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B 20 DA AN R A 3 B0 A e A KT Bl 3o R 8 BRI TS 0 R A AR A kL
TR IR — R ARG (Walter, 1976). {EAMER Ff ZMEMES RS —,
FOEBGE EIE 3 1 HBR S A iy 5 b B S 1 P R s A CEFRR ST ZE IR, 2009 W BG4,
2012; ZEAEERULAEN, 2023; Yuanetal, 2025). JRHAEH CHREBEAL) T NEE Z
BB ERYEZER AT, X — LA 5 % JE Wl KR AR «TJ/ BRI BER AR . KA
TR T K iR 20 5 A S P St 45 B O BT S AR T BN 8] EAES (Peters et al., 2017) «
T S 2 A 20 S A ST EE B AT RN, A BT 487 24 I PR AR A 1) 5 1)
K2, B RENR 0 A= i 5 R0 1) i ) S AL AL A 42 38 o ARG

B A A WO ERE B A BOC T H A KRB OGS, EAR/KIR . WTORIE. K3h

KRR H R 2025-04-07; WiEERE H#H: 2025-09-07
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TIFAFRD IR SRR 2 B ARSS, 2024). B ICAFRBIR £ 5% & B0 5 WK
A, MOV AE D0 05 RT3 2E 0 /8 D (Grotzinger and Knoll, 1999; B4 &4, 2008; Planavsky
and Grey, 2008; Zhang etal., 2023a, b). {7 2## KBTI, HE—BL4R
TR S E AT, AR TS EA IS R A —I B E B
(XIBERTSE, 2002; Yuanetal, 2025). [N, BAAHE TS EAS MR, @idhsSE
RIS EEAIT AT, AMX AT 8 VPSS HON B B A TR AR LS, SOy B AT 5 e it
FAERSERN B 20 T LA SR AL 18 2 11, AR I S0 B A A 7 15 PR A AR P AR B AR
BT T SRR (IFPF, 20205 5KRAE, 2020 FE5HSE, 2024).

KEBCE AR ERNEE . RETENEEAEE. Sk gmooh SR ILA
ZRESEAOMAERE (FR5E, 2012; BEESE, 2003; B, 20200, HEEA
FEOWARFALE B H TR R A5 (e AL A1) 5 oty SR AR R SO AN A, B IR R N AR
AICEIEE & R A E WG SO 2387 755, SR MER A EAR, i, S
(RSP AR, JET R 73 ORRAR 2 S My g LBl A A, R 8 2 A0 ke oty A A i~ T
AR IR LA B A AR, D o AR AR W — PR B R S AL B AR BB L4

1 DX B e

] S 2 thE S B 2 T SR I S R R — o T AR R A A R, 3
EAEGHE h—Hon R R ARV B S GEBERSEZE, 2007). 78 oA
WzEFooE AR, WIS ROEREIAG AT T — RIVUUR G, SR B T R
My L AR 8 0 S A AT B IR K RT3 5 22 B P A A8 23 (Sun et al,
2020)

WAL AL THEAL AR B A ftth, 7RIS A T 5808 ) W 3y 2R 3 B Ko L v sl s A6
FEHZ X R R T s 2 X SRS X (Wan etal., 2019) o [X P H 85 2 LG
HARMTE AT N E, WERE R, HhdbBARSE TR LR b, 5 %
RABRF WA PAT AR AP, A 2B A. A% 13 MM (Xiaoetal., 2014) o il
VR NRRIR BRI, P T R RAKG OISR ICE, FRTFELEABORE (K 1o) (51
LIFEE, 2003; PERSKREE, 2004). LA EAFER PBURE I 81 LA-ICP-MS?Pb/>38U 4R i
N 910+£10 Ma. 953+10 Ma, FFRIEMEERETY 950 Ma (ERFEE, 2021). XRAEILAK
BE R RS AT A B AT U-Pb M 4E 45 L ROk, SHRIMP2Pb/238U 45 £ 4F 4 24 897+16 Ma,

LA-Q-ICP-MS2Pb/238U 447 455 890+14 Ma ( EiHHESE, 2011). T EikkEHhAIEACE
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Fig.1 Location of the study area and stratigraphic column of the Wangshan Formation
(a) location map of the study area (base map from the Standard Map Service website of the Ministry of Natural Resources, Map Review
Number GS(2019)3266); (b) regional geological map of the studydarea; () stratigraphic column of the upper section of the Wangshan

Formation of the Huaibei Group
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FINATBEEN 9~10, BN 92.1 m, JRECLAK GRS KE 5 O R Te K
HRRLENRIE, REESKTFEZ . 17 B oy h— R e f s & 52 73 A7 H R 5
Zit%, TIERFRAZNIE 30 e IRRJE A T, RS B B B0, 22 OIS HRBIOIR, ikt 22,
TR BRIRBUEIE R BILATBCE RN 5~8, RN 1575 m, HMEAKETEE—EZ
B, AR AWM R AN G R L 2R A TR, S TRIE K
e EEANE. PRIESE. BN EBCA RN 1~4, JREON 1124 m, aPEE BRI
OHEE—REREABFKE MK, TZRAREA ARG, IR E LT 4
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Fig.2 Measured strati

hic histogram and outcrop section of the Wangshan Formation

(a) bedded distribution of siliceous nodules; (b) conglomeratic limestone; (¢) molar-tooth structure; (d) rhythmic interbedding of dark
gray micritic limestone and yellow thin-bedded marlstone
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Zeiss i) 285 Axioskop 40. B G AT G EMLIN 50 R BEAT 4 XCHA IR

