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Abstract: Coal deposits can provide novel stratigraphic markers for reconstructing the evolution
history of a sedimentary basin and correlating sedimentary successions. Age dating was con-
ducted on zircons harvested from the No. 6 coal seam within the Heidaigou Mine, Inner Mongolia.
Two-kilogram samples were taken, and the recovered zircons were analyzed for U-Pb isotopic and
rare earth elements (REE). The REE results of the zircon grains showed that all the zircon grains
were enriched in heavy rare earth elements (HREE) but depleted in light rare earth elements (LREE).
In addition, zircons from the No. 6 coal seam had strongly positive Ce (Ce/Ce* = 2.4-224.6) and
strongly negative Eu anomalies (Eu/Eu* = 0.1-0.6). Combined with the clear oscillatory zones in the
cathodoluminescence images, all the zircon grains of the No. 6 coal were characteristic of zircons
with magmatic origins. The 2°°Pb /238U ages of 34 zircon grains produced a narrow age population of
303-286 Ma, with a weighted average age of 293.0 + 1.5 Ma (mean-squared weighted deviation = 1.5).
Therefore, we infer that the No. 6 coal in the Heidaigou Mine was deposited during the Early
Permian, and the Carboniferous-Permian boundary should be located stratigraphically lower than
the No. 6 coal. The zircon U-Pb geochronology is a useful tool to determine the depositional ages of
non-marine-influenced coal.
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1. Introduction

Coal is an organic sedimentary rock; determining its accurate depositional age will
help us to reconstruct the evolution history of the sedimentary deposits [1]. In general,
the magnetic stratigraphic method [2], oil generation capacity of coals [3,4], palynology
of coal [5], radiometric dating of tonstein [6], and Re-Os isotopic analysis [1,7] can be
used to determine coal depositional age. Recently, Tripathy et al. [1] proposed that the
Re-Os isotopic analysis was a viable method of dating organic-rich sediments; whereas for
terrestrial coals, the Re-Os age was not useful for determining the depositional ages because
of the highly heterogeneous nature of the initial Os isotopic composition [7]. It is a challenge
to obtain the direct age of non-marine-influenced coals in which there is no tonstein. With
the improvement in analytical techniques and the development of Multi-Collector Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (MC-LA-ICP-MS), U-Pb isotopic
analyses of single detrital zircon grains in sedimentary strata have become popular for
determining the maximum depositional ages of host sediments [8-11], especially for the
strata-absent preserved fossils [12] and biostratigraphic age controlling [13].

The Heidaigou Mine is one of the largest coal mines in the Jungar Coalfield, northeast
of the Ordos basin, in North China (Figure 1). No. 6 coal, the main mineable coal seam,
is well-known because of its high gallium (Ga) contents, which have reached industrial
grade [14,15]. The gallium in No. 6 coal mainly occurred in clay minerals, such as boehmite
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and kaolinite [14]. It is generally considered that the concentration of Ga is associated
with bauxite from the Benxi Formation and Middle Proterozoic moyite of the Yinshan
Oldland [14,15] and that it also would be controlled by the depositional environment,
organic material, tectonic activities, and some other factors [16]. The exact depositional age
of No. 6 coal is helpful to understand the depositional process and the source materials of
No. 6 coal. Wang [17] found Lycospora pusilla, Reinschospora triangulata, Ahrensisporite
querickei, Torispora securis, Striatosporites major, etc., in the Taiyuan Formation, Jungar
coalfield, and these sporopollen assemblages belong to the late Carboniferous. However,
Yang et al. [18] suggested No. 6 coal was formed during the early Permian, owing to
the discovery of early Permian T. multinervis. Jia [19] analyzed the sporopollens in the
No. 6 coal, gangue, roof, and floor rocks and presented an assemblage of Gulisporites—
Thymosporites—Cyclogranisporites—Laevigatosporites—Florinites with a transition from
the late Carboniferous to early Permian. In this context, the MC-LA-ICP-MS was used to
test the U-Pb isotopic composition and rare earth element characteristics of detrital zircon
grains from the No. 6 coal of the Heidaigou mine to accurately ascertain the depositional
age of the No. 6 coal.
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Figure 1. Geological sketch map of the North China Craton (modified after Zhao et al., 2005) [20] and
sampling locations (Fm.: Formation, Th.: Thickness).

