2y 74 bR — B T A o ik PO TR R B
FREX

? %ﬁ: 1,2’ E }]HQJ 1,2,4, %ﬁzﬁl 2,3’ /H— % 1,4’ iﬁki—"‘:’_ 1,4’ S 7]';;].1,4’ S {%

1,4

(1. FMNA¥ KESFEILEFIE, HM T, 550025; 2. BAKEHE MR EEHN
ARATINEFLELAZLRE, #/M FFH, 550081; 3. HMAEMAHUEFLIEHRIR, &
M FFE, 550081; 4. EHFHFHBRENRLFHRELRLRE, HM FFE, 550025)
i OE: (8] AT RXBOLEZI—, ARAFES THERTRARNKE, 21
AXEFE, FAMHAREHAETEZEL. [FF] ATHHRE LS5 FmMBEHFE
BRI REIE, AT R ARFARRFSHBEREIE FHOKA IR LR & Lo
[£R] 2B LS9 EERSRERS, 6 5. 16 5832 FHEFHLRE 2.10%.
1.97%%= 2.14%, Z MGG R B oL H, RORAEDESHUEZBRT BA L, #k
YT B, AR AR 2B AP P B A1 A 63.09%. 25.00%A7 11.91%. 6 54
FogTHmEUMRAs G ELEMX, 5ThEeEAMX, l6 TR T XS4 THEULEEL
EAK, ANAE Gefr Ga & E R F EM K, 32 FH P H4FT MG Ge #» Ga & 8 EA48 %
5ThAP&ERMX, AWME Ga, U, VAEEASFEMXMK. (L] LEATS
BEBUUARET A K AR AR AT BUR, KARERAZ B 3% B A R B AR BT A K AR IR B A i R AR R

BA TR, BB KRR E AL RAZE TR B
XA Bomdk; B A BAR: FIWE; AEAL: MEAN; ¥RBEE
FESES: Pols.11 SEIFER: A

Occurrence characteristics of sulfur in Late Permian coals from



Northwestern Guizhou and their indicative significance
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Abstract: [Objective] Sulphur is one of the most critical elements in coal, and its occurrence
characteristics hold significant implications for coal resource utilisation efficiency, global
ecological environments, and palaeontological research. [Methods] Based on coal-rock and coal
quality test data from Upper Permian Longtan Formation coal samples in northwest Guizhou, this
study analysed the sulphur occurrence characteristics and geological significance in representative
coal seams from different coal-bearing sections within the Longtan Formation. [ Results ]
Upper Permian coalbeds in northwest Guizhou exhibit overall high sulphur content, with average
sulphur concentrations of 2.10%, 1.97% and 2.14% in Seams 6, 16 and 32 respectively, showing a
gradual increase from west to east. The predominant sulphur species is pyrite sulphur, accounting
for 63.09% of total sulphur on average, with organic sulphur and sulphate sulphur contributing
25.00% and 11.91% respectively. In Coal Seam No. 6, pyrite sulphur showed positive correlations
with U and As, and a negative correlation with Th. In Coal Seam No. 16, pyrite sulphur correlated
positively with U, while organic sulphur exhibited significant positive correlations with Ge and Ga.
In Coal Seam No. 32, pyrite sulphur correlated positively with Ge and Ga, and negatively with Th
and P; organic sulphur showed significant positive correlations with Ga, U, and V. [ Conclusion]
During the deposition of the lower coal-bearing section of the Longtan Formation, the water body
was relatively deep with a high degree of reduction. By the deposition of the middle coal-bearing
section, both water depth and reduction levels decreased. while the water depth and reduction
level increased again during the Upper Coal-bearing Stage. The sulphur content of the Upper
Permian coal in Qianxi is influenced by the combined effects of stratigraphic pressure,
temperature, trace elements, and palacobiological evolution.
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references [48], carbon and oxygen isotope references [49], paleontological information references [17,47])

AR AN S TR, 256 BT FCUCRHEWT R R T & BB TR I 1K R AR
XHEGR, IKPIEIERE R 58 P S SR BCITAR I SO A AR IR B RIE TR BE P AT B AR B JREBOK
PRUR FEANE SR AR B BT, (AR T R & BEBOORR I 0] WO, P i o5 AR A A
X BRI AL A AE VAR IR B IR G R &R, SR ST L B XS U X | B4
BERHZE R GUHOIT A KW T

