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ZRA— =8B RS (252 /LD PR K 4 (Permian-Triassic Mass Extinction, PTME)
FEHER AR i B AE H LRI 57 A BRI 135 5 (Sepkoski, 1984; Erwin, 1994; Chen and Benton,
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T fi# (Kershaw etal., 2012; Chenetal., 2022; Wuetal, 2022, 2024) .
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Carbon, TOC) #&EMAK (Algeoetal, 2013; Tangetal, 2017; Chenetal, 2022) . 5t
ME D EEHEHIHCR T 8L — =S L THMAEE ik, R A s & & 2
WAEMME ALY, FRRAE T REAF KRGV RERRL (peloids) BURTRL 45 14
(Adachi et al., 2004) . R0, EATHIDIE. BUEPLE]E AR AE -

Macintyre (1985) ARIEVIFRIZAIAF, FFERLRI =28, BIFMERHORL. 578 Bk
AR AL TUARRORL, IR 75 AL R A HLRCEE o T Fliigel (2004) $&H 1 BRI JLFIESE, 43
ToRT 7 22 A BRI ATL AR AN TR OS5 o S 2R 0w O BORE T e 2 1 400 1 S U E M AS A
FIANEREY), WA AL FITER Y (Alexandersson, 1972; Samankassou et al.,
2005; Broughton, 2023) . fZEWAE N ER) 2 /A W 4 B AN LA AR 1, DAL AE W i S YR
(¥ 22 FhEORL S5 ), BORL5 BUR e 5 A SR RIA S T e’ /i (Zhou and Pratt, 2019).
VESRAAIAIE 71, DUARIASE (74 SR A5t rh A7 K PRPN4RaE , BokL i ALK ISR &
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ACC) PR Bk J5 iR (monohydrocalcite, MHC) 4L, WAEY A AR EPS bRk
B AL IR AL A, $8 ] ACC A58 MHC, TE IR %0451 (Broughton, 2023) . Uik
4b, Samankassouet al. (2005) &I FHREAIERRLIT H 7 M B M SR AV 5e ik, =2 0A)
HA UM FE R TR AR B2, BTSRRI 5Dl S i S BORL i IR A AL 5 A R i A R
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MEIB BN B NG, FELAM AT R R R R RS, G—&H )7 % (B,
1997) . PTME J&, WA E ARG M MRREL e IRERP 2 KE, —&4—
— & 20528 (Permian-Triassic Boundary, PTB) i B T2 A0 % @21 1K (Chen et al.,
2022) . FERERIHLIX B ALVL A A IRIGLERIR R B 3 b, REA REREME.

HEHIH XK E T =242 H N KGH, HIRHEEEL 105 m WMAEYE, Bl
WA RS 3.4 m Al 8.0 m &P F A Hindeodus parvus ) Isarcella estachei 43 (Adachi
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etal., 2004) , EMR=SLHEFLMKMNN T AT GH40AF (Yuanetal, 2018) ,
RELEH BRI L H. parvus FRARZ AL HIERAEDE TH, (H2% 7 345 X A &
T (40 5 T A0 b o BTG O 28 & Xt EE R B, HL parvus (1 B AR 2 778 B 22 30 T P H BILLE S840
HHIEHRS (Wuetal, 2017, 2022; Cheneral, 2022) . ik, A PTB B FMAEM s
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WMAEMER T REN EZBS (RTFE) REAEMEE RS, CE5MEN SR
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Fig.2 Lithostratigraphy of the Tianwan section showing microbialite succession, and field outcrop photographs
(a) Tianwan section, mainly showing the microbialite; (b) P-Tr boundary beds at the Tianwan section; (c) thrombolites within the

microbialite of the Daye Formation; (d) coral-bearing bioclastic limestone of the Wujiaping Formation
Z3 =)
2 BRIk

AR G5 e . T e LR i B oniE S A T BOM ™ B B
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T4, 8 A VUSRI ARAAE, AR IR VDR ARG (1) 50 B 405 A Bl P v 0 i BB RIS
F|H HITACHI-SU8010 37 /& 4 714 H 1 2.4 5% (Field Emission Scanning Electron Microscope,
FE-SEM) Y& A i St e i LI EAT 88, R RE = (A X W4k (Energy-Dispersive
X-ray Spectroscopy, EDS) BEATJTE € B0, B AV FBRRS TR
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*1 BAHRNSEETEAN