EEITRNMERAES X 5O0eHE (XRF), ERZINR (KB AR AR 7MW,
It AR S By i XRF-1800. H4FE SR AR TE 1 000 °CLy b 3 h, THERRE (LOD.
SIHTRD, AR SR R S B IS FIR A TE 1 150 °CHREREY ARl 14 min HIEIS RIS . A4
Je o, RS ECH P& XRF . E A i RE A T 2 AN E BRbREE (GBWO7105 .
GBWO7111 A1 GBWO7112), IXEEFRHERE i (K 2 SR B I A8 A HER A 2 TR R A 22
FNT£1%.

IR BRBR . AR A7 R A b LT K% (BRB0) B Hb T 5 PR BT R [ 5 s i =
Se, SRSy Thermo Fisher MAT 253 AUAR € [FIA7 2 T A o 38 ik xof =8 SR A it/
HoBC T HIFMBIRZER T 0.06%0, 60 73T HIAMBIRZEAR T 0.1%00 X KRBT KI5 A1 H5
Bt (GBWO04416 1l GBW04417) IR ZE R B Ho13C A0 ks B2 70 AL T 0.02%0

F10.06%0, R5EEHKH VPDB fpiff .
4 SEAFEHONEHE

4.1 HIHSE

T ORARVE M DB oy A AL R ) R AR AL S A7 2 2 A 2 v SRk AR T
BRIE BT RGN T, Kz X SR A0 REER . BORAMSURIR 3 Fhkay,

HREEA: EERERIKO—KERFICE, HEMGE AR Z. S R
M5 . LA BRI IR RO BT X (B 32) MUK AR (B 3b) &EA, F
FHILAMEL, A AR E N #H BP0 X, S0 W2 R X, 4 AT BHAA
B REE, HREERNS~8cm, HAEZ 3em; FERILS X, HAEEE N 10~13 cm.
SR AT, BRI IR E . AR R, MR I A B 2,
B WD BAEFEE . AHAFEARE IR 3~6 cme SUZRRFRME—M, dhARMERSF. Bild BB
KRB ARER . SRR FRRFHOT 5 CRB 2 A, PR SIRMIE . AR
BAA (B 30) TEREIRZRE, AT, BERKE, AT 4~10 cm, HAEL 4cm,
FEATEEE R 1~3.5 cms SHMEHIREZEA (B 3d) HMIREEAK, HAREHN 3~4 cm.
EREZEA (E3e) ZHEHELANTem, BERLN 4 em. AMIAEEE, HHATH: A ¥ 2 %
KT 3 eme GURRFRYEMAE RV . §UT XEFEA (K30 BRI EARL 2 em,
o] b RBOR A . HARRZ RS, AREE. SUZZ AR, JERBORER.

BREBEA (K 3g): FENMMTHILA FBIKH, SENAZRKSE. SEEEER
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Fig.3 Types and macroscopic characteristics of stromatolites in the Wangshan Formation, Xuhuai area
(a) regular long cylindrical stromatolites; (b) parallel bifurcated stromatolites; (c) irregular columnar stromatolites; (d) dome-shaped short
columnar stromatolites; (¢) rod-shaped stromatolites; (f) scattered bifurcated stromatolites; (g) wavy stromatolites; (h) horizontal

laminated stromatolites; (i) bifurcated stromatolites; (j) sketch of stromatolites
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K45 0.2~0.4 mm. XELREPAER R TTHATER LT, JUPAT AR LREL
3 B AN A AR K IS T G A G 0 2 A A (HURIT 9 DX AN R = SR ) B AR T R
fE, WEAE LA T BUKIR REC el 1 & E A KR ZRKE Chfl, 2014),

BIAPBRAZEREEAKEREREIE, SURMAES:, F2E SR EHZSE, JIf
HABANE. BESZEEN 0.05~0.1 mm. A Wity StmE (K 4b), Ea EHEELE
(HJZ 0.05~0.1 mm) I ANERE (0.3~0.5 mm) HilEZE (0.02~0.05 mm) &, A
< EREEAN S BRI, SEAsEEER .

FIAPBHREBEA, QUZRES—WEArR, BERAN 0.2~0.5mm, BOIURE
SARARENY, A1) b S WSk, e SRR b A A LR AL A TR B ik . BRCIR
BRIE KR (B 40), SRLlE E S5 MR S, EEONR N, [0 R BT,
O NEERRERT W) -

, .
B4 PRE X 8 L A8 2 A B0 R RHE
(a) BERLRME MYESE, HEDA, Bt (b) BREEAGUR LR OHTRTT IR b8 5 02 0N B 52 5 Mg =

T, R (o) SO FBCIRERE AL, 1Lt (1 HOHELIE R OSUZ PR, Bt (o X
IR, B () EBAERER A, BOQUZR R ENRIRKIEEIR, Bt (o) EE—WraamRipaE,
QURFLESERE, BRI (h) ERAIE, EXmL
Fig.4 Microscopic features of stromatolites in the Wangshan Formation, Xuhuai area