2. Geological Setting and Sample Description

The Ordos Basin is located in the western part of the North China Craton. The basin
is an intracontinental depression in the North China Craton from the late Paleozoic, and
the coal-bearing strata are developed extensively. The Heidaigou Mine is located in the
eastern margin of the Jungar Coalfield. The Late Paleozoic coal-bearing deposits of the
basin consist of the Benxi, Taiyuan, and Shanxi Formations (Figure 1) with thicknesses of
19 m, 81 m, and 67 m, respectively (Figure 1b). The Benxi Formation, non-conformably
overlying the Middle Ordovician Majiagou limestone [14], is mainly composed of gray
bauxite, limestone, and sandstone. The Taiyuan Formation is mainly composed of grayish-
white medium-grained quartzose sandstone, limestone, siltstone, coal, and mudstone. No.
6 coal is located at the uppermost Taiyuan Formation, with a thickness of 20 m. The roof of
the No. 6 coal mine is mudstone, sandy mudstone, or siltstone, and the floor is mudstone.
The Shanxi Formation is composed of gray sandstone, mudstone, siltstone, and five coal
seams (Nos. 1, 2, 3, 4, and 5), but these coal seams are not minable [15]. In this study,
one coal-seam sample was collected from the No. 6 coal seam in the Heidaigou Mine,
following the Chinese Standard Method GB482-2008 [20]. The coal sample was a high
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volatile (~33.5%) and low-medium ash yield (~17.5%) bituminous coal with a vitrinite
reflectance value of 0.58% [14]. The minerals in the coal were mainly kaolinite, boehmite,
and minor calcite (Figure 2).
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Figure 2. X-ray powder diffraction pattern of No. 6 coal, Heidaigou coal mine, performed by Ultima
IV power 172 diffractometer (Rigaku, Tokyo, Japan).

3. Analysis Methods

X-ray powder diffraction (XRD) analysis was performed on an Ultima IV power
diffractometer (Rigaku, Tokyo, Japan) with Ni-filtered Cu-K radiation and a scintillation
detector. Each XRD pattern was recorded over a 20 interval of 5-90° with a step size of
0.02°. X-ray diffractograms were subjected to quantitative mineralogical analysis using the
PDXLTM interpretation software system (Rigaku, Tokyo, Japan).

Two-kilogram coal samples were crushed, pulverized, and sieved using meshes of
0.074 mm. The pulverized sample was used to concentrate the heavy minerals by a
Wilfley table, which were then further separated magnetically and with a heavy liquid.
Zircon grains were separated under a binocular microscope, mounted in epoxy resin,
and polished down to expose the grain centers. All zircon grains were inspected by
cathodoluminescence (CL) imaging to characterize their internal textures. Zircons with
inherited cores were excluded during the U-Pb analyzing. U-Pb dating and trace element
analyses were performed on an Analytik Jena Plasma Quant MS Elite ICP-MS (MC-LA-ICP-
MS), coupled with a New Wave Research 193 nm laser microprobe at the Beijing Createch
Testing Technology Co., Ltd. For trace element content calibration, the NIST SRM 610 was
analyzed as the external standard, and Si was analyzed as the internal standard. The raw
data reduction and age calculation were analyzed using the program ICPMSDataCal [21].
The interpretation of the zircon age was based on the 2°Pb /28U ages for grains <1000 Ma
and on 2°°Pb /2%Pb for grains >1000 Ma. Isoplot 4.0 software was used to undertake the
age calculation and Concordia diagrams [22].

