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Fig.1 Tectonic map and stratigraphic histogram of the Quaternary Formation in the Sanhu Depression, Qaidam
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Fig.3 Typical Quaternary sand and mudstone cores from the study area
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Table 1 Main element contents in samples from wells ST1 and ST2

B ST1 ST1 “PH94E ST2 ST2 P9 STI+ST2 Pl UCC P
&

Si0, 21.08-52.54 46.00 38.76-54.62 4965 48.17 66.60
ALO; 7.56-18.10 14.73 8.41-18.34 15.57 15.23 15.40
Fex0s 3.24-9.21 4.99 3.74-10.93 5.89 5.52 5.04

Ca0 4.01-19.12 9.62 1.23-15.85 6.75 7.91 3.59
MgO 3.05-13.83 4.41 2.52°4460 3.41 3.81 2.48

K20 1.42-4.06 3.09 1.65%.21 3.48 3.32 2.80
Na:0 1.65-3.10 2.66 1.79-4.75 3.41 2.61 3.27
MnO 0.07-0.21 0.10 0.04-0.25 0.12 0.11 0.10
TiO, 0.27-0.63 0.50 0.32-0.73 0.58 0.55 0.64

P,0s 0.09-0.15 0.12 0.09-0.22 0.12 0.12 0.15

ALOS/TiO; 22.33-37.74 29.61 16.41-33.93 26.89 27.99 24.06
Si0,/AlL0s 2.73-3.97 3.15 2.63-4.65 3.25 321 432
Na,0/K>0 0.59-1.45 0.92 0.52-1.14 0.75 0.82 1.17
Fe205/K-0 1.24-3.14 1.66 1.26-2.85 1.73 1.70 1.8
A/CNK 0.34-1.64 1.03 0.49-1.93 127 1.18 1.59
ANK 2.23-2.84 2.54 2.06-2.82 2.59 2.57 2.54

CIA 47.49-57.66 5275 46.19-58.06 54.32 53.69
cIw 54.39-69.98 62.26 53.99-71.47 62.23 64.03

WIP 65.83-86.46 76.35 50.24-96.37 75.45 75.82

ICV 1.42-6.10 2.08 1.46-2.69 1.73 1.87

VE: UCC N KR Eh5E, #8351 E (Taylor and McLennan, 1985) ; 48t A1#5 4 A/ICNK=ALOs/ (CaO+Na,0+K,0) ; 153k
A/NK=ALOs (Na,O+K,0) ; LA 5% CIA=n(AL05)/[n(AL03)+n(Ca0*)+n(Na;0)+n(K20)] X 100, CaO*H§ [ RZANAE T LR
Theh CaO HIKLE, IR ABERRILH M, T 5k CaO 4,=Ca0-P205X 10/3, #i CaO 5, <NaO, 4 Ca0*=CaO g, #
Ca0 4 » > NaO , 4 CaO*=Nay0O , n 4§ JE /K & : CIW=100 X [ALO/(ALOs+CaO*+NayO)]
ICV=[n(Fe203)+n(K>20)+n(Na;O)+n(CaO*)+n(MgO)+n(MnO)+n(TiO2)]/n(Al>O3)
WIP=[(2Na,0/0.35+Mg0/0.9+2K,0/0.25+Ca0*/0.7)]x100
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Fig.4 Main and trace elements /UCC homogenization spider diagram of the sample

32 WMETERFHE
WHA X AR T R IR IR % 2 s, M & B2 Bay S Ml Zr, 5KKG Bt
(UCC) #uESEMLEL, Bafl Cu 5 EWEHE, Ba P& EN 1418.68 ng/g, T
UCC “F¥J1H 628 ng/g, Cu HI"F¥)&# N 69.86 ng/g, T UCC “F¥MH 28 pg/ge Nb JLH
SEPEME, PHERN 9.62 ng/g, TIKT UCC FIMH 27 ng/e, HAMBELRGTEDS
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Table 2 Trace element contents (ng/g) and related parameters (including rare earth elements) in samples
from wells ST1 and ST2

3 ST1 ST1 “P394E ST2 ST2 P& STI+ST2 ¥  UCC F¥E
&
Rb 44.11-244.92 151.10 31.91-162.13 103.35 121.49 82
Sr 108.24-921.34 420.98 141.50-1525.67 410.40 414.42 320
U 2.42-9.27 5.17 0.66-6.06 1.81 3.09 2.70
Ba 465.70-2586.86 1267.03 594.52-7292.71 1511.63 1418.68 628
\% 38.27-118.19 87.93 23.95-119.35 93.17 91.18 97
Cr 29.29-91.98 66.9 18.64-77.70 62.40 64.11 92