(a) curved and entangled filamentous algae densely distributed, cross-polarized light (XPL); (b) laminar stromatolite showing a transition
(along yellow arrow) from isopachous alternations of light and dark layers to alternating thick light layers and thin dark layers, XPL; (c)
yellow arrows indicate tabular intraclasts and ooliths, XPL; (d) yellow arrow pointing to pyrite within dark laminae, XPL; (e) spotted
microstructure, XPL; (f) upper section columnar stromatolites, dark layers in the form of a lens with a thick middle and tapering ends,

XPL; (g) continuous-discontinuous banded microstructure, gentle and wide layers, XPL; (h) window lattice structure, XPL



FIA EBHPRE E A K MR AUIRIRiE (& 4e). TALWMAIMIE . SUZ 2 BiEs—
gk (K 4f, @, WBORERESROTELE NI, BEHRLERR, HAREE. BHL
JREZFR, T MAT, JRABOT#, BT 0.3~0.7 mm, 2%y E BIHANYE 5
PR EL A AL A8 W BRI R R T A (K] 4d). et QUR R EEAFRE, M 0.05~1
mm A, T E Ry S RBRIR A A AR . SUZ AR LIS GOk, TR ARNZERIANK,
EHEOR, MBS, ZHEPTREOSUZTEFACRI, oA HE T RagUzH, 1
(6] 22 1T IR B JiS A RT3, BRI 2 OO MIEPIR . BOIR, ik s, B U A —IKIEIR. 78
HARBZ AR, SUZMRE, o OIUR 2T EE R KIESR (& 40, SURIN
FERCT A, R BRI MR BCRMSUZ WK E @i fiE (18 4h).

7

5 HERALZARFAE

51 FETLRHE

20 A RE gD ERETTRNNRSE RANEE 1 PR, SiO SER T 1.05%~12.50%, “FEIEN
3.68%; CaO ZEANT 34.05%~54.50%, “T-IMEN 49.71%; MgO &N T 0.35%~16.83%,
SEISE N 3.28%: K20 AT 0.03%~0.86%, “F-XIME K 0.19%; ALOs & & AT 0.16%~2.69%,
SEIMEN 0.65%; AERE RN T 0.03%~1.49%, P HIMEN 0.31%. R FEREITCEMNEE,
1M Na;O. MnO. P;0s. TiO, FJ & EIEHEAA 0.1%.

CaO 5HAhH BEItR EAFEE I IEM K. TFe205 5 MnO. ALOs. KO+ TiO2. SiO2
FrERRIEAK (B 5). A ERAMUKERL (8 6), ZHEH RIS CaO KT E
WA, S 7E S R B ST MIE ) BT — R B2, 76 R BRI 4E R ), 76

EAERIEIRIE NN -
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Table 1

Carbon, oxygen isotope compositions‘and major element contents of Wangshan Formation samples in the Xuhuai area

R1 HRERXKELARIREAANRARE IR TRGE

i g RN (%) FEILE (%)

o Fe/Mn MgO/CaO

" PE® 8150 Si0, ALOs MgO Na;O K20 P20s TiO2 Ca0 TFe203 MnO LOI TOTAL
WS-16 3.75 -5.73 6.8322 17120 0.686 0 0.0175 0.5154 0.0618 0.108 8 50.1159 0.3803 0.0356 39.598 7 100.064 2 4.740 0.014
WS-20 2.61 -5.53 12.500 9 2.685 8 3.2438 — 0.862 5 0.048 4 0.153 6 42.802 3 1.4917 0.0349 36.351 8 100.101 1 18.967 0.076
WS-25 3.39 -5.91 3.5425 0.674 6 0.4409 — 0.198 6 0.0314 0.055 2 53.368 0 0.3447 0.026 8 41.6537 100.331 6 5.707 0.008
WS-30 3.26 -6.39 3.960 3 0.7127 0.7902 0.036 8 0.2194 0.0375 0.058 5 52.550 7 0.2653 0.0317 412435 99.906 6 3.714 0.015
WS-34 3.33 -5.72 1.692 8 0.870 4 10.100 4 0.0312 0.2732 0.030 7 0.0617 42,2499 0.617 1 0.024 7 43.605 1 99.5572 11.087 0.239
WS-35 3.62 -6.85 2.8330 0.784 2 16.829 2 0.0342 0.243 1 0.033 1 0.0529 34.051 4 0.568 2 0.046 7 44.495 5 99.971'5 5.399 0.494
WS-46 4.39 -5.63 5.402 8 0.833 8 8.3039 0.054 7 0.2377 0.044 3 0.064 0 42.448 7 0.258 0 0.016 6 42,144 1 99.808 6 6.897 0.196
WS-48 6.26 -6.84 2/169 7 0.4255 0.7599 0.013 8 0.1185 0.030 0 0.048 5 53.8599 0.220 1 0.012 2 423583 100.016 4 8.006 0.014
WS-52 3.65 5.8 24572 0.3957 2.870 1 0.001 7 0.1070 0.0323 0.044 6 50.635 6 0.1339 0.0109 42,6347 99.323 7 5.451 0.057
WS-53 372 -6.72 1313/ 0.156 2 22151 — 0.032 4 0.018 7 0.0335 52.963 6 0.2016 0.022 0 43.436 6 100.315 4 4.066 0.042
WS-57 3.09 -6.51 6.2912 0.3312 2.680 1 0.003 4 0.089 1 0.086 8 0.043 3 49.714 4 0.1752 0.012 2 40.906 4 100.333 3 6.373 0.054
WS-60 3.6 -5.44 4.062 1 0.526 4 48331 0.0117 0.1590 0.043 2 0.053 6 48.1923 0.1546 0.0116 423323 100.379 9 5914 0.100
WS-64 2.96 -6.44 5.600 1 0.5322 0.504 0 0.027 4 0.147 1 0.029 0 0.048 2 52.468 1 0.0790 0.009 9 40.856 5 100.301 5 3.541 0.010
WS-66 2.63 -7.34 3.2900 0.490 9 7.006 0 0.0330 0.136 0 0.027 2 0.048 4 46.111 8 0.3214 0.013 8 43.1138 100.592 3 10.335 0.152
WS-68 4.07 -5.76 1.229 6 0.496 7 0.3510 0.0383 0.1224 0.050 6 0.050 7 54.498 0 0.2823 0.008 0 42.664 7 99.792 3 15.659 0.006
WS-69 3.87 -5.77 12379 0.2579 0.5757 — 0.059 9 0.026 8 0.038 4 54.496 8 0.176 3 0.013 7 43.094 1 99.9775 5.710 0.011
WS-70 3.07 -7.26 53015 0.2155 0.640 0 0.0110 0.052 4 0.087 7 0.036 4 52.1399 0.259 8 0.0127 40.910 0 99.666 9 9.078 0.012
WS-73 3.48 -6.01 1.144 5 0.2820 0.805 7 0.005 9 0.0717 0.0310 0.040 4 54.056 3 0.029 2 0.008 3 42,6829 99.1579 1.561 0.015
Ws-81 3.97 -5.85 1.054 0 0.2411 0.9387 0.020 5 0.065 3 0.029 4 0.036 5 53.9919 0.073 4 0.009 5 43.0270 99.487 3 3.429 0.017
WS-93 4.42 -6.43 17721 0.3812 12123 — 0.105 1 0.045 5 0.041 4 53.506 2 0.1550 0.019 4 42262 4 99.490 7 3.545 0.023
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Fig.5 Heat map of correlations between major elements in carbonate rock samples from the Wangshan Formation