4.2 XA

PyPEAEHIX 6 5. 16 5. 32 SHETHEARKENHEGTRUILE 50b)), B 6, ==
P RE FE S B, BRI SO A T 1.36%~3.87%, EARLE 2.0%LL b, fELE&—YH
WE— LR — R S s, PR T RIE (LB 10) o S=EY RS04

17



=

AT (WK 2) SR, BARIOVBE AR, DS =g m
K100 o BEA BT R AT S S B AE S A UNE, S EERT T X PE AR AR
AR B ACTE B DX 20 B B R B AN BRI, TR SR SR
et HeAbE 715 AR AL 7304 AN L

0 20 40km N
E——— +

(a) 654k (b) 16544

Rof i
[ ] [ ] L] ]
<1.5%  1.5%~2.0% 2.0%~2.5% 2.5%~3.0%
3.0%~3.5% >3.5% b4 A
i A 2

(c) 3255 #4

10 HREBIRERRRIE RS RMBERT RO 5

Fig.10 Reflectance of vitrinite and distribution of pyrite in the target coal seam of the study area

5 ZwERE

RGEWCEB VAL X - =& G R R R TR, b7 T X AN E B BRI 2
(65 16 M 32 5) MERMBRAFEIE, THe THMFR & X, FELRMBEEWT.

(D BFRXNEERR S ER R, hEEyE, B m s, P RBRE
W KSR K, 16 SEE PRSI E T 6 S 32 5. A E LR RHE
SHEE ) R EAETE B OREE, 5 ST IR AR OB BT T A

(2) HHEIRATEASL ST BN E, BRI, ARG e 2 1
b H 08 63.09% 25.00%F01 11.91%. BT 8 X 5Bk B 2 B A 1 G 1) 255888 16 o,
WURAE 2 X MBS, WL Eh I A BRI, SRR Ja) 3 15 B 7 v o

(3) MEPBRIRARHE S CER . MM BRIEPE LUS R He A 64 % U1 Rk
AEEZ P H S MEIC RSB ZR, 6 ST EERT 65 U R As & & 2 IEH .
5 Th &8 EAARG: 16 SETESRYRE U &8 SIEMG: 32 SEB Y RS Ge Ml

18



Ga FREIEMIK, 5 Th M P EEMAMK. REA N S EBIURN KA 8, KikiE
JEFR R, B S R B TR I K AR IR B RO SR P2 FE 3806 PR AR, b S IR B /K A R B R S
FEFE T o WFFLIX B P BRI AR AE 5 o A A A R R, Ja ST B0 5 1 J2 30 T O
JE R LM ER A 22 A B2 i, IR AR B TP R IR A A5 A ZE VAL B F R R R &

19



27 3CHR

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]
[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

TSAI L Y, CHEN C F, FINKELMAN R B. Composition and trace element content of coal in Taiwan,China [J]. Terrestrial,
Atmospheric and Oceanic Sciences, 2005, 16(3): 641-650.

BYZE 52, T AL, A G o R ) 0 A7 AL B B BRI (7] 2 44,2005 ,28(4):5- 10

HU Jun, ZHENG Baoshan, WANG Mingshi, et al. Distribution characteristics and genesis of sulfur in Chinese coal[J]. Coal
Conversion, 2005 ,28 (4): 5-10.

AEAEG. R O 70 3 R AL 2 M AL 5T R i+, 2006.

REN Deyi. Geochemistry of Trace Elements in Coal[M]. Beijing: Science Press, 2006.

AT, DM A8 B S TR AR B P 43 A R K BRI [0 0 2k S5 4K, 2007 ,30(3): 16-20.

ZHAO Fuping. Distribution characteristics and genesis of sulfur in Late Permian coal in Guizhou Province[J]. Coal Conversion,
2007,30 (3): 16-20.

WHRIB. S48 DX e 5 & M. A b5 R AL 1987

XIE Junbang. Regional Geology of Guizhou Province[M]. Beijing. Geological Publishing House ,1987.