4. Zircon Geochronology and Geochemistry

The zircon crystals within 50 to 150 pm in size were subhedral to euhedral (Figure 3).
All zircon grains displayed clear oscillatory zones in the CL images and had high Th/U
ratios (0.56-1.55, Figure 4, Table 1), indicating that they were magmatic zircons. A total
of 34 out of 40 analyzed spots acquired the 2%°Pb/?8U concordant ages in a narrow age
population of 303-286 Ma, defining a single peak age with a weighted average age of
293.0 £ 1.5 Ma (MSWD = 1.5, Figure 5).



Sustainability 2022, 14, 6297 40f 10

g
297+3Ma 295+4Ma 294+4Ma 290%t3Ma 293+4Ma 289+3Ma 296+4Ma

NI =\ = o — =5 ) N

289+3Ma 293+3Ma 303t4Ma 293+5Ma  294+4Ma

291+4Ma 286+3Ma 286+3Ma

298 +4Ma

Figure 3. All cathodoluminescence images of zircons from the No. 6 coal sample, showing the

analysis spots in the red circles.
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Figure 4. Chondrite normalized REE patterns (a) and Th/U ratios (b) of zircon grains in No. 6 coal,
Heidaigou coal mine.
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Figure 5. U-Pb concordia diagram (a) and weighted-average age diagram (b) of single-grain zircon
LA-ICP-MS analysis for the No. 6 coal, Heidaigou coal mine, performed by an Analytik Jena Plasma
Quant MS Elite ICP-MS.
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Table 1. Results of the LA-ICP-MS U-Pb isotopic analysis for detrital zircons in No. 6 coal, Hei-

daigou Mine.
Spots (;r;;) (228) 207pb/2%Pb 207pp/25U 206pp/28U 208pb/232Th 207pp/2%Pb 207pb/25U 206pp/28U 28pb/22Th  Concor.
ppm ppm  Ratio +o Ratio +o Ratio +o Ratio +0 4g ei(l])/la) 4g i(é\/la) 48 i(éwa) Ratio  +o