in the Xuhuai area
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Fig.6 Vertical distribution of major elements in carbonate rock samples from the Wangshan Formation in the

Xuhuai area
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SN BRIR A A R AL R AT 45 R NEE 1 R, 60 (HVEHA T-7.34%0~-5.44%0, ~F
HIE N-6.20%0, 93C LA T+2.61%0~+6.26%0, T HIE H+3.66%0.
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Fig.7 6"C, §'%0 and their correlations in samples from the'Wangshan Formation, Xuhuai area

(a) 6"3C, 6'%0 point-line diagram of the Wangshan Formation samples; (b) correlation between 6'3C and 5'%0 in the Wangshan Formation
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6.1 RETERSIITM

AN FLRN], FERER . BUE (E FEDTRS fEF o, BRIR BRI S0 R 3R 4L AR
TS 42 3 — 58 FEPE R SEIA T & AL 048 (Bickle eral., 1997). BUEAEHI T RS S EUR IR 260"
P1o13C Jo'30 H P [FI PR (( Bekker et al., 2006). [Ht, 63C 5580 {8 HIAH 1 F A T
TR IR Bh & s UG PR TR ZE R bR . 38 I %G 2 LR S K1613C 5630 BEATAHSGHE 4047
SRR 2 = BN FEEAOCR (B 7b), R ILASC B vl FH ok TR
W AR o [FII 0180 3 K T-10%0, 3 WIAE i B B0&E 1 11495 (Banner and Hanson,
19900, AF, MgO/CaO FUAE IR AI AE A BkE 25 4 th AR 72 B2 (1 AT Ak 4R - 24 MgO/CaO /M T
0.125 I, BLHIBRIR S0 VR R AL e T AR /EH (FEFE4E, 2018; Yuaneral, 2025) o ASHE
Fd, FEdh WS-34. WS-35. WS-46 Al WS-66 (1] MgO/CaO {843 4 0.239. 0.494. 0.196
A10.152. Bk BRDU/NEER AL, FARBE AR T MgO/CaO ¥R /N T 0.125, #—P4E
IRIXLERE i AR KA W R s AR R

LR LTI, L AHBRER BR o B AR U UG AR LSS, HHER AL AR RS B P S
W AR AR B RFAE o
6.2 IMEMEXI S



R B L 2L B A B TR AT FOAS [ P 25 AN E RS AE X SRR AR AT 04T (18] 8a) . Ly
AR BURHS AR IR (RIS A 5 3 il 2 e A B L2 AL, TR KT R B4 K
B, R IRBERKIKEN 11, O TSR BB G EERLRE (B 40), FRRHBRT
W IRRET . ) BTN RICE RRE ICE BRI RO AIR. B TIOR8 2b),
FORFCTTREAL T KB IRAETH DA b, B URRS S0, SR A AR 7 o

hBCAYE EEONR KO EERKS. B8 EREHREEL (B30, BMUKHEE
A RZUARGETAT 3 X, 0 By R, AR, RS %14i%
LIS BEALEZ SR, AR E R, AR B L BCRERIE K
BERPIYL, RN R AR DU R (JEIEFSSE, 2018), AR TPyt v m) 4= K
TEREAEREZ . 8 7 20 W2 2088 KA 2 Bom HOI MEETTR GERKREE, 2004),
RFLE A FBIIBRIR Eh A VIR R h 52 3 7 — 52 FERE IR AR A FI R 56 6 J2 B /KT
SURREBEALUREE (K 3h), RVERUF, JoW R, 457m 6 il G R s b
Ry )2y L3 s Bty o v B B2 R E I, A YT R PR, TR
PRAKFREE Al B Bk o —FiaT BE AR Hy R e A 7 A I R i b B i K R o
AT, PR BER KA AR T F VT RE %% (Shen et al., 2016; Liueral, 2023) o %4k
M5, BHlAhBads 7w — b s s 51 .