Table 1 Calformula for organic Raman temperature

AR5 AR 32 I EE S AR ik
1 T =-2.15(FWHM.D1) + 478 150 °C~400 °C Kouketsu et al. (2014) T D1 UERIIETE (FWHM.DD) 5T IR
2 T =-6.78(FWHM.D2) + 535 150 °C~400 °C Kouketsu et al. (2014) JET D2 VMRS (FWHM.D1) 510
3 T =-445 x R2 + 641 330 °C~650 °C Beyssac et al. (2002) fi FH IR LE 2344 R2[D1/(D1 + D2 + G) |- 5 &
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SEIRMIE

O — OV RURE b, S e AR F v € it T R S TR G T B R R AL B, 5 A AT B
HIES 2> 1 2 A AR 8 7 g A AL RS, T o LT RO DA 200 8 A o e B 5 TR € X3 PR 12 i
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Fig.3 Meso-microstructures of microbialites in the Tianwan section
(a) polished surface of thrombolite; (b) polished surface of shell layers within microbialite; (c) polished surface of thrombolite with
stylolite structures at microbialite base; (d—f) photomicrographs of thrombolite, displaying clotted textures; (g—i) photomicrographs of
biological shell layers showing fossil fragments of ostracods, gastropods, bivalves and other organisms. Note: White arrows indicate

organic-matter-rich peloids; red arrows indicate clotted textures; yellow arrows indicate fossil fragments

B S SREMAA, AT SR R FEEREE H A Gakhumella J& (B 4a~e) . Gakhumella
A1 T AR X A 35 T R AR PR 8 P 4R, AN, AR SAE A B R
4 NANEEYIEEE (FKFRSE, 2005; Ezakietal, 2008; Adachieral, 2017; Fang et
al., 2017; Wuetal, 2017, 2022; Peietal, 2019; Chenetal, 2022) . XFf k4l ik
TEABFR, TECOyE RGN (B 400 , FHMRE 6~25 MARELEZE (E 4b, e
SRR FREE R . Gakhumella TERRIR £h & ML G IR R K, 15 SRR Sh PR ITVE,
LA e 5 A R FBRIR £h 2R 7= RO, FEMAE A T B AR h R FEEZAER (Wu et al.,
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Bl 4 ST E A S A AR 1 B URHE

(a~e) SERRVEH WA Gakhumella, BrTHERATSEMRXIIN, BFONRRSSETMARA LS. (a) Gakhumella WIRFREA,
A WMAIRGUZ:  (b) Gakhumella GBI () Gakhumella TRALE, T WLERTE J7 A THES- 5 /5 75 I AUARIRGUZ 5
(d) Gakhumella X, A UL UIRAR AR 7 2L AR, 8 A PR AF S84 AT LTS S 80U 5 (e) Gakhumella
Wk, ARMIREUZ: (D) MAEMEMSEE P E IR R, SARASE; () MEWENRETEENA

Fig.4 Microscopic features of microbial and metazoan fossils within microbialites at the Tianwan section

(a—e) cyanobacteria Gakhumella, located within the sparry areas of thrombolite, where the matrix consists of sparry high-Mg calcite or
dolomite. (a) clustered aggregates of Gakhumella with visible cup-like lamellae; (b) individual Gakhumella without spherical top; (c) top
view of Gakhumella, showing the spherical calcite top and two rows of cup-like lamellae behind it; (d) aggregated area of Gakhumella,
where some fossils display a double-sphere aggregation, representing cell division. Some fossils are well-preserved, showing the top and
lamellae; (e) individual Gakhumella, with visible cup-like lamellae; (f) microconchids, overall tubular in appearance, and symbiotic with

ostracods commonly found in the microbial carbonate shell layer; (g) gastropod fossils in microbial carbonate shell layer
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BT A EE, RR T —MKRER BRI



32 R

RIMERRIAOFZZS . KNFAG 2

KB TAMENE, JFaa

Yo e

}\/\7%

% (Adachietal,, 2004) , ¥WAETHE
mERRL R 73 SRR AL T8 (JRAERE) S S50 ER KL, Microbially-Induced

Peloid, MIP) . II 8 (EE&EEMAEMELERRL, Recrystallized Microbially-Induced Peloid,
RMIP) . III %Y (FhJRMEE & &80k, Aggregated Detrital Peloid, ADP) . IV %Y (-H#%[A]3H

FaBkKI, Intraskeletal Peloid, ISP)