LOU Yi, SUY L, WANG W D, et al. Coal Facies and its effects on pore characteristics of the Late Permian Longtan coal, Western
Guizhou, China[J]. Geofluids, 2022, 6071514.

R R BTG AL — B i S s R HER B PR 5 RIERA D] AR o E MR K EE,2011.

CHEN Chaoyu. High-resolution Sequence Stratigraphy and Coal Accumulation Model of the Late Permian Coal-bearing Strata in
Northwestern Guizhou[D]. Beijing : China University of Geosciences, 2011.

CHOU C. Sulfur in coals: A review of geochemistry and origins[J]. International Journal of Coal Geology, 2012, 100: 1-13.
TURNER B, RICHARDSON D. Geological controls on the sulphur content of coal seams in the Northumberland Coalfield,
Northeast England[J]. International Journal of Coal Geology, 2004, 60(2-4): 169-196.

DAI S, REN D. Effects of magmatic intrusion on mineralogy and geochemistry of coals from the Fengfeng-Handan Coalfield,
Hebei, China[J]. Energy & Fuels, 2007, 21(3): 1663-1673.

SEAL R. Sulfur isotope geochemistry of sulfide minerals[J]. Reviews in Mineralogy and Geochemistry, 2006, 61(1): 633-677.
JIANG Y, ELSWICK E, MASTALERZ M. Progression in sulfur isotopic compositions from coal to fly ash: Examples from
single-source combustion in Indiana[J]. International Journal of Coal Geology, 2008, 73(3-4): 273-284.

BAIOUMY H. Sulfur geochemistry of Jurassic high-sulfur coals from Egypt[J]. Geochemistry, 2010, 70(1): 61-67.

DAI S, REN D, TANGY, et al. Distribution, isotopic variation and origin of sulfur in coals in the Wuda coalfield, Inner Mongolia,
China[J]. International Journal of Coal Geology, 2002, 51(4): 237-250.

CANFIELD D. Sulfur isotopes in coal constrain the evolution of the Phanerozoic sulfur cycle. [J]. Proceedings of the National
Academy of Sciences of the United States of America, 2013, 110 (21): 8443-6.

DIEHL S, GOLDHABER M, KOENIG A, et al. Distribution of arsenic, selenium, and other trace elements in high pyrite
Appalachian coals: Evidence for multiple episodes of pyrite formation[J]. International Journal of Coal Geology, 2012, 94: 238-
249.

WANG X, DI S, CHOU C , et al. Mineralogy and geochemistry of Late Permian coals from the Taoshuping Mine, Yunnan
Province, China: Evidences for the sources of minerals[J]. International Journal of Coal Geology, 2012, 96: 49-59.

ZH, ma. SONREEAEE T S VEA M. AR E L RS R, 2012,

QIN Yong, GAO Di. Prediction and Evaluation of Coalbed Methane Resource Potential in Guizhou Province[M]. Xuzhou: China
University of Mining and Technology Press, 2012.

STROBL S, SACHSENHOFER R, BECHTEL A, et al. Paleoenvironment of the Eocene coal seam in the Fushun Basin (NE
China): Implications from petrography and organic geochemistry[J]. International Journal of Coal Geology, 2014, 134: 24-37
Az BAVE LI X R R A TUA SO R M 5 4 AR TN D], b o [ 5 k2 2014,

SUN Quanhong. Formation Conditions and Distribution Prediction of Shale Gas in the Longtan Formation, Northwestern

20



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]
[36]

Guizhou[D]. Beijing: China University of Geosciences, 2014.

R A — Bt By — o 5 R 5T (D). Abnth ALK, 2015,

GAO Caixia. Sequence-paleogeography and Coal Accumulation Patterns of the Late Permian in Sichuan, Chongging, Yunnan, and
Guizhou[D]. Beijing :China University of Mining and Technology, 2015.

FEERNI, BUsE, FEIE, S5 o B A R A RE AL TRE R[], BER 2R, 2015, 40(9): 1977-1988.

TANG Yuegang, HE Xin, CHENG Aiguo, et al. Distribution characteristics and sedimentary control of sulfur content in Chinese
coal[J]. Journal of China Coal Society, 2015, 40(9): 1977-1988.