Ni 20.48-53.36 34.70 12.31-68.86 36.02 35.52 47
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Ta 0.47-1.03 0.85 0.28-1.08 0.89 0.88 0.9
Nb 5.36-11.83 9.75 2.63-15.74 9.54 9.62 27
Yb 1.48-3.28 2.66 0.86-3.30 2.7 2.68 2
Hf 2.17-5.06 3.96 1.33-4.48 3.53 3.69 5.3
Zr 76.69-179.76 142.13 51.00-192.90 129.63 134.38 193
Y 15.29-32.32 25.51 8.13-29.04 22.33 23.54 21
Sc 5.80-16.86 12.19 6.69-27.91 15.99 14.55 14
Th 8.69-19.63 14.8 1.53-17.22 7.31 10.16 10.5
Co 13.93-26.86 19.92 15.12-64.72 27.5 24.62 17.3
Cu 15.94-60.01 41.04 9.38-603.10 87.52 69.86 28
Zn 41.33-106.93 84.98 6.54-138.74 50.11 63.36 67
La 19.63-49.22 37.00 14.02-46.45 36.80 36.88 31
Ce 39.25-88.54 68.45 24.01-86.26 66.41 67.19 63
Pr 4.96-11.47 8.52 2.76-9.55 7.60 7.95 7.1
Nd 18.84-42.42 31.76 8.54-34.09 25.36 27.79 27
Sm 3.43-7.92 5.99 1.90-7.13 5.60 5.75 4.7
Eu 0.58-1.39 1.05 0.42-1.56 1.21 1.15 1
Gd 3.14-7.00 5.31 1.46-10.82 4.46 4.78 4
Tb 0.51-1.12 0.86 0.28-1.05 0.82 0.84 0.7
Dy 2.88-6.26 4.89 0.39-6.26 149 2.78 3.9
Ho 0.57-1.23 0.96 0.32-3.96 108 1.04 0.83
Er 1.58-3.41 2.73 0.76-7.37 2.53 2.60 2.3
Tm 0.24-0.52 0.42 0.12-0.46 0.37 0.39 0.3
Yb 1.48-3.28 2.66 0.86-3.30 2.70 2.68 2
Lu 0.22-0.49 0.40 0.13-3.30 2.70 0.40 0.31
Rb/Sr 0.18-1.37 0.47 0.02-0.63 0.37 0.41 0.26
Ba/Rb 2.75-58.64 10.69 6.28-77.58 15.94 13.95 7.66
Ba/Sr 0.77-17.48 4.46 0¥76-25.79 5.01 4.80 1.96
Th/U 0.94-5.53 3.31 0.79-11.15 5.10 4.42 3.89
Zr/Th 7.44-15.74 9.69 8.18-33.26 20.01 16.09 18.38
Zr/Y 3.89-8.90 5.62 4.95-9.17 5.84 5.76 9.19
Nb/Y 0.29-0.58 0.39 0.39-0.61 0.42 0.41 1.29
La/Yb 8.67-16.51 14.01 11.21-17.90 13.82 13.89 15.50
Y~ REE 100.43-223.97 171.03 55.96-198.62 156.82 162.22 148.14
LREE 87.73-200.66 152.78 51.65-182.15 142.99 146.71 133.8
HREE 10.62-23.32 18.25 4.31-33.08 13.83 15.51 14.34
LREE/HREE 6.62-9.33 8.36 4.92-12.96 10.72 9.82 9.33
8Ce 0.80-0.99 0.84 0.77-0.93 0.86 0.85 0.92
SEu 0.76-0.89 0.82 0.67-1.23 1.07 0.97 1.01
Ceanom -0.09-0.01 -0.07 -0.09--0.02 -0.05 -0.06 -0.03
(La/Yb)n 0.84-1.60 1.36 1.09-1.73 1.34 1.35 1.50

VE: 8Ce=2Cen/(La+Pr)n, SEu=2Eun/(Sm+Gd)x, Ceamom=1g[3Cen/(2Lan+Ndn)], ~ ML TUARAELE
3.3 WL ITERFHE

HF 50 DX M = 0 AR & 55.96~223.97 pg/g, “FHIME 162.22 pg/g, ZBALTEEECKR, KT
B3 TUA 3 173.21 pg/g, & T Kb EHb5E T 318 128.44 pg/g (Taylor and McLennan,
1985) , ®Mtoc&R/EM T tE (LREE/HREE) Vil 4.92~12.96, T 9.82, w11t
T (7.5, (La/Yb) N 0.84~1.73, “F{E N 1.35, (KT UCC “FHME (1.50) , St

Mt o E= 0 mIEE AT, Sm/Nd N 0.17~0.23, HMH 0.21, B& & T Kk EHusEFI1E 0.17.
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Fig.5 Standardized distribution pattern of rare earth elements in North American shale
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Table 3 Correlation parametersibetween samples and different source rocks

HANSH KEFIRX BRBEFIRX ST1 ST2 ST1+ST2
AlO3/TiO; 19-28 <14 29.61 26.89 27.99
TiOy»/Zr <55 >200 35.86 4531 41.49
Cr/Zr <1 >1 0.47 0.49 0.48
La/Sc 2.50-16.00 0.40-1.10 3.11 2.55 2.76
Th/Sc 0.83420.00 0.04-0.05 1.23 0.50 0.78
Cr/Th 0.50-7.70 22.00-100.00 4.56 9.58 7.67
Co/Th 0.22-1.50 7.10-8.30 1.40 4.819 3.52

VE: ALOYTIO ¥R K A (BK=HZE, 2023) , TiOo/Zr ¥ K EH (Hayashieral, 1997) , Cr/Zr ¥tifik B (JEZHEZ, 2018) ,
La/Sc. Th/Sc. Cr/Th. Co/Th ¥4k EH (Cullers, 1994) .
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Fig.8 Source rock attribute discrimination diagram
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Fig.9 Illustration of the tectonic background of the source area
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% 4 BB EARAWEL RS HEFE (Bhatia and Crook, 1986; Bhatia, 1985)

Table 4 Comparison of relevant parameters between samples and different structural backgrounds

KEESIM WKL KL ST1 ST2
HEH 5 KEEHIK ST1+ST2
% %
S REE 58+10 146220 186 210 171.03 156.82 162.22
LREE/HRE 7.7£1.7 9.10 8.50
3.8+0.9 9.82
E 8.36 10.72
La/Yb 42415 11.0£3.6 12.5 15.9 14.01 13.82 13.89
(La/Yb)x 2.840.9 7.542.5 8.30 10.80 1.36 1.34 1.35
8 Eu 1.04=0.11 0.79+0.13 0.6 0.56 0.82 1.07 0.97
Th 2.27+0.7 11.11£1.1 18.8+3 16.7+3.5 14.8 7.31 10.16
U 1.094£021 2534024 3.940.5 3.240.8 5.17 1.81 3.09
Zr 9620 229427 179433 29880 (4213 129.63 134.38
Nb 2.0+0.4 8.540.8 10.7+1.4 7.9+1.9 975 9.54 9.62
Y 19.5+5.6 242422 249+3.6 273453 25.51 22.33 23.54
Nd 1136£29  208+1.6 254434 29.0+5.03 31.76 25.36 27.79
\% 131240 89+13.7 48+45.9 3149.9 87.93 93.17 91.18
Cr 37413 5146.5 26+4.9 39485 66.9 62.40 64.11
Ni 11£5.1 13420 10£2.53 8+4.4 34.70 36.02 35.52
Rb/Sr 0.05+0.05 0.65+0.33 0.89+0.24 1.19+0.40 0.47 0.37 0.41
Ba/Rb 21.3£5.0 75413 45408 47+1.1 10.69 15.94 13.95
Ba/Sr 0.95+0.60  3.55+1.40 3.840.7 47413 4.46 5.01 4.80
Th/U 2.140.78 46£0.45 4.8+0.38 5.6+0.7 3.31 5.10 4.42
Zr/Th 48+13.4 21524 9.5+0.7 19.1£5.8 9.69 20.01 16.09
Zr/Y 5.67+1.94 9.6+0.8 7.240.4 12.4+4.0 5.62 5.84 5.76
Nb/Y 0.1140.03  0.36%0.04  043+0.04  0.30+0.06 0.39 0.43 0.41
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FHPOE TR (BESE, 2022) , KREMIRIRAERSS ISP R, SEEAR R
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b =M L (W) S ERCRUTRIRIX . I 40K T e 0 — i 2 e
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B HERE SR I = I e 5 DU R Ve o HUER AL AR S LR X ) B