('HS(A

MVIE (R4

TSR ALY i

FIREHRHE T4

mAMERRL TR AR R/

FIRWT (R2) .
R2 WMEVEDTEBRAAKE. B, THOERRILS

BERIRE . vt

AR AEXTEE

. VA (A=A sERL, Dolomitized Peloid, DP)
U AE 35 AL ER L, Aggregated Microbially-Induced Peloid, AMIP) . %%
- TERSFFE. TR BB RO

Table 2 Comparisons of particle size, morphology, mineral composition and Raman spectral characteristics of

various peloids within the microbialite

R 1 AIBRHL 11 AL T AL IV B4Bkhi V AR VI AR
SRS S A S I A J A K RS X AT RERMAEN T
HEAE A Bl LA Bk
LA ERR Bk HL i FHGERRL
WL 4iiFi il kL o1 1 AL kL
AL ] kN IR W AR kN AR YRR R EIR
Syt R AT RAF —# RAF —f —fk
R MDA Bitap el SRR TR T fRA T fRA RWmASA bt =kav e
RS E AR
ezt yESisl 5 R Ve A s 4 BN e i IRt 5 Ve A s 4 SRR R 4G E =R SR A
JR YR R A
LB E L 3,
4 S RFAE T 02 B A T 03 A JRi EA Jri ¥ EE 4 Jri ¥ E 4
JifkA N E
e aihpag NS N EEUA A SRR TR 72 2 TS 52 R
oA
fif A AL B B i X 3k A /1] B AT TR] B A i Ak
P o i [ o IRERE e
THIRAE (um) 453 50.5 151.5 125 291.4 175
RiAEbRE 2 (SD) 15.6 7.3 53.6 31.6 114.3 52.1
PRI (um) 14~90 10~130 50~350 70~210 80~600 70~380
BUE SO I P 3 1 DK
FHAFE b LA Ul &l LV b LA G N 55
L E] puks se sl Eh]
D1. G UM, a7 D1, G WgR ¥, 7T
DI. G &2, 0 DI. D2. G &%
hLEOGRERFAE WA S5Hs DI. D2. G & DI. D2. G & L D2, D4 I, A
L D2, D4 g EC NS Py el
Frle v J=pave] S
Ca fl O &t w Ca, O, fEBE  CafISiNE, 4  Mg/Ca BETE,  MglCa BET
FEICH AR EH Can O
i, Mg FHIgE  Si. P S iEE it Mg Fl Fe FEBE Fe. S w4 FEBE P. Fe a4

Hop, TRBOR (MIP) 7 B AV A RESUZ R B, IRAF T3 5t 75 i X3 (18

Sa~e) , EEAYN/N.

RLRE I B — i, r IR . FOkEA

AN 44.54 um (B 7) .

RIEARBURL,  F Y8 77 A AR, k5T e it e 45
E RN A X 8] A

(K 5a, b) ,

A F 14~90 pm, 4{E N 45.30 pm,



PHIRSE: =B HIRCE YA e f Bk 2 K 5 Wil o B

I BUBRRL (RMIP) WIRAE T A8 I SR IR AT (K5 07 i X35 (B Sa~e)
HPith, TURRAE. BRI, /i MmEE R a5 1 RERARLL, (HA N AR E 2 H I
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Fig.5 Photomicrographs of Peloids I-III
(a) Peloids I and II are partially retained in the same layer; some Peloid II are deposited in the higher beds; (b, ¢) Peloid I is black, mainly
spherical in shape, with a particle size range 14-90 um. It has indistinct boundaries and is distributed within calcite spar, containing
abundant organic matter residues. The interior shows almost no recrystallized carbonate minerals; (d, ¢) Peloid II is black and spherical,
with a particle size range 10-130 pum. It has clear boundaries and an interior almost filled with recrystallized carbonate minerals, with a
small amount of flocculent organic matter residue; (f-j) Peloid III is circular or elliptical in shape. It is larger, with a particle size range
50-350 um, with indistinct boundaries, and is mainly distributed in microbial micrite or calcite crystals. The particles are well-sorted and

consist of fine-grained carbonate material
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Fig.6 Photomicrographs of Peloids IV-VI

(a—c) Peloid IV has a particle size range 70-210 um, is circular or elliptical in shape, with unclear boundaries. It is distributed within the
cavities of bivalve fossils or betweenyfossilifragments and is composed of micritic carbonate material; (d-f) Peloid V is brown and angular
in shape, with the largest particle sizé,range |280-600 pm. It has clear boundaries, is often attached near fossil fragments, and some
particles form larger aggregates; (g-j) Peloid VI with a particle size range 70-300 pm has indistinct boundaries and is distributed around

fossils within shell layers, with partial recrystallization
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Fig.7 Comparison of particle size statistics of various peloids
The lower and upper bounds of each bgx gepresents the 25th percentile (Q1) and 75th percentile (Q3), respectively. The horizontal line
inside the box indicates the median/(Q2)The whiskers extend to the range of Q1 — 1.5 X IQR (interquartile range) and Q3 + 1.5 X IQR.