?_P(I)? 353.8 444  0.0536 0.0011 0.3480 0.0076 0.0471 0.0005 0.0138 0.0004 353.8 444 3032 57 29.7 3.0 2769 79 97%
eilg' 350.1 1222 0.0535 0.0028 0.3437 0.0183 0.0469 0.0007 0.0132 0.0004 350.1 1222 3000 139 2953 44 2648 85 98%
?_P(I)g_ 5241 713 0.0579 0.0020 0.3726 0.0137 0.0468 0.0006 0.0133 0.0004 5241 713 321.6 102 2947 3.7 2678 87 91%
Dl%f_ 368.6 90.7  0.0539 0.0022 0.3432 0.0142 0.0461 0.0006 0.0141 0.0004 368.6 90.7 299.6 10.7 2903 34 2831 8.0 96%
]2%?_ 5019 1324 0.0573 0.0033 0.3637 0.0203 0.0465 0.0007 0.0140 0.0006 5019 1324 3149 151 2931 44 280.7 125 92%
?_P(I)g_ 405.6 1185 0.0548 0.0029 0.3470 0.0194 0.0458 0.0005 0.0143 0.0006 405.6 1185 3025 146 289.0 3.0 2870 111 95%
2_}(1)?' 150.1 704  0.0490 0.0015 0.3171 0.0102 0.0470 0.0006 0.0141 0.0004 150.1 704 279.7 79 2963 36 2823 84 94%
?%SG_ 366.7 55.6  0.0537 0.0013 0.3397 0.0086 0.0459 0.0004 0.0133 0.0004 366.7 55.6 297.0 65 2894 26 2665 79 97%
T_(IS' 153.8 477.7 0.0491 0.0116 0.3159 0.0742 0.0470 0.0012 0.0148 0.0033 153.8 477.7 2787 573 2963 7.6 2961 654 93%
?Eg_ 131.6  68.5 0.0487 0.0014 0.3115 0.0092 0.0465 0.0005 0.0137 0.0005 131.6 685 2753 7.1 2929 33 2753 9.7 93%
?Eg_ 3889 50.0 0.0542 0.0012 0.3505 0.0094 0.0468 0.0005 0.0141 0.0004 3889 50.0 3051 7.0 2951 32 2829 76 96%
?Eg;_ 524.1 1315 0.0578 0.0035 0.3707 0.0249 0.0465 0.0008 0.0155 0.0007 524.1 131.5 3202 185 2929 48 311.3 147 91%
?EE_ 300.1 51.8  0.0522 0.0012 0.3349 0.0081 0.0466 0.0006 0.0145 0.0004 300.1 51.8 2933 61 2938 39 2909 8.0 99%
22? 2871 1315 0.0520 0.0030 0.3364 0.0194 0.0470 0.0008 0.0155 0.0007 287.1 131.5 2944 147 2962 48 311.0 134 99%
?Eg_ 276.0  86.1 0.0518 0.0019 0.3267 0.0115 0.0460 0.0005 0.0143 0.0004 276.0 86.1 287.0 8.8 2899 32 2874 75 99%
?ES' 2353 1148 0.0509 0.0025 0.3362 0.0161 0.0482 0.0010 0.0151 0.0005 2353 114.8 2943 122 3037 6.0 3020 94 96%
?Eg_ 2982 815 0.0523 0.0019 0.3420 0.0130 0.0475 0.0005 0.0144 0.0004 298.2 815 2987 99 2989 33 2892 7.8 99%
?Eg_ 353.8 565  0.0536 0.0015 0.3474 0.0097 0.0470 0.0004 0.0147 0.0004 3538 56.5 3027 73 294 24 2955 79 97%
?gg_ 279.7  55.6 0.0519 0.0013 0.3268 0.0083 0.0457 0.0005 0.0139 0.0004 279.7 55.6 2872 6.3 2882 3.0 2799 8.6 99%
[;3?_ 2982 50.0 0.0523 0.0011 0.3366 0.0079 0.0467 0.0007 0.0149 0.0004 2982 50.0 2946 60 2945 42 2992 78 99%
12%?' 413.0 1778 0.0551 0.0043 0.3484 0.0242 0.0462 0.0011 0.0120 0.0008 413.0 1778 3035 182 2911 71 2421 155 95%
?gg;_ 366.7 1444 0.0537 0.0035 0.3417 0.0217 0.0462 0.0006 0.0164 0.0006 366.7 1444 2984 164 2910 3.6 3283 125 97%
?gg_ 2204 66.7  0.0505 0.0015 0.3155 0.0097 0.0454 0.0006 0.0147 0.0004 2204 667 2784 75 2859 35 2956 8.6 97%
?gg_ 3649 67.6 0.0539 0.0017 0.3356 0.0100 0.0453 0.0005 0.0147 0.0005 3649 67.6 2939 7.6 2859 3.0 2942 9.6 97%
?gg_ 1982 981  0.0501 0.0021 0.3182 0.0142 0.0463 0.0010 0.0156 0.0007 1982 98.1 2805 109 2920 6.0 3120 132 95%
eg?_ 4538 149.1 0.0560 0.0039 0.3605 0.0275 0.0465 0.0008 0.0166 0.0010 453.8 149.1 3126 205 2933 48 3328 199 93%
?_P;g’_ 3204 237.0 0.0528 0.0055 0.3308 0.0349 0.0454 0.0006 0.0148 0.0009 320.4 237.0 290.2 266 2861 35 2973 172 98%
23? 2427 889  0.0510 0.0019 0.3246 0.0123 0.0463 0.0005 0.0150 0.0005 242.7 889 2854 95 2918 33 3011 9.1 97%
DHG-

135 366.7 57.4 0.0537 0.0014 0.3437 0.0091 0.0465 0.0005 0.0152 0.0004 366.7 574 300.0 6.9 2930 29 3053 8.9 97%




Sustainability 2022, 14, 6297

6 of 10

Table 1. Cont.