WAL T R AR, DU R T Ryt oL, BEBSPGRT/R G L IREGE . AT AAE=
RIS DY R EY ) DIARRHED IR SR ] (RG4S, 20105 H4K5ESE, 2009) , =
T 2 B R A RO LD VR, SR AR BSEATIT L R IRARIIT L R A S T A
H a5, HUCH RIS 5o L VE, ALERARIE L S5 PIR % H], X5 I 7T 45
W4 (Chengetal., 2021) o ST1 Al ST2 HiERIL2AHKFAE HA AN, WAEEAE, P03
FELESR A AR TR U5, (RIS A 7R SR B AN TR 7 1) AR o i ATE S b 5 fa 1R T 45 PO 48 B Ut
Fi R JRUEAE RSN 952419 Ma (PRZEZE4E, 2006) , HUER(L SRR o it 4R ARIE, BA
b 5% E A B R 8 AL A IR AE, 0 T —He i IR B R . B AR, SeER
b AC A AE et — et il 45 110 TR e A SR e 5 AT IR I R IR RS, 20000 5 7E 5 & i,
52T ST SR P 50 P FE AR R i G AL T B K i 3 L LR A 1) RV AL (R AR I8
&, 2016) , FHBERALSEAFAES ST1 BN —Er. =10 g O A0 2R B 1y DAL S 5 it
RS RIS T, KR 3 S5 it 3l R it i R KRt O 3 55, bR AL EFAE S ST2
—3, VHRE AR GRS ST2 YR . Rk, SESCHER =Wk A X 55 7Y
FRUTR 4 32 oK 151 49 6 v 00 40 2R 2 L e AT 0 B LB 00 ) i AR 2 3 1L fs R iRt 4, b
ST1 LAk B A0l 7 4534 38 L0 A 3 B, ST2 LK F MK 7R B Ly £ A IR
5 45k

(1) A X 50U R e A AR AR 2 TR B A A AT B 1 T R85

(2) WAL X 55 VY RUTARPDIE £ 2K A E R KSR TRA A K e TR X, IR X A3
B VA EIPNL UL 3

(3) WALHL X 3 DY ARV AR B4 52 7 ok B 49065 o I FR) 2 B L AR e 1B 00 ey i 4
LA IR, o ST1 LR E AL pE AR & 8 1Lty £ 208, ST2 LAk A gl
(7R B L g 3 R

S22 3CHR -

G, EARVE, B, GRIER, XU, B, SKIGE. TR SR AR AL S SR B AR R M X A
AR 1A T [ oy M RGAIE B [7]. MR 244, 2022, 96 (10) = 3345-3359. [CAI HuoCan, WANG WeiTao,
DUAN Lei, ZHANG BoHuan, LIU Kang, HUANG Rong, ZHANG PeiZhen. Paleomagnetic evidence of
Cenozoic tectonic deformation in Lulehe area, Qaidam Basin, northeastern margin of Tibet Plateau[J]. Acta
Geologica Sinica, 2022, 96(10): 3345-3359.]

Bodw, KRR, LA, KR, RBHG, BT, BUEES, FUKREL BEER, ASCR. SEIAARFHLEK SR
F TR A b 2 A AR R I AR FE (D). BF#IEAR, 2022, 67 (9) : 872-887. [DUAN Lei, ZHANG BoXuan,
WANG WeiTao, ZHANG PeiZhen, TANG Qing, CHEN Gan, JIA JiaBao, YAN YongGang, HUANG Rong,



U R

ZHENG WenJun. Magnetostratigraphy of the Cenozoic Lulehe section in the Qaidam Basin: Implications for
the tectonic deformation on the northeastern Tibetan Plateau[J]. Chinese Science Bulletin, 2022, 67(9):
872-887.]

JrER. K20/ (Na20+Ca0) -SiOx/ALOs: AN FHE W & AT I B g i 1 S5 (R M0 R[], P
Mo Bl22, 1993, 14 (1) : 121-125. [FANG GuoQing. K>0/(Na;0+Ca0)-Si02/Al,03: A diagram for
determining the plate tectonic setting of flysh[J]. Northwest Geoscience, 1993, 14(1): 121-125.]

IR, VBN, ERME, HKE, E&B SRAARBHRB . B RUIBUE R U S R R i 1
FREFR[I]. DURR2E3R, 2022, 40 (3) : 667-678. [FENG HuaiWei, XU ShuMei, WANG DaHua, XIAO
YongJun, WANG JinDuo. Study of the process of sedimentary migration, and Mesozoic and Cenozoic
prototype basins, eastern segment of Qaidam Basin[J]. Acta Sedimentologica Sinica, 2022, 40(3): 667-678.]
G, XUk, HgkYs, KTTE, BHE, G, SRR, SRS SRIARRH — BRI DOHE R B
RN K A R DX FID]. 2 1 <, 2021, 33 (3) : 74-84. [FENG DeHao, LIU ChengLin, TIAN JiXian,
TAI WanXue, LI Pei, ZENG Xu, LU ZhenDong, GUO HaoXuan. Basin modeling and favorable play
prediction of Neogene in Yiliping area, Qaidam Basin[J]. Lithologic Reservoirs, 2021, 33(3): 74-84.]

e, P, W, MEE, S0, wRE, VEHIE SRR BRI B U R S T R R
FETFRTFR[I]. RARSMERELZE, 2012, 23 (5) : 833-840. [FU Ling, GUAN Ping, JIAN Xing, LIU RuiJuan,
FENG Fan, AN Qun, FAN ChaoFeng. Sedimentary genetic types/ofscoarse fragment of Paleogene Lulehe
Formation in Qaidam Basin and time limit of the Tibetan Plateauw uplift[d4¢ Natural Gas Geoscience, 2012,
23(5): 833-840.]