The circle indicates the mean. Actual/particle sizes are shown as scatter points to the right of each box
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Fig.8 Fluoreseencesphotographs of Peloids V and VI in different laser irradiation
(a) photomicrograph of Peloid V in planespolarized light; (b-¢) fluorescence photographs of (a) in (b) green, (c) purple, (d) ultraviolet,
and (e) blue light, to produce red, green, blue and yellow-green fluorescence, respectively; (f) photomicrograph of Peloid VI in

plane-polarized light; (g-j) fluorescence photographs of (f) in (g) green, (h) purple, (i) ultraviolet, and (j) blue light
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Fig.9 EDS analysis and elemental composition comp. of various peloids

Showing elemental mass percentage distributions. Main elements Ca, O in left-hand scale; low-content elements in right-hand scale
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Fig.10 Raman spectral point analysis results for different types of organic matter spheroid structures

(a-e) photomicrographs of a peloid under plane-polarized light; (f) Raman spectral point analysis for different types of peloids: spectral



curves of different colors represent the Raman spectral results of the cross-filament position of the corresponding color.
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Fig.11 Raman spectral mapping of various peloids
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(a-c) photomicrographs of Peloids I-III in plane-polarized light; (d-f) Raman spectral organic peak (1 600 cm™) and calcite peak (1 080
cm™'). Raman spectral mappings of Peloids I-III; (g-i) photomicrographs of Peloids I-III in plane-polarized light; (j-1) Raman spectral

organic peak (1 600 cm™) and calcite peak (1 080 cm!). Raman spectral mapping of Peloids TV-VI
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Table 3 Calculated peak period alternation temperatures of various peloids, fossils and micritic envelopes of shell

fragments using Raman thermometer
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Fig.12 Raman temperature maps for various peloids, fossils and micritic envelopes on the outside of shell
fragments from the study section
Results of calculations using Formula 1. (a) Peloid I, peak diagenetic temperature range 240 °C-300°C; (b) Peloid II, peak diagenetic
temperature range 270 °C-310°C; (c) Peloid VI, peak diagenetic temperature range 250 °C-310 °C, with a low-temperature zone of
230 °C-270°C in the nucleus; (d) Peloid III, peak diagenetic temperature range 260 °C-340 °C; (d) Peloid V spherule, peak diagenetic
temperature range 320 °C-360°C; (f) Peloid IV, peak diagenetic temperature range 260 °C-350 °C; (g) Gakhumella, peak diagenetic
temperature range 300 °C-360°C; (h) organic-rich micritic envelope, peak diagenetic temperature range 250 °C-320°C; (i) foraminiferal

fossils, peak diagenetic temperature range 270-360°C
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Fig.13 Graphitization degrees of organic matter preserved in various peloids, fossils and envelopes at the outside

of the shell fragments

The background colors in the subfigures indicate different degrees of graphitization: pink = disordered organic matter; blue = early
graphitization; light gray = intermediate graphitization; dark gray = advanced graphitization. In the scatter plot, darker colors represent R?
values close to 1, indicating better fitting results. Using the calculation based on Eq. (1) as an example, most organic matter in the
analyzed samples falls within the early graphitization stage: (a) Peloid I (MIP) has most organic matter at the early stage of graphitization,
with only a minor portion remaining in a disordered state; (b) Peloid II (RMIP) shows poorly preserved, more scattered organic matter; (c)
Peloid IIT (ADP) contains some intermediate graphitization stage organic matter, with narrower Raman peak widths indicating a more
ordered structure and higher thermal maturity; (d) Peloid IV (ISP) with moderate graphitization, falling between different types; () Peloid
V (DP) with relatively dispersed distribution in temperature and peak width, but overall organic matter exhibits higher structural order
and thermal maturity; (f) Peloid VI (AMIP) has temperature and peak width ranges that almost overlap with types I and I, suggesting
similar graphitization; (g) coccoid cyanobacterium Gakhumella has well-preserved organic matter along the laminar edges; (h)
organic-rich micritic envelope shows significant organic matter enrichment; (i) foraminiferal fossil with relatively high organic matter

structure
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4.2 JeERIMERRIE L B ANER R HI 29471