AFF 50 T S 2 L 2 L B #h 25 O A1) LA S35 1 3 ) AR RFAE - S5 2 B R T
EFREIAZRKE RIS, BRRE SRIKE LRREES T HIHETRESUZRE
R KRS . 2R AL RAF I 4k AR, RN BELE0 T R O s RE 45
IETEABONFN, RIRZFEH, | YRR 2 84080 BARRHER R O ERK KRS, 7
by B TR BR T DU . SRR BUTRZ MW 15, AKIRRE RS, Ao KA 1
TV R RT 6 5 W PF FR I 1) ) S0 1 2 8 e R 1 2 O AT % o T B R LTt B IR R AR
MRS EA (B 3g), ZRALEE K EEMIREIRE, 5K TEUZREZ AN FEE
BIKERER (FFPF, 20200, YRR IS AL AR D, AR BRI, $RRK AR RE R
BRI B I R . B LR E B, HRAER, QU2 2 RiEg—Wiskirik
Wi, PERCIRMAIME (8 4e), QUREEARE, MARMEZE, &R aKREEmEA
BRGSO T KR A5 A K = R BT, IR RS Ttk N 28 IR AR FH 32 5 3 1)

B &b
=1 He Y o



PG e RIIE GO SIS R A R MR X

(a) (b) (¢) (d
o > Ulﬁl It HEES AR A F i Y T A 32 Al
BB L[ mtee (R ) A T
(m) 1 E | P.0.% CaMg Fe/Mn ThOBE [ R W
it e .t G-
- - T 000s T ol | G Vo Vo Vo STITETLTETY :
2 0| = . e |
(<]
il — i)
o
3] s0 ° N I
- ] |
£ el B | .
X w| ® - |
- ‘ |
° F |
4 o| " |ez= P 4 )
100 - |
| f o |
o e Of ur :
5 e 2= i |
: I ! T ! I - I L 4 Jw |
R === I e R !
[ ] °© o |
6 - w | B |
T T T 1 ®
T II T II I I] T | :
=3 T=T=T=T= o |
d I — —
B 720[l—||!|1||I LA P :
| T T T 1 — |
e |o . |
s ° ﬁﬂ |
o e " ’lﬂ :
T T T 1 i
8250-||||l||| ° !
T T T 1 °ol|le |
== 2| | i
T T T 1 |
T T T 1 || |
)| ] e[|} |
- 300-EEEE ] 1
1 St i |
B T K |
10 T b bicq :
L | e |
T T T 1
El=T—T—T— |
Rl S R i

il

ainioieyoic

[+] [1]
FAT 4 OR AKAER ?}(‘4

BEA BEA i

| [e=]

N BOR O ARNDR SEEAER EIR BIFS SOR BERAW BASZ AEWE
i BEHR B R4 NE A BIEA BIEA

B8 ARifEM P S A R AL 1
(a) BULAGTBIABESICE: (b) TP A AMRFE: (o) W URMRBAHFE: () #3732

Fig.8 Paleoenvironmental evolution diagram of the Wangshan Formation in the Xuhuai area
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(a) evolution diagram of the sedimentary environment of the Wangshan Formation; (b) vertical variation characteristics of