KoV, a2, e JE AL R A AR IS I A AR SEIA AR S TS S (7], UURR=AAR, 2013, 31 (5):
824-833. [GUAN Ping, JIAN Xing. The Cenozoic sedimentary record in Qaidam Basin and its implications
for tectonic evolution of the northern Tibetan Plateau[J]. Acta Sedimentologica Sinica, 2013, 31(5):
824-833.]

FREE, PP, KR, TKERE, RS, SUAENSEIA R A E = I XA D L U A AT (D). 5
VULERIEFE, 2010, 30 (5) : 1044-1054. [GUO ZéQing, SUN Ping, ZHANG Lin, ZHANG ShaoSheng, TIAN
JiXian, HONG Hua. Source analysis of Quaternary sediments in the Sanhu area, eastern Qaidam Basin[J].
Quaternary Sciences, 2010, 30(5): 1044-1054.]

FBEE, XL, A ST = I b XA 0 A AR R X B B[], SRR BREL 2,
2011, 22 (4) : 635-641) [GUO\ZeQing, LIU WeiHong, FENG Gang. Distribution regularities and favorable
exploration areas of lithdlogie _gas reservoir in Sanhu area, Qaidam Basin[J]. Natural Gas Geoscience, 2011,
22(4): 635-641.]

Bl phigd, ZEE, 55 SSEREMIEEHAEAQTIRUEACRAEL]. P EM, 2011, 38 (5) -
1274-1281. [HUI Bo, YI HaiSheng, XIA GuoQing, MA Xue. Characteristics of Cenozoic sedimentary
evolution in western Qaidam Basin[J]. Geology in China, 2011, 38(5): 1274-1281.]

BB, MR, RRAL, EIES0, ROCE, GKEIE, FhEGER. SSAARFEHILGT GHXTR A4
Bl £ U R HE K DIFAIHTII]. RARSHEREL2, 2020, 31 (11) & 1537-1547. [JIANG Yun, PAN ShiLe,
QIN CaiHong, JIANG ZhengWen, ZHU WenJun, ZHANG MingFeng, SUN GuoQiang. Characteristics and
provenance analysis of rare earth elements in the Lower section of Xiaganchaigou Formation in the platform
area of the northern margin of Qaidam Basin[J]. Natural Gas Geoscience, 2020, 31(11): 1537-1547.]

W, EITY, HELR, ROCE, PNEGE, HRAE. SRALZF G X T A AT BT - s PR )
HT[I]. HrEEdi, 2022, 40 (3) : 382-387. [JIANG Yun, WANG YuanFei, MA FuQiang, ZHU WenJun, SUN
GuoQiang, ZHANG ShunCun. Sedimentary-diagenetic environment analysis of Lower member of
Xiaganchaigou Formation in platform area of northern margin of Qaidam Basin[J]. Xinjiang Geology, 2022,

40(3): 382-387.]



B HERE SR I = I e 5 DU R Ve o HUER AL AR S LR X ) B

A, BALAG, TEEE, A, HRBEM. SERZ WA PR R = E R KA R A TR S KRR
EE[I]. DURA%4R, 2024, 42 (5) : 1621-1638. [LI Jun, ZHAO HongGe, WANG Jian, GUO Hui, SHAO
XiaoZhou. Sedimentary environment and provenance tracing of clastic rocks from the Triassic Yanchang
Formation in the western margin of the Ordos Basin[J]. Acta Sedimentologica Sinica, 2024, 42(5):
1621-1638.]

PR, WOLR, XK, BEFNL ENL, B, mRs. S X AR S e s E R T
I ERAL A AE S MO R SC[T]. HBERBLZE, 2015, 40 (9) : 1480-1496. [LI Le, YAO GuangQing, LIU
YongHe, HOU XiuChuan, WANG Gang, ZHAO Yao, GAO Yulie. Major and trace elements geochemistry
and geological implications of dolomite-bearing mudstones in Lower part of Shahejie Formation in Tanggu
area, eastern China[J]. Earth Science, 2015, 40(9): 1480-1496.]

FRA, FRK, T, L42, WS, BRI AUES. SEAREHILEHE R BV YIRAE K
YR M), Bl AR S TAE, 2014, 14 (17) : 182-187. [LI FengJie, LI JunWu, WANG HaiFeng, KONG
HongXi, YANG Chenglin, YANG YuChuan, DAI TingYong. The heavy minerals characteristics and
provenance analysis of the Neogene in north margin of Qaidam Basin[J]. Science Technology and
Engineering, 2014, 14(17): 182-187.]

A, Phgds, HEIE, Ban. SRR SRR DR AR AR i 21 53 AR A K FOR R B TR 4R R 0]
Mo R GE K, 2017, 36 (6) : 1022-1031. [LI GaoJie, YI HaiSHeng, XIA GuoQing, YANG JiaBao.
Compositional variation of Cenozoic detritus in the Lulehe area;y Qaidany’ Basin, and its implications for
Tibetan Plateau tectonic uplift[J]. Geological Bulletin of China, 20%7,36(6): 1022-1031.]

EMM, FAD, EWE, FIT, ERR, BIY, KRR SER R R G AU Y
YARRE R R [T]. R ERL: (D) - HhBERELY, 2015, 45 (6) : 780-798. [LI LinLin, GUO
Zhaolie, GUAN ShuWei, ZHOU SuPing, WANG MingZhen, FANG YaNan, ZHANG ChenChen. Heavy
mineral assemblage characteristics and the ‘€enozoic paleogeographic evolution in southwestern Qaidam
Basin[J]. Science China (Seri. D): Earth Sciencés, 2015, 45(6): 780-798.]

SR, BURHS, SRR, SEAbG R A R AL TR IE B IS B )], H2ERT 2%, 2022, 29 (4) -
249-264. [LI BingSHuai, YAN MaoDu, ZHANG WeiLin. Early Cenozoic rotation feature in the northern

Qaidam marginal thrust belt and its tectonic implications[J]. Earth Science Frontiers, 2022, 29(4): 249-264.]

mEZE, 9N, BRAHR, RN, SIS MR KT BRS IR 22 IE AN A LA-ICPMS &
FE[]. HERILZE, 20065 38 €3 : 489-505. [LIN CiLuan, SUN Yong, CHEN DanLing, DIWU ChunRong.
Geochemistry and zircon/LA<ICPMS dating of Ige River granitic gneiss, northern margin of Qaidam
Basin[J]. Geochimica, 2006,35(5): 489-505.]