M S AE Y E K B E PTME 2 J5 m it AT B IR 2 6 hih %, HyiAERss A
B BRI 5 CRIRIEE, 2007) o TG KIS A R T AV EE 5,
IKB) 156 2 S S ERRL I T 25 5 40 3 M AT B DGR (P 1 15 P o YR S BRoBL) A1 T A 2 4%
BN AN IR E R AN, BIEE AR, 1 E I R . Y8 ERRLE H N
FURL /N B 28 M6 3R 00 B o Jo Bk IR #h 5 SR AR A, B = W B )0 80 B R i
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(Samankassou et al., 2005) . Adachi et al. (2004) XA T %5 H A S K5 A 20
AU S BRRLAFAE, ARMTUCERIR A IE TG, FARRER /A WL 2 510, BRRTED)
WA T AT, RCIRRORAE I BER AL . W IX e BRI G2 R I, JLF-380A BRoRL 2 S A
YA 5 T A WU S RS A, R A RETIE . M, REHERRZMAEYIESS
WAL FIE R =Y. KR4 J5, R X RAE KR, SEREYSEIRHBES
WA FEEREVBIER (E&FRZ, 2005; XIS, 2007; Chenetal, 2022) .
BT AEYIE KB R X O BRIR 2 &, X LR RN Z, TR CREIE WA )
EHEE, HFTRREEDE. sAh, BT 2s s DA a ., 5 # 8 e
SHEAEIR 8 H TR (Ezaki et al., 2008; Kershaw etal, 2012) , [Hi, HAEYIA VRS
BB A2 R AR A SR

1A 10 BUBRkE Y LAE U E M T SR SUZ R A, ORI RN, i R, FRRAH
St i BEIA I, IX ST AE W R B W HATE A R b X R A DX ¥ 42 A — B0 (T 7k bR %, 20055
XYW, 2007; Chenetal, 2022) o XEEERKIFHITCEA KL, Cas O NE, Siv Mg &
BT 1%, BHIFGEEMIKT BN E Gakhumella. J&EEW&A R, HFUEMAT FR
& R AE VRS A R ENUR YR . dhAh, SR IR LA MR IRCE AR
MBRA, BCE BRI =Y, R 1. 11 BYBRRLIA LR 3 ZRIE T KK 4 )5 5 12 [R5 1
T A48 R BT S DR M 2R s B ARIINE BN 1R 7= 420 » T AR e U 0 o R R A FE il Nk
AP . DRE, SAEEE &R ARNE CQr HibIEINREEY (EPS) JHREL IR,
CAE € SRR MDRE T« FHRUTARY), EPS 7Y 0E A & (B ot v] DME A R AL i, 855 Ca*
A Mg I SRS VIR, R A A= ATE (HEMEZE, 20200 , BERES
EHHURIHAEYE SR (Monty, 1976; Chafetz, 1986; Wuetal, 2022) . 2 FiHZ I
BN BRI BN 71 26 A IR Ml AR 0T BN BSGBE 6 J5 A Bl T A, 33— 200 8 [ BBk
g5 o

T RUERORLCRAE T A 0o @i vh N st a i, R U 7K 3 ) S A e85, A8
BT 1. 1 BYERRLA A I (e S2 A WU DTS, B T AYERRL G AL AT RESR B A7 4R,
= A B W B AR K R AL o SR, TIL AYERAE ) s IR s T W 40 Gakhumella
FJE AR A A A IR RE U B BRORE K38 43 LIS v R SR VR T B ZE g K R A ML . 5 &
FEORYE TRl XA, i Az A F B e NI I B AR K b, AR T A s R A
GO, EAEZGEZ RBCE RS, R ECETRE M2 (Canfield eral, 2021)

IV BERKLORAE T B BRIV EMN TE NI, BE. 2R, BART X SR,
ZRERRL A BIL T, A RS IRE S Gakhumella £, 3L Si t &R BE EHE 55%),
VLA MU EZRIE T Gakhumella S50 E VI HRA 5 AR BARBNE S =4, R, AR
A BES AR EPS, FHSR/KMAR B LA VSRS, SR A TR S ERRL (Hong et al.,
2017)
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V BIBRRLRIARECR . 12, TS NEMIR, fa7m U R 17K 30 ) %4855, [FE
AL 43 HE PR )18 W U it RRORSE B, T BS540 5 3R B S BRORL (1 T i T e 5 A=) 7Y 1
JE VR AL VIR 5% (Fliigel, 2004) o iZEERBI A VIDIEIE s, 23 RE BB TR i
58, 2R W A WU 2 KI5 T g /K A B A MU - R, HAhm] 4 2 A = AR (1 090 cm™),
Mg/Ca tHEZETHE (>6%) , KA AR H B LR K SOE LR .