Th

U

Spots @32 @8 207 ply/206 P}y 207pp,/235U 206 pp,/238Y 208pp,/232Th 207 pp,/206 Pl 207 py/235 206 pp,/238 208phL/22Th  Concor.
]2{_;2_ 87.1 166.6  0.0478 0.0035 0.2991 0.0237 0.0452 0.0009 0.0152 0.0005 87.1 166.6 265.7 185 2852 57 3057 9.8 92%
2%?- 4538 66.7 0.0561 0.0016 0.3664 0.0118 0.0474 0.0006 0.0152 0.0004 453.8 66.7 317.0 88 2983 3.6 3046 89 93%
?ggr 213.0 66.7  0.0504 0.0014 0.3204 0.0095 0.0461 0.0004 0.0156 0.0004 213.0 66.7 2822 73 2907 27 3133 87 97%
qgg- 3723 66.7  0.0540 0.0016 0.3420 0.0110 0.0459 0.0006 0.0158 0.0005 3723 66.7 298.7 83 2893 34 3169 108 96%
?38;_ 2334 51.8  0.0507 0.0012 0.3301 0.0074 0.0474 0.0005 0.0162 0.0005 233.4 51.8 289.7 57 2984 32 3244 100 97%

The chondrite-normalized REE pattern (Figure 5) revealed distinctively heavy rare
earth elements (HREE) enriched in comparison with the light rare earth elements (LREE)
characterized by LREE/HREE within 0.02-0.10 (Table 2). It also showed strongly positive
Ce anomalies (Ce/Ce* = 2.4-224.6) and negative Eu anomalies (Eu/Eu* = 0.1-0.6). These
data support that the zircon grains of the No. 6 coal had the common characteristics of
magmatic zircons [23,24]. When plotting the REE data of these zircon grains on Y vs. U/Yb
and Hf vs. U/Yb diagrams, all zircons fell in the continental zircon field (Figure 6a,b). In
addition, the Y vs. U, Nb/Ta vs. Yb/Sm, and Nb vs. Ta diagrams indicated the majority
had characteristics of zircons in intermediate-acid igneous rocks, such as granitoids and
syenite pegmatites (Figure 6¢—f).
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Figure 6. Binary diagrams of trace element concentrations and ratios for the zircon grains from No.
6 coal, Heidaigou coal mine (following Belousova et al., 2002) [24]. (a) The diagram of Y vs. U-Yb,
(b) the diagram of Hf vs. U/ YD, (c) the diagram of U vs. Y, (d) the diagram of Nb/Ta vs. Y, (e) the
diagram of Yb/Sm vs. Y, (f) the diagram of Ta vs. Nb.
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Table 2. Results of rare earth elements for detrital zircons in No. 6 coal, Heidaigou Mine.
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Hg Nb Y
No. ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
]2%?' 001 1408 017 294 609 111 2973 1065 129.36 4827 212.87 4791 46555 238 001 1408 017 238 13967
2_%5_ 0.03 1592  0.08 1.03 221 0.83 10.82 3.54 4547 17.63 8279 2094 22633 1.07 0.03 1592 0.08 1.07 547.9
]2&1)?— 0.08 9.80 0.07 1.46 2.87 0.74 13.85 5.35 6693 2639 12425 30.79 32526 1.81 0.08 9.80 0.07 1.81 801.5
liil)f- 0.04 1580 0.13 297 4.63 2.04 2253 8.28 104.15 41.16 19323 47.05 506.24 1.65 0.04 1580 0.13 1.65 1248.3
?_P(I)S' 002 1356 004 080 201 077 689 253 29.86 1235 5642 1437 15893 079  0.02 1356 004 079 3743