KRR, EfvE, BIEAR, PR, A, TR AR A SIA R FH I8 ) i i o A X Ho R i
[T, MR 224, 2020, 94 (3) : 716-740. [LIU Kang, WANG WeiTao, ZHAO XuDong, PANG JianZhang,
YU JingXing. Provenance identification for the Honggou section of the Qaidam Basin in the northeastern
margin of the Tibetan Plateau and its tectonic significance[J]. Acta Geologica Sinica, 2020, 94(3): 716-740.]
XFEA, REER, #EEB], #£5. BTGB L—E RO AN IR A RE ORI . i
F[J]. HUFIRTE, 2021, 67 (5) : 1263-1279. [LIU ChunLai, XIONG GuoQing, DONG GuoMing, CUI Wei.
Geochemical characteristics of mudstones and its provenance and tectonic setting during the
Ordovician-Silurian Period in northern margin of Yangtze Block[J]. Geological Review, 2021, 67(5):
1263-1279.]

XRBE, EEE, £, FEE, BRO7E, KN, MR, skiede, BIRL BRI
Bt A N A RO RGE 2 L[T]. Z MR 2R CHAREEARD 5 2016, 52 (2) ¢ 167-178. [LIU
DongXiao, WANG YuXi, WANG JinRong, LI TongGuo, CHEN WanFeng, ZHANG Yuan, HE ZhaoXiang,
ZHANG BingBing, JIA Ke. Discovery and tectonic significance of early Permian hornblendite in the
southeastern margin of the Tarim Plate[J]. Journal of Lanzhou University (Natural Sciences), 2016, 52(2):
167-178.]



U R

Kb, NGB BRER, BERE, SEbte, KR, BORZR, EBG OORAE, HeeR, SR, ik
S JEE 50 23 T 5 1 M 2L s - 0 R SRR A LB D], R S T, 2022, 46 (6) -
1075-1089. [LIU Bing, SUN ZaiBo, CHEN Ke, ZHOU JiaXi, MA JinHua, ZHANG Hu, DUAN XiangDong,
WANG Min, SONG DongHu, XIAO GaoQiang, BAO JiaFeng, FANG Xiong. REY enrichment in profiles of
the Mangbang Formation sedimentary rocks of Zhefang Basin, western Yunnan province, and its geological
significance[J]. Geotectonica et Metallogenia, 2022, 46(6): 1075-1089.]

PRV, P 2R, PHRaiih, RaE. RIUMAR I R TR B R SR 1% DB AR ARSI AR B o 51l 0],
A, 2016, 32 (3) @ 892-902. [LOU QianQian, XIAO AnCheng, ZHONG NanChong, WU Lei. A
method of prototype restoration of large depressions with terrestrial sediments: A case study from the
Cenozoic Qaidam Basin[J]. Acta Petrologica Sinica, 2016, 32(3): 892-902.]

HETT, TRIEAE, RESC, R, TREEER, BB SKIESR. SRR EIMURLLMA M X AR Rt — b
FOHC T S S AEAE AR [T]. BRI, 2020, 34(4): 732-744. [LU JingFang, ZHANG KeXin, SONG BoWen,
XU YaDong, ZHANG JianYu, HUANG Wei, ZHANG DaoLai. Paleogene-Neogene pollen and climate
change in Dahonggou region of Qaidam Basin[J]. Geoscience, 2020, 34(4): 732-744.]

SR, NS, 2L 852, 0P, S SEAAREMITILS LT SGA MR A R AR S
MBI SRR LT e A BRI 28R, 2021, 40 (5) @ 1166-1180. [MA WanLi, JIANG XiaoQing,
LI Xuan, ZENG Liang, YANG Ping, MA JinLong. Geochemical ,characteristics and paleoenvironment
paleoclimate significance of mudstone in the Shang-Gan-Chai-Goew Formation at the northwestern margin of
Qaidam Basin[J]. Bulletin of Mineralogy, Petrology and Geochemistry;2021, 40(5): 1166-1180.]

Pk, IS, KIMNZE, TR EME TR AR E DU S T S [0]. 7 2 SR A
B2l CEHARRIARD , 2018, 21 (3) @ 108-111. [PENG ZhiChao, LI Ya’Nan, ZHANGSUN XuanQi, FU
XingHui. Application of the geochemical characteristics of the major and trace elements in the sedimentary
environment[J]. Journal of Xi'an University (NaturalScience Edition), 2018, 21(3): 108-111.]

A, XNET, BT, AR, FEP0NAUBIEAM = B R R IS MU ERAL SR S R X
FFis TS FOHIZ0). PEdbHBT, 2018, 51 (4Y: 97-113. [QU LiHua, LIU XiFang, ZHAO Fang, ZHOU
XiaoYing, LI JinSuo. Geochemical characteristics of the sandstones from Triassic Kangnan Formation in
North Qiangtang Basin (Tibet): Implications for provenance and tectonic setting[J]. Northwestern Geology,
2018, 51(4): 97-113.]

AL, P e BRI R I VA )2 P R RHE S A A B R B AR TINI]. RAR L ERF
2%, 2012, 23 (5) : 897-902. [RUI HuaSong, GUAN Ping. The sequence stratigraphy of Neogene Shizigou
Formation of north slope in Sanhu Depression and the prediction of potential targets[J]. Natural Gas
Geoscience, 2012, 23(5): 897-902.]

SMERE, g, . WA, iRk SERRZMALGH R YUY A R T DORAL
VAR NBI[T]. A E U, 2024, 51(2): 606-622. [SANG ShengPing, LU Hailian, YE JiaCan, PAN JiaWei,
LI HaiBing. Sediment recycling in the northern Qaidam Basin margin during the Cenozoic: A case study
from the Dahonggou section[J]. Geology in China, 2024, 51(2): 606-622.]

LA, BR, xMRFE, Moih, B, BT SUAARIHIRILH X T R YA R Y S S LR
BRI, A MR, 2023, 35 (2) : 1-10. [SIMA LiQiang, MA Jun, LIU JunFeng, YANG Huilie,
WANG Liang, ZHAO Ning. Evaluation of pore effectiveness of Quaternary mudstone biogas reservoirs in
Sebei area, Qaidam Basin[J]. Lithologic Reservoirs, 2023, 35(2): 1-10.]