VI BUERKLRAF T ARV TR AN 522, TR TSR3 % MR e, FosA
5 LR IR (VR dR A E R AR AE — 8 ORER, SR VE AR A R B 5 1 R ERRL AU =4,
HA B = ZRIE T AR S5 AR I AR WD AR AR A B 4 B AR NE B IR =420 o
43 WEVBESREFHRERT

CRARKKLG, WMAEDERKIKER G, FrRl L iEgN R K2R (Derrien et
al., 2023) , EATEOGEIEM. (LEEERIEN @S, KB (41 COn HCOs ) [HE
NAEWNGT, BIFEEER. BWEE, WERFEVRHEFGRESRNANIRS T, WE
FR. 28, FBR%%E (Galeetal, 2016) , AP KEMAHN . LA PLURAR/N . R
B, B TK, NEBRAVEK (Dissolved Organic Carbon,\DOC) . [N}, AEYIE TR
P R PRI RSB AR, R B0 8 0 J5 v 5 i A W . A B S R
W= A RE N 2 B IR 2hi4 I B (Sulfate-Reducing Bacteria, SRB) BYAbRE H 77 H FE
A COr R Heft S AR HE = KA H (Megonigal e al., 2004; Gale etal., 2016) . 44
FETIJE, M. ERESMAEY R WA AR, Falk, —ad—=84
AL, RENERE AT R A, KIRESYR T (Sunetal, 2012; RIEERSE, 2014),
BE— BN PRAK A A LS A A I R, AR KR A IR AR A LR L 6 CO2, COn HELE
KA TR ER, RZAEF “ KLEH—EEYR R — A LB —CO: HE R —iR
IR T — A BB SR A T BB AE IR, (45 K&t A7 A A BB SEAL O CO,
HESCZR KA, AU > S ALY R T 0 - (0 24 P B 5 AR AR ) A T T ROk A L Bk
(Particulate Organic Carbon, POC) o 47KZJJ A5, POC BURLZ Wt 25 7K 148 %
o, I B YRR AR LU AF (Wada et al., 2007; Algeo et al., 2013; Carlson and Hansell,
2015; FEIRICEE, 2023) , JERURAEGHUR, RATHMEMILARHERR . X2 FAE L
PIRE AR R LR AL, 40/ DOC & 5 gk, A idae A N— WE &4,
AL B AR P kS, UIAURIE A7 RE U358 (Philp, 1985) o Rk, 7EMRAEMBEEE LT
ARG, #65) POC 7T AR A7, (H R T B 0 e RCME RN ER SR R R I R, R A /843 POC
RS R IF B A AL VTR T, SO K A2 A BB o

FESE SRR, BUE VR SR ORI R AR A IURE G T sca B, 33
HeER kA2 (Beyssac et al., 2002; Kouketsu et al., 2014; XD, 2023) . FpHlRfER
WREE A, A RE TS, AP RN, 2 AP s A CO,
BHAMTEHLYD, A RSB A TR E B Tk, BOS K RAE IR E Bk . 2R
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M, PSRRI, BEE S 1E R Rt — iR, AHUREE o i, &4
BB IR 2 A7 R B

BEAl, KR A R R, A A LT T RE R AR 2, Hh s
% B K X S5 . SR1, fESERGHIX PTME BOVRZK AR BITH , 450 oG dth [X. A6 K ok 11
FIE, S0 E S IR KA TR TOC & EHIAEH K (Shen eral., 2015; Pei et
al., 2021) , UiHAEHERGIGE T IRA RAEA VTR EE A .

gi b, KRR K IE RSO AER R, JRAER T RERANUR, (HAEVIRER.
IKENIER A K B S AR R R L RVER, BRI T ARG B, R s
H TOC & B W IHEAK (Zheng et al., 2024) . TAEYIE HF HIRR LG A FATHLAR & 2R 55
38 A B A )98 AR SR At T HE B A b ST UE R , I8 HL R T 78 A AR A A b R 7 s Bk
&R A A BB S