Dlil)g’ 012 1870 015 356 638 115 2492 9.00 11022 4157 18543 4432 45576 231 012 1870 015 231 12437
?%S' 003 1294 003 067 222 040 1497 617 8330 3381 15629 36.93 387.67 2.09 003 1294 003 209 975.1
?il)g_ 1.13 3328 0.37 3.06 4.01 0.68 2328 8.20 104.08 40.93 193.02 4595 48479 4.26 1.13 33.28 037 4.26 1238.9
]2_%5- 0.00 13.80 0.07 0.72 1.52 0.64 6.35 231 3044 11.84 5758 1533 188.15 143 0.00 13.80 0.07 1.43 381.3
?Eg' 0.03 3181 005 08 224 092 1122 436 6083 2593 134.69 3546 411.90 296 003 31.81 005 296 8282
EES- 0.81 3734 0.86 1099 1853 495 7996 2511 278.79 96.87 399.15 86.18 829.20 4.06 0.81 37.34 0.86 4.06 2717.8
?Pig 001 1396 022 367 864 310 3927 1441 17485 66.02 296.02 6823 71883 136 001 1396 022 136 19264
?Ef’ 305 7871 073 473 503 148 2117 779 100.83 41.34 209.10 5465 608.02 7.08 3.05 7871 073 708 1297.1
?Iig 007 1927 013 237 382 148 1556 509 6237 2470 11886 2931 32091 1.08 007 1927 013 1.08 7621
?ES" 0.03 1488 030 522 915 252 3881 1322 15174 5440 23410 5264 51918 134 003 1488 030 134 15508
2{_}?- 0.03 8.45 0.18 2.78 5.35 1.32 2154 773 9511 36.25 169.18 40.80 449.51 1.52 0.03 8.45 0.18 1.52 1115.2
?ESG' 001 1211 003 075 237 046 1324 546 7225 30.17 14376 3421 35825 1.68 0.01 1211 003 168 8645
qgg- 1.29 16.01 0.66 6.43 1158 199 6793 2483 309.26 117.46 509.32 111.26 1059.37 2.83 1.29 16.01 0.66 2.83 3218.3
?gg' 0.00 1144 008 159 432 056 28.08 1150 155.04 6429 29279 6620 66516 3.93 000 1144 008 393 17948
]22?_ 2.62 56.93  1.90 23.89 3639 1292 13698 40.82 445.05 150.57 621.17 133.38 1280.63 3.33 2.62 5693 1.90 3.33 4237.8
T;f' 005 1126 007 161 394 107 1745 659 81.68 3270 150.09 33.88 34178 173 005 1126 007 173 9137
[;P;g 022 1151 007 147 269 088 1421 482 6484 2422 11383 2696 28728 137 022 1151 007 137 7251
12%2- 0.04 93.30 0.11 2.28 6.40 3.56 31.72 1124 14359 5647 27223 66.11 718.67 8.51 0.04 93.30 0.11 8.51 1743.5
?gg' 1246 5413 197 887 547 177 1595 526 6380 2631 13464 3771 44615 3.52 1246 5413 197 352 8704
?gg' 224 2392 140 1506 1835 640 6490 1952 20945 7219 29234 6491 63499 137 224 2392 140 137 20181
?P;]G 491 2729 112 649 465 081 2069 713 8867 3358 15152 36.63 38874 192 491 2729 112 192 1001.6
?gg;_ 0.00 21.08 0.28 4.06 6.68 2.02 2405 7.21 82.77 30.50 14347 3523 38359 1.07 0.00 21.08 0.28 1.07 956.2
22’?_ 0.08 26,52 0.10 1.03 231 0.65 9.22 3.44 41.09 16.81 80.30 21.14 226.83 1.81 0.08 26.52  0.10 1.81 524.0
Dlgg_ 0.05 26.85 0.08 1.33 1.75 0.80 1097 398 49.67 2040 101.42 2637 296.59 1.61 0.05 26.85 0.08 1.61 648.8
DHG- 0.03 25.21 0.04 1.34 292 0.45 16.09 691 87.85 3471 166.68 4175 431.14 4.34 0.03 2521 0.04 4.34 1061.3
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Table 2. Cont.