FLfRIE, BRI, TKOCHR, EREMS, FERBL T, M, BT SOROREM =G £ eIl
PR S AR T]. RARS Tk, 2019, 39 (8) : 25-32. [SHAN JunFeng, JU JunCheng, ZHANG
WenWei, HAN HongWei, ZHOU TieSuo, WANG YuSi, YANG ShiJie, CAO YuSen. Hydrocarbon

accumulation patterns of salt crust covered biogenic gas reservoirs in the Sanhu Depression, Qaidam



B HERE SR I = I e 5 DU R Ve o HUER AL AR S LR X ) B

Basin[J]. Natural Gas Industry, 2019, 39(8): 25-32.]

PSR, HEE, S5, XXEE, #EE, XIER. SSEARBHA AL X AR AU i A I R ST T].
FIRFMERE 2, 2010, 21 (2) @ 212-217. [SUN GuoQiang, ZHENG JianJing, SU Long, LIU XingWang,
YANG Xin, LIU YuHu. Mesozoic-Cenozoic tectonic evolution in northwestern Qaidam Basin[J]. Natural
Gas Geoscience, 2010, 21(2): 212-217.]

PMEBE, BRE, HOKAL, Wik, E4ER, stHEgz. SRAbZA TS MG T BT g cE 1F  UTRRER D).
RIRSIHERBL 2, 2015, 26 (4) : 679-688. [SUN GuoQiang, CHEN Bo, ZHENG YongXian, XIE Mei, XIA
WeiMin, SHI Ji’An. Diagenesis and sedimentary environment of Miocene in Lenghu V tectonic belt[J].
Natural Gas Geoscience, 2015, 26(4): 679-688.]

I, SR, TRAK, HgkJe, TR, AR, LY, Mg SERAORGIH =X A SRR S
WHERAT R[], RARRHERE}Z, 2013, 24 (3) : 494-504. [SUN Ping, GUO ZeQing, ZHANG Lin, TIAN
JiXian, ZHANG ShaoSheng, ZENG Xu, HONG Hua, YANG Jing. Biologic gas accumulation mechanism
and exploration strategy in Sanhu area, Qaidam Basin[J]. Natural Gas Geoscience, 2013, 24(3): 494-504.]
Ak, skAk, PP, XU, BUMRAE, 278 SEIAORF AR PU AR e A id - A SRV 7 B 0]
AZFEH AL, 2009, 35 (21) : 33-37. [TIAN JiXian, ZHANG Lin, SUN Ping, LIU Zhen, JIA HuaiCun,
LAN ChunLong. The analysis of sedimentary source on Qigequan Formation of Tuo Fengshan tectonic zone,
Qaidam Basin[J]. Inner Mongolia Petrochemical Industry, 2009, 35(21y): 33-37.]

M4k5E, @, G, EMf, FRER, PER SeIb% NAASSEHUR L a2 K B RHE &L
R RARAHEREL, 2022, 33 (5) @ 720-730. [TIANUJiXian, JI BaoQiang, ZENG Xu, WANG
YeTong, LI YaoLiang, SUN GuoQiang. Development characteristics and main controlling factors of deep
clastic reservoir of Xiaganchaigou Formation in the northern margin of Qaidam Basin[J]. Natural Gas
Geoscience, 2022, 33(5): 720-730.]

FB H4kSE, K, HET, REE, ORI S, WEoR, KR, MBI SEIRORZ =W
B 5 0 R 8 0 R U ERAL 224 AE R TR W[V, RAR S MWERRL 2%, 2025, 36 (4) @ 653-664. [WANG
Bo, TIAN JiXian, ZHOU Fei, SHAO ZeYu, ZHUJun, SONG DeKang, LI YaNan, YOU RenZong, ZHANG
Jun, YU ShaSha. Discussion on the elemental geochemical characteristics and sedimentary environment of
Quaternary mudstone in the Sanhu Depression of Qaidam Basin, China[J]. Natural Gas Geoscience, 2025,
36(4): 653-664.]

FTIH, ERR MBS NI e B B A A Rl RO B L [T]. RAR B, 2016,
27 (11) : 1970-1978. [WANG WanChun, WANG Cheng, SUN MinZhuo, DING WanRen. Effect of
microorganisms during diagenesis and its significance on petroleum Formation[J]. Natural Gas Geoscience,
2016, 27(11): 1970-1978.]

FAF, XL, EEA, EAR TURAHURBEEYIRER S AP VA WA DASGEAR F 3 =R
R NBIT. AihEiR, 2016, 37 (3) @ 318-327. [WANG WanChun, LIU WenHui, WANG GuoCang,
WANG Cheng. Biodegradation of depositional organic matter and identification of biogenic gas source rocks:
An example from the Sanhu Depression of Q aidam Basin[J]. Acta Petrolei Sinica, 2016, 37(3): 318-327.]
T, kiR, BUG, KRR, XIRE, SO, XURR, SRATHL AESC, RCR, HKEP. SEAK
A A Z AR S TURR-MG AL (], B 2084, 2022, 67(28/29): 3452-3475. [WANG WeiTao,
ZHANG PeiZhen, DUAN Lei, ZHANG BoHuan, LIU Kang, HUANG Rong, LIU CaiCai, ZHANG ZhuQi,
ZHENG DeWen, ZHENG WenJun, ZHANG HuiPing. Cenozoic stratigraphic chronology and
sedimentary-tectonic evolution of the Qaidam Basin[J]. Chinese Science Bulletin, 2022, 67(28/29):
3452-3475.]

BEs, R, AEW, M, Bl SRR R H R W ROH A ARG AR TR RE S X (T]. )
B51ER, 2021, 45 (5) : 1171-1178. [WEI YanYan, WU Lei, ZHOU DaoQing, XIAO AnCheng, HUANG



U R

Kai. Cenozoic tectonic deformation characteristics of Alar fault in southwestern Qaidam Basin and their
significance[J]. Geophysical and Geochemical Exploration, 2021, 45(5): 1171-1178.]

R FESUE, B FEIR 2 W R A ) B DR R AR A HER I SRR D], RAR B 22, 2023,
34 (2) : 194-209. [WU Ying, DU GuiCHao, MA Ming. Geochemical characteristics of the sandstones of the
Yanchang Formation in the Xunyi area, southern Ordos Basin[J]. Natural Gas Geoscience, 2023, 34(2):
194-209.]