5 5

(1) BT AP BB T BT 2 5 S A REsh S DA 5%, o H i 4 1 il i
e tEHABCKEANIL, [FR [ E CO, FHilid 7 NG (EPS) (RRERRIR EhUTIE -
BoRL T Z A HURAR, TGS T 2 BN TR R KK 3l ) 26 AF IS0 o

(2) RIETESRAEM A BRI KA, VS RBRRLR] 3 N FhR A, Hodr, 1A
1T BYERRL (1) T8 155 S A2 ARG B A 0% s\ BLER R IV T B ] fig 5 7K A s B8 A AL 1 & 4
PASCETAE AR TEAE ARG TV BUBRRL 2 AN SR E I RTR &Y V BUBRRL I TE BE
Al Re 5 NS TR A E B VIS, 2 oRIE Tl KM AL E £ VI BUBRRLZR A4
YIRE I Ve it A B4, AL 32 ERIE T IR A A A L

(3) FL2 6 PR T B, ARSEBBRRL A MU E T 1 AN [FIRE B 0 e At
FEVER] . K2 BOBRRA WL 32 AcE BB VR - SE R, AT HI9Ca =k B T AV YR
RLMRAE A 32 B 2 I WL VR R SR IR R A MUBE, IR B A SR AGAR B, W] BV B i B
FEHF K R U5 DT o SX SR IR 2 b B v o A R A e A LB G AL L H A LS P o
RIFHEE AR TH.

(4) REWEMSEDWEMRK, ERRERNAIR, EAERLREL RS
AEUR T B AR B IR 1R B AR MU A CO BB R . (A D EIR AR
AHLRAZ R POC, FFBTIARBEAE, BN AU A 8 R BB S5 4 . ORI B
BeaE R BCE S i T REANLER, RARDERA LS L7 oK. IIm#rE 1
A SR R TOC & BE i WK IR -

Hiff RORBRMEHY., RS AR TARAFAETI AT OB ABRNESL, HEFALERBRESR
BoitAR PRGOS BB 2P FE TR ZTHAERL,

22k (References)



A

A, B5, MTLHE, 25,2013, BB —d =BT A AR R AT 7). HUF R, 59 (1) : 1-11. [Du Yuansheng, Huang
Hu, Yang Jianghai, et al. 2013. The Basin translation from Late Paleozoic to Triassic of the Youjiang Basin and its tectonic
signification[J]. Geological Review, 59(1): 1-11.]

VARt 2R, AR, £5. 1997, B E T R =S A A U EE D). HuUF RS, 32 (2) 1 212-220. [Feng Zengzhao, Bao Zhidong,
Wu Shenghe, et al. 1997. Lithofacies palacogeography of the Early and Middle Triassic of South China[J]. Chinese Journal of Geology,
32(2): 212-220.]

BRI, BEAph, BEdeRe, 4. 2023, IBAUIARIIE A S HLBREEALBT Fot FE[T]. T2, 63 (5): 1771-1786. [Liang Lewen,
Hou Jialin, Sui Weikang, et al. 2023. Research progress on microbiome and organic carbon transformation in marine sediment[J]. Acta
Microbiologica Sinica, 63(5): 1771-1786.]

XL 2023, JETUHDAEHUG: FM . B S EHLLERD]. BRI, 48 (12) : 4641-4657. [Liu Bei. 2023. Organic matter in shales:
Types, thermal evolution, and organic pores[J]. Earth Science, 48(12): 4641-4657.]

X, YLIRFE—, M40, 452007, S0P ) B RAEY KK AEIF G DR B REYE R ARDTRR SR ]. B %
%, 9(5): 473-486. [Liu Jianbo, Yoichi E, Yang Shouren, et al. 2007. Age and sedimentology of microbialites after the end-Permian mass
extinction in Luodian, Guizhou province[J]. Journal of Palacogeography, 9(5): 473-486.]

RFTEK, B4R, H 77, 55, 2014, MAVLHIX 40— =842 AWK GG FAHTT T[], R E R HiBRELEE, 44(6): 1273-1282.
[Song Huyue, Tong Jinnan, Tian Li, et al. 2014. Paleo-redox conditions across the Permian-Triassic boundary in shallow carbonate
platform of the Nanpanjiang Basin, South China[J]. Science China Earth Sciences, 44(6): 1273-1282.]