Sample La Ce Pr Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Hg Nb Y
No. ppm  ppm  ppm  ppm  ppm  ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
?gg 002 1745 040 596 1085 392 4688 15.04 17346 62.87 276.00 6537 64096 125 0.02 1745 040 125 1804.0
225;- 002 1306 008 169 439 057 2219 796 96.02 3567 159.77 36.00 35338 221 0.02 13.06 0.08 221  1033.3
?ig_ 011 3043 085 14.63 2457 723 10643 32.76 359.39 124.89 510.81 110.62 1055.61 2.68  0.11 3043 0.85 268 33722
?gg- 006 2088 016 257 444 152 1940 6.08 8148 31.86 153.73 39.83 45155 174 0.06 2088 0.16 174 976.6
?ig_ 005 1928 016 245 723 193 4251 1677 21828 8642 400.83 9491 959.60 410 0.05 1928 016 410 24763

5. Depositional Age of No. 6 Coal and Its Geological Implications

Generally, for the Phanerozoic strata, the youngest concordant U-Pb age of a detrital
zircon can reveal the maximum age of sedimentary strata [8,9,25]. U-Pb isotopic data for
zircon grains in the No. 6 coal from the Heidaigou coal mine yielded a weighted average
age of 293.0 & 1.5 Ma, which was younger than the biostratigraphic age of sandstone in
the bottom of the Taiyuan Formation (302 Ma) [26] and the same as the paleopalynology
data reported by Yang et al. [18] and Jia [27]. They found the early Permian T. multinervis
and Gulisprites—-Thymosporites in the No. 6 coal from the Heidaigou coalmine [18,27].
As the geochemistry discussed above, these magmatic zircons with their REE results
were similar to zircons in the late Carboniferous—early Permian volcanic tuffs, which are
widely distributed in North China, i.e., Western Liaoning [26], Eastern Hebei [27], Northern
Shanxi [28], Dagingshan [29], and Western Beijing [30], and they had a main rock association
of andesite, dacite, trachydacite, and rhyolite [27-31]. Cope et al. [32] analyzed a tuff sample
from the Upper Carboniferous Taiyuan Formation in the Yangkeleng coal mine, which is
northeast of the Heidaigou coal mine, and five well-zoned euhedral zircons yielded a U-Pb
concordia age of 290 & 6 Ma. Zhang et al. [30] conducted fourteen zircon grains’ dating in
tuff samples from the Upper Permian Hongmaoling Formation, Beijing Xishan, and the
206Pb /2381 analysis showed a weighted mean age of 296 + 4 Ma. These data are all in
good agreement with those from the No. 6 coal in the Heidiagou coal mine, indicating
that Late Paleozoic volcanoes once existed in the northern margin of North China [33,34].
In addition, some others have researched the detrital zircon grains in the sandstones of
Taiyuan Formation, and many contemporaneous zircon grains have been discovered. In
Beijing Xishan, east of the Heidaigou Mine, Yang et al. [35] reported the two youngest
zircon grains with ages of 304 + 4 Ma in the middle of the Taiyuan Formation. Li et al. [36]
represented the two youngest detrital zircons with an average age of 304 £ 6 Ma for a
sandstone sample in the upper Taiyuan Formation, Ningwu-Jingle Basin, southeast of the
Heidaigou Mine. These two samples were located lower than the No. 6 coal seam. However,
Sun et al. [37] reported abundant 302-293 Ma detrital zircon grains from Jinci sandstone and
301-277 Ma from Qiligou sandstone in the bottom and middle of the Taiyuan Formation in
the Taiyuan Xishan Coalfield. These differences may be the results of the diachronism of
the Taiyuan Formation. Compared with the International Chronostratigraphic Chart [38],
the Carboniferous—Permian boundary in the Jungar Coalfield should be located below the
No. 6 coal.

6. Conclusions

This study presented the U-Pb ages and rare earth element compositions of zircon
grains from the No. 6 coal in the Heidaigou Mine, Jungar Coalfield. The CL images
and Th/U ratios of zircon grains implied that they had the characteristics of magmatic
zircon. These magmatic zircon grains with a single peak age yielded a 2°°Pb /233U weighted
mean age of 293.0 £ 1.5 Ma (MSWD = 1.5), indicating that the depositional age of the
No. 6 coal was 293.0 & 1.5 Ma. The Carboniferous-Permian boundary should be located
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stratigraphically lower than the No. 6 coal. In addition, Heidaigou No. 6 coal has a high
content of gallium, and an accurate age also can provide a good guide for the source of
gallium in No. 6 coal.
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