AR SR AR, B G I, A S R el MR R SRR 0] B 24 4R,2016,18(6):905-919.

SHAO Longyi, ZHANG Chao, YAN Zhiming, et al. Sequence-paleogeography and coal accumulation patterns of the Late Permian
in South China[J]. Journal of Palacogeography, 2016, 18(6): 905-919.

XU YU, 38 ST, A T4 45 0 7K 7 3 W vy A AR e A 2 R B R AE K H X A B T R R A 0 R I [0, M
%,2016,23(3):59-67.

LIU Bei, HUANG Wenhui, AO Weihua, et al. Geochemical characteristics of sulfur in Late Paleozoic coal from the Qinshui Basin
and its influence on the enrichment of harmful trace elements[J]. Earth Science Frontiers, 2016, 23(3): 59-67.

ANY, LIU L, WANG M, et al. Source and enrichment of toxic elements in coal seams around mafic intrusions: Constraints from
pyrites in the Yuandian coal mine in Anhui, Eastern China[J]. Minerals, 2018, 8(4): 164.

FRASTT KV A%, 55 B e — 8 R A P S (AR A B HE b O R [ 1 5% 2 41%,2018,43(4):1094-1103.

ZHANG Jiefang, LIU Guijian, FU Biao, et al. Occurrence characteristics and geological genesis of pyrite in high-sulfur coal of the
Late Permian in Guizhou[J]. Journal of China Coal Society, 2018, 43(4): 1094-1103.

AR WAL B A Bl B S VAU S A BEVE A L D] 5T K 32,2019.

ZHU Keyu. Comparative Study on Sedimentary Facies and Fossil Community Evolution of the Maokou Formation (Middle
Permian) in Zigui and Jingshan, Hubei[D]. Wuhan: China University of Geosciences, 2019.

TR, skAe, TRDIFR, . P E S AGEHEMKEAELED]. b EREE b ERENE, 2019, 49(1): 160-193.

SHEN Shuzhong, ZHANG Hua, ZHANG Yichun, et al. Integrated stratigraphy and temporal framework of the Permian in
China[J]. Science China Earth Sciences, 2019, 49(1): 160-193.

ZHOU CHENGLIN. Geologic characteristics of sulfur coal and development of the clean coal thchnologies [J]. Earth Science
Frontiers, 1999, 6(S): 23-27.

MEDUNIC G, GRIGOREB M, DAI S, et al. Characterization of superhigh-organic-sulfur Rasa coal, Istria, Croatia, and its
environmental implication[J]. International Journal of Coal Geology, 2020, 217: 103344.

Ty R P 43 A R S SR B R B 9 : LA 7R 2 307 2 M Ay X XM 81 [ B B2 AR, 2020, 48(8): 200-209.

MA Liang. Study on the distribution characteristics and sedimentary genesis of sulfur in coal: A case study of the southern area of
Yuheng mining district, Ordos Basin[J]. Coal Science and Technology, 2020, 48(8): 200-209.

R RER,EWET, 5 TR DX i A AR P B 1 M AR B JH 34 T 70 3% R I SR [T 8 2 2441, 2020,45(S2):932-942.
WU Meng, QIN Yunhu, WANG Xiaoqing, et al. Geochemical characteristics of sulfur in Late Paleozoic coal and its influence on
the enrichment of harmful elements in the Ningdong area[J]. Journal of China Coal Society, 2020, 45(S2): 932-942.

SHEN Y, HU Y, WANG M, et al. Speciation and thermal transformation of sulfur forms in high-sulfur coal and its utilization in
coal-blending coking process: A review[J]. Chinese Journal of Chemical Engineering, 2021, 35(7): 70-82.

AR, ik, B IM]. dbat A T RRAL, 2021

ZHU Yinhui, GUO Lida. Coal Chemistry[M]. Beijing: Chemical Industry Press, 2021.

WILKIN R, BARNES H.. Formation processes of framboidal pyrite[J]. Geochimica et Cosmochimica Acta, 1997,61(2), 323-339.
R, BRI, XIS, VR-BTE B RORE LR A% A A B KR AU B ARE D], B LK AR (B AR R,
2022, 49(1): 12-23.

