially partition into the melt phase during partial 630 

melting. Consequently, these elements become enriched in the upper crust through melt 631 



 

 

migration processes. Large tracts of strongly differentiated crust formed at ca 3.0–2.5 632 

Ga, which contains abundant granitoid rocks with elevated concentrations of U, Th and 633 

K (Laurent et al., 2014; Schoene et al., 2008). The 2.60–2.45 Ga I-type granitoids were 634 

derived from a juvenile crustal source and consequently exhibit elevated concentrations 635 

of uranium (U) and thorium (Th). In contrast, the S-type granitoids originated from the 636 

partial melting of ancient metasedimentary rocks. Early subaerial weathering led to the 637 

concentration of uranium (U) and thorium (Th) in terrigenous sediments, which 638 

subsequently lithified into metasedimentary rocks. Through ancient crustal recycling 639 

processes, U and Th ultimately became enriched in the S-type granitoids. In addition, 640 

the 2.0–1.9 Ga paragneiss in the northern Ordos also exhibits elevated uranium (U) and 641 

thorium (Th) concentrations (Tian et al., 2025), consistent with the enrichment 642 

mechanism proposed for the S-type granitoids. Clay minerals, such as montmorillonite, 643 

kaolinite, and illite, within terrigenous sediments exhibit strong adsorption capabilities 644 

for uranium (U) and thorium (Th) due to their unique layered structures and surface 645 

properties. In this context, U and Th, along with potassium (K), were incorporated into 646 

the deep crust through subduction, leading to the formation of high-potassium magmas 647 

in the upper crust. Through ancient crustal recycling processes, U, Th, and K were 648 

ultimately enriched in A-type granitoids. We propose that multiple cycles of ancient 649 

crustal recycling serve as the primary mechanism for the enrichment of uranium (U) 650 

and thorium (Th) in basement rocks (Fig. 17). The differentiation of the ancient crust 651 

led to the formation of A-type and S-type granitic gneiss, suggesting that peraluminous 652 

and high-potassium magmas in the upper crust are the initial contributors to U and Th 653 

enrichment (Fig. 17). 654 

The enrichment patterns of uranium (U) and thorium (Th) in northern Ordos Block 655 

could be concluded as following process. Subaerial weathering concentrated U and Th 656 

into terrigenous sediments within metasedimentary rocks before 2.52 Ga (Wang and 657 

Guo, 2017). These terrigenous sediments with high U and Th content were incorporated 658 

into the deep crust through subduction, where they experienced crustal melting. 659 



 

 

Subsequent melt-migration redistributed the U and Th from the lower to the upper crust, 660 

forming potassic and peraluminous magmas. Therefore, the S-type granitoids and A-661 

type granitoids originated from potassic and peraluminous magmas through ancient 662 

crustal recycling. Reimink and Smye (2024) propose a thermodynamic model for 663 

stabilization of continents and their conclusions from the perspective of radiogenic heat 664 

production reach an agreement with this study. It is the long-term arc-continent 665 

accretion, containing terrigenous sediments with high U and Th content experiencing 666 

multistage crustal recycling, that explains why U and Th are enriched in the helium 667 

source rocks, which widely distributed in the Northern Ordos Block. 668 



 

 

 669 
Fig. 17. The accumulation mechanism of U and Th in the Northern Ordos Block (M670 

odified after Ouyang and Guo, 2020; Lian et al., 2023) 671 

5. Conclusions 672 

(1) Late Neoarchean–Paleoproterozoic granitoids, consisting of 2.60–2.45 Ga I-673 



 

 

type granitoids, 2.45–2.30 Ga A-type granitoids and I-type granitoids and 1.95–1.80 Ga 674 

S-type granitoids and A-type granitoids, are believed to be effective helium source rock 675 

type in the north Ordos Block. Based on the EPMA, monazite is considered to be the 676 

dominate associated mineral from the effective helium source rock type. 677 

(2) The northern Ordos Block experienced 2.60–2.45 Ga late Archean subduction-678 

accretion and arc magmatism, 2.45–2.30 Ga arc-continental accretion process with 679 

multiple continental arc magmatism and 1.95–1.80 Ga tectonic transition from 680 

continent-continent collision setting to post-collisional extension setting. By 681 

comparison of Khondalite Belt (NCC) with global Khondalite Belts, global Khondalite 682 

belts could be favorable areas for predicting the worldwide distribution of helium 683 

source rocks. 684 

(3) It is the long-term arc-continent accretion, containing terrigenous sediments 685 

with high U and Th content experiencing multistage crustal recycling, analogous to 686 

Phanerozoic subduction–accretionary orogens such as the Cordilleran accretionary 687 

orogen, that explains why effective helium source rocks are widely distributed in the 688 

Northern Ordos Block. 689 
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