paleoproductivity; (c) vertical variation«Chatacteristics of paleoclimate; (d) sea-level fluctuation curve
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B (P ERAEYRENES S FR0 R, REE AR I EIEER R Gk
R4, 2011) o Al. Si %5338 0 B RN /K o (K9 B I ()46, 3 75 o Pk s 8 RS et N
e, TRFCX POsE S ALOs. Ko0. TiOJ SiO: EFAHIM: (B 5), R RIEAT
RE AR BRI K ETHR v, MAERRIERIN . Bl E B P.OsE B AR ETHES, B
EUEAEEZ W BT —TFREIEE (B 8b) (HAFER ML, eI 20 A A R A
(I HIRBRIE K8 B 4R, 2 KB A 51 R 1R 2 1) KRR B0 R 2 3 B S IR Eh ik 2
FEE (RN, 2008; Maeral, 2008; AN, 2022), M2 kW 40 B S5k 2L 1
B,
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IRIEVURAH AT SE R, BELALF BeR DA K AR BAR R, ] s e ) (o) s il s A
IKALAREE TR, PORRAHEE AR W) Bty s S P T PR BT, (EUTARBR S el ) [a] ol . Hu ok
SRR AT AR XU RE IR TS o BTSRRI, BRIR h55 Bk 7)1 3 AL URFALE 7T T 42 3R
FIHARRAE (EAEMS, 2014; BAERS, 2015; RIS, 2022; BXE#G%E, 2024). 4
RAAERVEE P TSR, SROKIX 5 F & 2C AU PSR R A7, AT K T R R
Gihmy 2C. RIRIS TR S BUMRL P K BRIR $h 2 0 °C M TH i (RARIEFIXAKE, 1996; HINE
85, 202100 BEILIZHSC ELTE B TS NESR AN, B LB T /N UL R B TO00 U 2 R
S, X R R R B A=A TR —BRRBE R, o R T = e R T
TR (B 8d). 4ia EEICRMIRILTZ T, ALOs. KoO. SiO25 TiO: ] 1 ) jl fi it
B ONSRPERIAA RURE GB R4, 2024). HA ALOs. KO M TiO» 3 ZER I T e B 1)
Ji, FF AT R ERAE TR URIE R P o AEGRKRMIRAE PREE R, S8 R 00 Rl e e Ak L
RN ALOs. SiOF TiO- %5 & &3 . 7628 (L LA REOR L B: ALOs. SiO-Hl TiO2 77
R EE IS, S AT A P T N R KA IR FA, Ho3C
FIT IS 0 4 9 THT 0 S i LT R A — B . AR, ALOs. KoO. SiO2}¢ TiO»5
CaO RIRGUARSS, /xRt VR BN 2 J0 R R Eh A 1 UiR CEFLEA A DA, 2009;
M5, 2014; WEAISE, 2015).
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TRIR 825 1) Fe/Mn ] [ Bt S AR 4K . Fe 7EMINE M3 Hh o) LA A AR I A T Ak
HEPTVE, Mn 7E R AR BAKEIRZN LRI 2 K BYUE . FILTTRYh Fe/Mn HL ) & 80 R IR
A%, AR T RSN, CRIFK, 2005; B84, 2018; BALA%E, 2024). il
FEA MnO. TFe03. ALOs. KO, TiO, fll SiO, & & R IEM I (K 5), R LY
By HRUTER FEORIE TREIR AL, TRE T RVIRUE S . Fe/Mn 16 N Bt BURHE 2
IS 0 FE N S 2 MRS B Eh A K. 7E 2L BB B — A8 In—I /0 (1
i€l . Ca/Mg [FIFE 2RI E RIEFaA71 (HEFESE, 2014; fE25%, 2018), 5 Fe/Mn
A FABHEL, B T B Ca/Mg B, (RFFZG LT, E b BRI MRAR A
ARG T AR A0 T L ) B0 SR o o BB [ 425 o 7 3 1) BRI A, AR KRB Rk
b, ZERAEFIRGAR, A% T 5 5 ARKHRIE S A R R AR . B
BRI ZE A1 25 7R J5 SO ARG T BEILZH A 5 Fe/Mn Al Ca/Mg £ #1 T b (1) 3L [ 45 7] /2 72
YT T 1o P2 AR AR O e 8, A o BT B s R T3, s R R () <10k o T 2
WP TR I EAL R, B FBORI BURES, fon TRMSEZM (B 8c).
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6.4 BEASHFEHMHEIRK

SILHF AL T NIRRT, AR . T ZIRER R, EYHE R ER
FERUR, (U DR ARAERIE . AT T R TR, TRt e o (4 I it el o

VORI B 30 IR 25 (0~ T v IR 3 AL o ORI S Y ) U] ey, L )
FAY AR AT FAE T i R S5 v e 0 [RI R, 2 17 DR VIR BB AN, 326 PR 2
AR T A S R I R SRR 1A, KRR E 2 O AT 2 XA AR E R A, FET
KB RZEE, PIRYIDIRIAIE, WHIES R A A K IR PR L 221 . -1 T 4K
BN FBUKS IS, Ao XOEPREEABHRE, KBS EA @IS G B AR
AT B 5 U AR PRI AL, WP IR LTt )5 2D 2R, 2Byl s
REEESIRE KRR G, W2 BREK W, MEERE, REERSEANEE, E
R R ZE RN (B 31D, 8o 1 KR AT v 7 g0 s TR RO BR 1l o b v T~ T 9 3 )
ORI 8] la)—] Ly et a2, T8 R R R oEALR S 8E R AR 20
SO, CUERIRASLI) 2 H- T N BREdh 50 H i A2 P B E M55 10 R e
IR EAR, SN, X5 T O R R B 2 A TR RO JE T AR SR
A HAL S LR A — 2.

OB BB S IR R I & B R WK R ER H, R KERIR K A, R
B2 IR AIREAR, DU BEHE N A I IE 2 25 (R ) 18] 7 28 A B8, KRB R IRBZ 0. BEAKAR
WRIERFEIE, BIRBEABETH K. JF8EHE AT, REET, PREBEAEAS
R G FEEIAT A . 258 A R DR, MK s AU A, HAE
() R LEVR R G o BRI — 20 T R, AKARREE R, KURMEERESE, &2 AHK
(A 25 O TP AR S MRG0 [0 3R R ) (2 S 3T~ T ] T, AR IR T IR
HOT 2 SCRBZ AT, FRKKER 7 S BOCR AL/ IR, BRI, Xevrg 2 s
BS2ATIITH R A

o= Py A B L TR U A AR SR, I T 28 ) = IS8 BE IR — iR e [m], 4
HHGELRARA RS, TSR B R IUKEZEA KBS, 550 him iRk
[ J3 R A 3 1 K SR S ARVE BT T D I AR & (PORSREE, 2004), R B IX 1%
W 5E G S IE N A RS R, TR T B R ARSI A SRE IR N BRI
MRy, BILNHE R ARSI E A AR B SRR S R R . RN ETH
Te it AREJE A W R IR 5 Bt TR sl (R i AL S 36 1 RS « SO0 T b PR AL K B
BEAVURRAE, B TARMEZ IO Z ath, BN RS HIEAS . KR, U5 KA 2T
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Fig.9 Sedimentary model diagram of the Wangshan Formation in the Xuhuai area