ZHAO Qing, DAI Xiaoyan, LIU Bo, et al. Characteristics of tight natural gas reservoirs within the sequence framework of the

Permian Longtan Formation in eastern Yunnan and western Guizhou[J]. Journal of Chengdu University of Technology (Science &

21



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Technology Edition), 2022, 49(1): 12-23.

R AU AR A B XSS W (s M B 5 (D). Akt A LK%, 2022,

CHEN Cong. Study on the Occurrence, Evolution, and Influence of Organic Sulfur in Coal on Coal Structure[D]. Beijing:China
University of Mining and Technology ,2022.

R, (TN, FEERRI, 25, B i i i SR A o —— DA 280 Bk XN [I]. #bJ58 1T, 2001, 47(4): 383-387.
DATI Shifeng, REN Deyi, TANG Yuegang, et al. Geological evolution model of sulfur in high-sulfur coal: A case study of the
Wuda mining area, Inner Mongolia[J]. Geological Review, 2001, 47(4): 383-387.

FEXUT . BT AN E TS B A0 1 SRR 7R 0 7R o i B DX P R BT AL R [D]. S0 B/ K3, 2024,

DU Shuangxue. Extraction-based Characterization of Different Sulfur Species Revealing the Evolution of Sulfur in High-sulfur
Coal from a Karst Mining Area[D]. Guizhou: Guizhou University, 2024.

Tk K BV S AR A K R SCRE SR /R (D). Jbat: TR, 2023,

ZHANG Yunfei. Paleo-climate Evolution and Its Astronomical Orbital Indications in Western Guizhou During the Late
Permian[D]. Beijing: China University of Mining and Technology, 2023.

MA D, WANG Q. Experimental study on preparation of calcium oxide by coal reduction of calcium sulfate in carbon dioxide
atmosphere[J]. Journal of Chemical Technology & Biotechnology, 2023, 98(9): 2192-2202.

WANG X, MA T, TANG Y, et al. Volatilization of potentially harmful trace elements in coal pyrite during heat treatment in a tube
furnace at 573—1473 K[J]. Energy & Fuels, 2023, 37(17): 12716-12727.

WANG Y, BAI D, YANG X, et al. Soil sulfur cycle bacteria and metabolites affected by soil depth and afforestation conditions in
high-sulfur coal mining areas[J]. Applied Soil Ecology, 2023, 185: 104802.

LIU H, DAI Z, WANG Y, et al. Interacting effects of water and nitrogen addition on soilplant sulfur dynamics in a semi-arid
grassland[J]. Geoderma, 2024, 442: 116796.

LI H, NIE Q, WANG C, et al. Durability investigation of fractured coal-gasified ash slag concrete eroded by sulfate and chlorine
salts[J]. Case Studies in Construction Materials, 2024, 20: ¢02745.

MA Q, TOU C, TANG 8§, et al. Biodegradation and bioavailability of low-molecular-weight dissolved organic sulphur in soil and
its role in plant-microbial S cycling[J]. Plant and Soil, 2024, 496(1): 623-640.

MOU Y, XIA P, ZHU L, et al. Geochemical characteristics of the shale gas reservoirs in Guizhou Province, South China[J].
Arabian Journal of Chemistry, 2024, 17(3): 105616.

PATRIA A A, SUHEBDRA R, ANGGARA F, et al. Association and textural-compositional evolution of pyrite-organic matter in
coals of the Tarakan, Barito, and Pasir Basins, Kalimantan, Indonesia[J]. International Journal of Coal Geology, 2024, 282: 104442.
WANG M, DU Q, L1Y, et al. Transformation of sulfur in coal during rapid pyrolysis at high temperatures[J]. Energy Sources, Part

A: Recovery, Utilization, and Environmental Effects, 2024, 46(1): 7547-7559.

BT FWZO

22



	Occurrence characteristics of sulfur in Late Permi
	0 前 言
	1 地质背景
	2 数据来源与分析方法
	3 结果与分析
	3.1 硫的空间分布及影响因素
	3.2 硫的赋存形态
	3.3 硫赋存对煤中其他元素分布的影响

	4 地质意义
	4.1 古生物演化和古气候特征
	4.2 对煤转化的影响

	5 结论与展望
	参考文献