WA, 2Rt SRR, SREE TKTE. RRETORUA YR At Ut R S R B )], DI AR, 2013,
31(1):99-107. [YANG RenChao, LI JinBu, FAN AiPing, ZONG Min, ZHANG Tao. Research progress and
development tendency of provenance analysis on terrigenous sedimentary rocks[J]. Acta Sedimentologica
Sinica, 2013, 31(1): 99-107.]

WkAE, FhER, EMEM, ROCE, RRIL, B, SOERAHACGAT 6 X B R TTR A A
ETARESIED). PUARZEIR, 2019, 37(6) : 1258-1268. [YANG YongHeng, SUN GuoQiang, WANG YeTong,
ZHU WenJun, QIN CaiHong, GUAN Bin. Sedimentary diagenetic environment of the Lulehe Formation in
the Pingtai Region, northern Qaidam Basin[J]. Acta Sedimentologica Sinica, 2019, 37(6): 1258-1268.]

Wk, KRR, Sik(E, SCHZ, TEE, RTam, AP SEAOREHGE YR A A SR 1Bk
YBR[ ARSI R, 2012, 39 (1) : 27-36. [YANG Hui, ZHANG YouYan, MA DaDe, WEN
BaiHong, YU ShiYong, XU ZiYuan, QI XiaoPing. Integrated ggophysical studies on the distribution of
Quaternary biogenic gases in Qaidam Basin, NW China[J]. PetroleumExploration and Development, 2012,
39(1): 27-36.]

WZ0R, RN SRR EEE = R RO A i s T TR SR ER AL AR AR (D). PRSIV, 2006,
37 (5) : 472-480. [YE AiJuan, ZHU YangMing. Geochemical and sedimentary features of Tertiary saline
lacustrine source rocks in Qaidm Basin[J]. Oceanologia et Limnologia Sinica, 2006, 37(5): 472-480.]
BETT58, BN, SEEARF AL ST R SR M ERAL SRR S T R L[], RAR B ERBE,
2023, 34 (8) : 1374-1384. [YUAN GuangYao, I Fenglie. Geochemical characteristics and geological
significance of Paleogene rare earth elements in” the northern margin of Qaidam Basin[J]. Natural Gas
Geoscience, 2023, 34(8): 1374-1384.]

TkEEE, Mask, AR, KEV, RO Bk ISR AR FTER: kE U-Pb
Je Ar-Ar [EA7 T 5E HAEBM]. HiERTES:, 2000, 29 (3) : 217-222. [ZHANG JianXin, YANG JingSui,
XU ZhiQin, ZHANG ZeMing, €EHEN Wen, LI HaiBing. Peak and retrograde age of eclogites at the northern
margin of Qaidam Basin, nosthwestern China: Evidences from U-Pb and Ar-Ar dates[J]. Geochimica, 2000,
29(3): 217-222.]

KGR, 25, BRI, SKIREL TR, SSRGS R A A IR AE S B SR R D], A
TSR, 2008, 20 (2) : 29-36. [ZHANG JingLian, SHI LanTing, CHEN QiLin, ZHANG HuQuan, WEI
PingSheng. Deep crust structural features and new targets of petroleum exploration in Qaidam Basin[J].
Lithologic Reservoirs, 2008, 20(2): 29-36.]

K, HKE, ERY R ES, RZesh, TEE, AN DR SO DR A R
P2ERFAE SR XA 15T 5o BT [0]. BBRTTE, 2020, 66 (5) : 1393-1411. [ZHANG Qian, XIAO
YuanFu, WANG XiaoFei, YuQian, WANG Jian, ZHAO AnKun, MEN YuPeng, ZHOU YeXin. Geochemistry
of the Longmaxi Formation mudstones of the southwest Sichuan Basin: Implications for provenance and
source weathering[J]. Geological Review, 2020, 66(5): 1393-1411.]

KB, &, TP, BRE, W, BRanlE, SN ARG R, SR SURZHEARILE T
TRE G B ORI 7 B - SR B R 2 FE B TR S 1R A o Kot s UERAL SRR 0], PO 54, 2023,
41(5): 1414-1429. [ZHANG YunWang, JIN Xin, QIAO PeiJun, LI BinHai, HONG YanZhe, CHEN YuChao,
LU Gang, DU YiXing, SHI ZhiQiang. Petrological and geochemical constraints on sedimentary provenance



B HERE SR I = I e 5 DU R Ve o HUER AL AR S LR X ) B

of the Fuxian Formation (Lower Jurassic) sandstones in the northeastern Ordos Basin[J]. Acta
Sedimentologica Sinica, 2023, 41(5): 1414-1429.]

JRREE, TKROCH, ERIREG M, ETEL, B, BT SRR =0 DO e
FAER S AR M B T). ZRAE AR 4R, 2020, 44 (1) @ 77-84. [ZHOU TieSuo, ZHANG WenWei,
JU JunCheng, HAN HongWei, WANG YuSi, YANG ShiJie, CAO YuSen. Discovery of regional salt crust
and geological significance of biogas exploration in Sanhu Depression of Tsaidam Basin[J]. Journal of
Northeast Petroleum University, 2020, 44(1): 77-84.]

R, %, WISR4r, RTIE. SERRFHES MU R R RHE S O ). AR 50T K,
2002, 29 (1) : 56-60. [ZHU XiaoMin, KANG An, HU ZongQuan, XU ZiYuan. Quaternary sequence
stratigraphy and hydrocarbon evaluation in Qaidam Basin[J]. Petroleum Exploration and Development, 2002,
29(1): 56-60.]

Allégre C J, Minster J F. Quantitative models of trace element behavior in magmatic processes[J]. Earth and
Planetary Science Letters, 1978, 38(1): 1-25.

Bhatia M R. Rare earth element geochemistry of Australian Paleozoic graywackes and mudrocks:
Provenance and tectonic control[J]. Sedimentary Geology, 1985, 45(1/2): 97-113.

Bhatia M R, Crook K A W. Trace element characteristics of graywackes and tectonic setting discrimination

of sedimentary Basins[J]. Contributions to Mineralogy and Petrology, 1986, 92(2): 181-193.

Cheng F, Jolivet M, Guo Z J, et al. Cenozoic evolution of the Qaidam-Basin and implications for the growth
of the northern Tibetan Plateau: A review[J]. Earth-Science Reviewss 2021, 220: 103730.

Cullers R L. The chemical signature of source rocks in size fractions 6f Holocene stream sediment derived
from metamorphic rocks in the Wet Mountains region, Colorado, U.S.A.[J]. Chemical Geology, 1994,
113(3/4): 327-343.