65 BRAEKIHERFR
B2 A1 o HOER LA i S SR O

BB FUR W AR 5 ORI 2, IF
fErp—Hoe it AUE BRI . B2 DERAER T —E NS A AT % 4h, ik
A BRSNS RER AL A B KR, B AT M AL AR T 224648 2 h—fo i &
AT T I H 2 ISR A DU R AR R3S CE R B IR, 20060, X
SEPACIR IR Eh B R0 8 MRS RS A B M B 20 IR Rt 7B FE IO BT 11, TR O T R
A A ] 5 24 %?%ﬁt?%ﬁ& CikA, 20200, NERAFIT BRI B4
B EFERE, DGR R R OO 25 2 3 ANPR 5 ) R 2 B A 25

oS L, BURAE YN L RRRIR thon SUZ AR T RE R A MEUZR G (K7,
20200, UMD EZ A P EY S diREETTE I A 02 5 88 SRR E R (R
H IR A R A D) AR A NUE S B AR, ARt BRI EARARE
FIRA P RE% (Vasconcelos et al., 2006) o EAFERMZ, IAEE A BMEYE RO
BRI SR B S5 WU RIURL I F I 8 2 BB 3 S A s B 1) B 2R, i VR AL R IR A R T
TE S IR0 B J2 N R BR V26 A TV R 45 5 (Decho et al., 2005) o B 1L4H F B[] AoIR
B R A LUZ TR 70 A 35 R BT, P BE TS BRI ER 34 L4 R (A7 AE . RN SU=
KA H¥BIE—A 5 A e S BRI X T R f s B I & R0 K BRI EZ
A Z R CE YRR U AR IR &R, X SR i s AU B IR R BRI £ FR DT A A
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BB S E A SUZ MR A K (Dupraz eral., 2004; % E6%, 2012; HI@%, 2014).
TR PR T 1) A A IR S 0 IR B AR AR O BURR O ROk %%, 2013). EXRG T Exuma Cays il
Highborne Cay MAEE A LSRG KM L5 R K] (Andres and Reid, 2006, HRIE i
S B MAEYEE T 2 EE KB EAER . BILATBERSEZARGZHENSR, W
HEEFEEE ()2 0.05~0.1 mm) &EAERE (0.3~0.5mm) 5% E (0.02~0.05 mm)
L, R EREAN SRR, R AN, tehh, B RRG R A G R
(M8 E AT, SEIE DU SRR Sl SO M 0 1 v s PERE IR o B2 1 2 T 5% 38 e X
FAEX & EA RS RG] e A AR — 5 T 5 Z4 R K AR S Bl 2 R A A 0 s 1) A v
S AR SR 1 B THR AR & B IR KR BB G2, NS SR KB
i FE i o

FEWIEZS B, Andres i i 7T LS T Highborne Cay /% Exuma Cays (RIS E A,
RIMEEARAERKTEE TR G, S9N RMGCHE 58 5 [ R 121 (Andres and
Reid, 2006). 7K&) AR HIAEYIRE AR 2 HEAE S B0 E . K& AFieE, &FEA
MR A (JEIEFHSE, 2018), HIWHSZEAVBMSITEIAR, BREEHEDK
B T R T, Moo X AR 5 KS) U5 B AEAR G, 2R 28R A2 5 A7 AE T
o005 = AP o e 1217 S B Al U R = D 3 RN 75/ = = R = o O N Y AV E o
I ZE PR AT RN ) L K BN ) g A IR R M BT R R B R A R MBS . AT
FHRE T B R AR EAE KR E (Andres and Reid, 20060 . 2 1114141 BE AR 5 5~8 cm
AT 5 AR B B IR 10~13 em HERBE A, HAKFEMXT AR, A%
iy ) B VR S AR IE AR BLIE % . Ojakangas et al. (2023) T4 @ AUE AR T
IR IRBN & R AT A A, OB R, W AE T AR KRR, TR R A (1 [ 4 T 45
F, TR S R AT o 2GR BRI, TR DA R K R gE, B A KED, S5
T A B IO 54, Toiu it 26 A2 oK. LA FB IR B 2 A, 2R ALUZ R
APy b e JE PR E SR (B 4D, BVFRR G ISR AR & B A QUR TR S K
JRRIFEIR o IR B R AT A A R T TR Ly OB R 3, TRIR B R A A K B TR R I
L1 O A O R G S N2 AN T -/ S R NS E A B O G R R S A ob 2
BRI

WG ILA SR A SIS E AT, AT, BILA B E A MY Bl g
FAEZ IR, E AR B F AR UNE B e — e #2FE L HI4 T & E A RO TE
B TS BB AN G Z B 2 R RN RC R o Rl V58S i\ 2 B A0 X 2% 5



AT AE — @ R R BRI AR A, T AN AL OGRS MK Bl ) PR S R R M 5
Wi B J2 A0 B TS o IXLERE T 45 RADCAE B T S 4F s BE AR B 20 R L], 3B R
MR IR AL T B R,

7 g5t

(D X BIARZAZKE, RELESATVEREZ6. BIREEA
MZEREBEA HPHEREEAORSFEE, FEAHNKEREREZ A FEFEREZ A
SHEEREERA . AUEREZ A TIro XE RO X&EA . BIRBeRE
FEAR AR R, RIREE AR A LR .

(2) AT EARNINE, W FHEAET T =A e8I —R e, ik -
FEMBRKES . BEO5 B RFRITINIGR, FERFETFRITE T FHEK
(DAZS: PR (it il 7 AL o DGl AR (e & (I i da s 2 B =97
Atk

(3) BB ZEAMEYE LAl e 2RI, ENIAH EAEH ZACERE 304
—EREE AR ML . WS 8BRS S 2 RN, B
NBRE RERSARE— S RE R LR U s, TR NS, 6 s B K 3l J 35
BES AL Sl U PRI

Bt BRMBmEARZMARIEFTELRHEGZTE L,
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Types of Stromatolites in the Neoproterozoic Wangshan
Formation at the Northern Margin of the XuHuai Basin and

Their Paleoenvironmental Significance
YANG ZilJie, LI QianQian, XU BoYang, SUN FengBo, ZHENG DeShun

School of Resources and Environment, Henan Polytechnic University, Jiaozuo, Henan 454003, China

Abstract: [Objective] Stromatolites are among the oldest microbial ecosystems on Earth, and they are profound
significant for understanding the co-evolution of early life and geological environments. In the southeastern
margin of the North China Craton, stromatolites were widely developed in the Neoproterozoic Wangshan
Formation in the Xuhuai area. However, the macroscopic and microscopic characteristics of these stromatolites,
their response mechanisms to different sedimentary environments, and their paleoclimatic implications remain
insufficiently clarified. [Methods] This study focused on the stromatolites of the Wangshan Formation.
Stratigraphic sections were systematically measured at the Heituwo outerop in Chulan Township, Suzhou City,
Anhui Province, and representative samples were collected for further analysis..Macroscopic observations were
conducted to document the external morphology of stromatolites, and petregraphic thin sections were examined
under both plane-polarized and cross-polarized light to investigate microscopic characteristics. In addition,
geochemical analyses were performed, including major element testing and carbon and oxygen isotope
measurements. The integration of macro- and micre-scale observations with geochemical indicators made it
possible to systematically classify the sedimentary faeies ofsstromatolites in the Wangshan Formation in order to
reconstruct their co-evolution with the depositional ényvifonment, and to evaluate the primary controlling factors
that influenced stromatolite formation during the Neoproterozoic. [Results] The stromatolites of the Wangshan
Formation are mainly divided into three types: columnar, wavy and laminated. Columnar and wavy stromatolites
occur predominantly in high-energy intertidal environments, whereas laminated stromatolites are stably distributed
in low-energy supratidal zores:»Geoehemical tests show 6'°C values between +2.61%o and +6.26%o. At the bottom
of the section, the §"3C values dectease slightly, indicating a small-scale sea-level fall. Toward the top of the
section, a significant positive increase of 6'*C was recorded, corresponding to a rapid marine transgression. During
this interval, three successive cycles of 0'*C increase and decrease are recognized, interpreted as reflecting three
complete transgression-regression events. The 6'*0 values of all samples are greater than —10%o, and there is no
clear co-variation between JC and 'O, suggesting that the isotope signals largely preserve primary
environmental information. Furthermore, the MgO/CaO ratio of most samples is <0.125, implying that the overall
diagenetic modification of the Wangshan Formation carbonates was weak and that their geochemical indicators
reliably reflect original depositional conditions. The P.Os content are only weakly correlated with AL.Os, K20,
TiO: and SiO:.. It is notable that peak horizons of P-Os are often associated with storm-related bamboo-leaf-shaped
intraclasts and stromatolite enrichment. The Al.Os, K2O and TiO: contents display a marked increasing trend in the

middle and upper portions of the Wangshan Formation, reflecting two distinct phases of sea-level rise, and are
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consistent with the fluctuations indicated by 6"C. In addition, Fe/Mn and Ca/Mg ratios suggest that the
depositional period of the Wangshan Formation was characterized by frequent climatic oscillations. [Conclusions]
Stromatolites of the Wangshan Formation record significant paleoenvironmental changes that occurred during the
depositional period. Their formation was the result of complex interactions between biological processes and
environmental factors. The flourishing of stromatolites was closely coupled with shallow-water environments that
developed in relatively arid climatic conditions. On the microscopic scale, the metabolic activities and interactions
of microorganisms constrained stromatolite morphology, whereas on the macroscopic scale, factors such as the
intensity of terrigenous clastic input and the occurrence of storm events influenced microbial ecological succession.
Moreover, accommodation space, light intensity, and hydrodynamic conditions collectively shaped the external
morphologies of stromatolites. These findings provide new evidence for the co-evolution of life and the
environment during the Neoproterozoic.

Key words: stromatolites; paleoenvironment; Wangshan Formation; Neoproterozoic; Xuhuai Basin
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