Deng T, Li Y, Wang Z J, et al. Geochemical characteristics and organic matter enrichment mechanism of
black shale in the Upper Triassic Xujiahe Formation i the Sichuan Basin: Implications for paleoweathering,
provenance and tectonic setting[J]. Marine and' Petroleum Geology, 2019, 109: 698-716.

Fedo C M, Nesbitt H W, Young G M. Unraveling the effects of potassium metasomatism in sedimentary
rocks and paleosols, with implications for paleoweathering conditions and provenance[J]. Geology, 1995,
23(10): 921-924.

Floyd P A, Leveridge B/E/ Tectonic environment of the Devonian Gramscatho Basin, South Cornwall:
Framework mode and-geochemical evidence from turbiditic sandstones[J]. Journal of the Geological Society,
1987, 144(4): 531-542.

Garzanti E, Ando S, Padoan M, et al. The modern Nile sediment system: Processes and products[J].
Quaternary Science Reviews, 2015, 130: 9-56.

Garzanti E, Padoan M, Setti M, et al. Weathering geochemistry and Sr-Nd fingerprints of equatorial Upper
Nile and Congo muds[J]. Geochemistry, Geophysics, Geosystems, 2013, 14(2): 292-316.

Hayashi K I, Fujisawa H, Holland H D, et al. Geochemistry of ~1.9 Ga sedimentary rocks from northeastern
Labrador, Canada[J]. Geochimica et Cosmochimica Acta, 1997, 61(19): 4115-4137.

Liu C F, Qing M, Liu S F, et al. Genesis of sediment - hosted stratiform Cu-Co deposits of the Zambia
Copperbelt: Geochemistry and S-Pb isotopes constraints from the Chambishi deposit[J]. Geological Journal,
2021, 56(7): 3902-3921.

Meétivier F, Gaudemer Y, Tapponnier P, et al. Northeastward growth of the Tibet Plateau deduced from
balanced reconstruction of two depositional areas: The Qaidam and Hexi Corridor basins, China[J].
Tectonics, 1998, 17(6): 823-842.

McLennan S M, Taylor S R, Kroner A. Geochemical evolution of Archean shales from South Africa. I. The
Swaziland and Pongola Supergroups[J]. Precambrian Research, 1983, 22(1/2): 93-124.



U R

McLennan S M. Weathering and global denudation[J]. The Journal of Geology, 1993, 101(2): 295-303.
Pearce J A, Harris N B W, Tindle A G. Trace element discrimination diagrams for the tectonic interpretation
of granitic rocks[J]. Journal of Petrology, 1984, 25(4): 956-983.

Roser B P, Korsch R J. Determination of tectonic setting of sandstone-mudstone suites using SiO, content
and K>O/NayO ratio[J]. The Journal of Geology, 1986, 94(5): 635-650.

Roser B P, Korsch R J. Provenance signatures of sandstone-mudstone suites determined using discriminant
function analysis of major-element data[J]. Chemical Geology, 1988, 67(1/2): 119-139.

Taylor S R, McLennan S M. The continental crust: Its composition and evolution[M]. Oxford: Blackwell
Scientific Publications, 1985.

Yin M S, Huang H P, Cheng L. Molecular fingerprints in shales from the Sanhu biogenic gas fields in eastern
Qaidam Basin, NW China: Evidence of biodegradation of shale organic matter[J]. Marine and Petroleum

Geology, 2021, 133: 105289.

Geochemical Characteristics and Source Area Analysis of
Quaternary Mudstones in the Sanhu Depression of the

Qaidam Basin
WU ZhiXiong'?, WANG YeTong®>*5, SHAO ZeYu'?, LI YaNan'?, ZHANG
HaiLong!?, ZHANG Hao'2, WU YunZhao'!?, SONG DeKang'?

1.Research Institute of Exploration and Development, PetroChinaQinghaj Oilfield Company, Dunhuang, 736201, China;
2.Plateau Saline Lacustrine Basin Oil-Gas Geology Key Laboratory 0fQinghai Province, Dunhuang, 7362001, China;
3.Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000, China;
4.Key Laboratory of Petroleum Resources Exploration and Evaluation, Gansu Province, Lanzhou 730000, China;

5.Key Laboratory of Strategic Mineral Resources of the Upper Yellow River, MNR, Lanzhou 730000, China;

Abstract: [Objective] Clarifying the provenance and structural background of the Quaternary mudstone in the
Sanhu Depression of the Qaidain Basin can provide geological basis for the exploration and development of
Quaternary biogas in the Sanhu aréa. [Methods] This study conducted analysis of the major, trace, and rare earth
elements on core samples from different depths of the Quaternary strata in the wells Setan 1 and Setan2 (ST1 and
ST2) of the Sebei area. [Results] (1) The Quaternary mudstones in the Sebei area have low silicon (Si0,=48.17%),
high aluminum (Al,03=15.23%, aluminum index A / NK=2.54, aluminum saturation index A / NK = 1.59), rich
magnesium and calcium (MgO=3.81%, Ca0=7.91%), relatively rich iron (Fe;03;=4.99), and low total alkali
content (KO + Na;0=5.94%). The Ba and Cu contents are significantly enriched compared to Upper Crust of
Continent (UCC). Nb is deficient, and the content of other trace and rare earth elements is equivalent to that of the

upper crust. (2) The samples in the research area are less affected by sedimentary sorting and recycling, chemical
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weathering, and diagenesis, and their elemental characteristics can indicate the source and tectonic background.
The ratios of major, trace, and rare earth elements of Quaternary mudstones in the Sanhu Depression indicate that
the sedimentary sources are primarily derived from the upper crustal felsic sedimentary and igneous rocks, with
the tectonic background of the source areas being an active continental margin environment. (3) The potential
source areas of Quaternary sediments in the Sanhu Depression are the East Kunlun and South Qilian orogenic belts.
Among them, ST1 is mainly sourced from the South Qilian orogenic belt on the north side, and ST2 is mainly
sourced from the East Kunlun orogenic belt on the south side. [Conclusions] The source of Quaternary mudstones
in the Sanhu Depression has a bidirectional supply characteristic from north to south, and its geochemical
parameters are reliable indicators of the mixed source area of sedimentary rocks, which came from igneous rocks

under the background of active continental margins.

Key words: elemental geochemistry; source area; mudstones; Sanhu Depression; Qaidam Basin