Y, =¥, 2020. Fr s A6hR s o hL 206 R S v [R5 R I [T]. uERAHE 36/ \3582+259-274. [Tian Ye, Tian Yuntao. 2020.
Fundamentals and applications of Raman spectroscopy of carbonaceous material (RSEM)thermometry[J]. Advances in Earth Science,
35(3): 259-274.]

FIR, Li Zhongsheng. 2016. Wolth B B ARIFNVIAE T ABGBEE[T]. A 2=4R, 37 (9) : 1129-1136. [Wang Min, Li Zhongsheng.
2016. Thermal maturity evaluation of sedimentary organic matter using laser Raman spectroscopy[J]. Acta Petrolei Sinica, 37(9):
1129-1136.]

Fkbr, B, EFHRA, %2005, 4R & LR KL RGBT M AE Y A Bl IR X [T]. RlAEiER, 50 (6) : 552-558. [Wang
Yongbiao, Tong Jinnan, Wang Jiasheng, et al. 2005. Calcareous miicrobialites and paleoenvironmental significance after the Late Permian
mass extinction in South China[J]. Chinese Science Bulletin, 50(6): 552-558.]

Adachi N, Ezaki Y, Liu J B. 2004. The fabrics and origins of peloids immediately after the end-Permian extinction, Guizhou province,
South China[J]. Sedimentary Geology, A64(1/2): 161-178.

Adachi N, Asada Y, Ezaki Y, et al/2017\Strematelites near the Permian-Triassic boundary in Chongyang, Hubei province, South China:
A geobiological window into palaco-oceanic fluctuations following the end-Permian extinction[J]. Palacogeography, Palacoclimatology,
Palacoecology, 475: 55-69.

Alexandersson T. 1972. Intragranular growth of marine aragonite and Mg-calcite; evidence of precipitation from supersaturated
seawater[J]. Journal of Sedimentary Research, 42(2): 441-460.

Algeo T J, Henderson C M, Tong J N, et al. 2013. Plankton and productivity during the Permian-Triassic boundary crisis: An analysis of
organic carbon fluxes[J]. Global and Planetary Change, 105: 52-67.

Beyssac O, Goffé B, Chopin C, et al. 2002. Raman spectra of carbonaceous material in metasediments: A new geothermometer[J].
Journal of Metamorphic Geology, 20(9): 859-871.

Broughton P L. 2023. Morphogenesis of crystal fan fabrics of the Wolfenden cool water tufa deposit in western Canada[J]. Facies, 69(1):
3.

Canfield D E, Van Zuilen M A, Nabhan S, et al. 2021. Petrographic carbon in ancient sediments constrains Proterozoic Era atmospheric
oxygen levels[J]. Proceedings of the National Academy of Sciences of the United States of America, 118(23): €2101544118.

Carlson C A, Hansell D A. 2015. DOM sources, sinks, reactivity, and budgets[M]//Hansell D A, Carlson C A. Biogeochemistry of marine
dissolved organic matter. Amsterdam: Elsevier, 65-126.

Chafetz H S. 1986. Marine peloids; a product of bacterially induced precipitation of calcite[J]. Journal of Sedimentary Research, 56(6):



PHIRSE: =B HIRCE YA e f Bk 2 K 5 Wil o B

812-817.

Chen Z Q, Benton M J. 2012. The timing and pattern of biotic recovery following the end-Permian mass extinction[J]. Nature Geoscience,
5(6): 375-383.

ChenZ Q, TuCY, Pei Y, et al. 2019. Biosedimentological features of major microbe-metazoan transitions (MMTs) from Precambrian to
Cenozoic[J]. Earth-Science Reviews, 189: 21-50.

Chen Z Q, Fang Y H, Wignall P B, et al. 2022. Microbial blooms triggered pyrite framboid enrichment and oxygen depletion in carbonate
platforms immediately after the latest Permian extinction[J]. Geophysical Research Letters, 49(7): €2021GL096998.

Derrien M, Jeanneau L, Jardé E, et al. 2023. Exploration of changes in the chemical composition of sedimentary organic matter and the
underlying processes during biodegradation through advanced analytical techniques[J]. Environmental Chemistry, 20(5): 212-225.
Dufresne W J B, Rufledt C J, Marshall C P. 2018. Raman spectroscopy of the eight natural carbonate minerals of calcite structure[J].
Journal of Raman Spectroscopy, 49(12): 1999-2007.

Erwin D H. 1994. The Permo-Triassic extinction[J]. Nature, 367: 231-236.

Ezaki Y, Liu J B, Nagano T, et al. 2008. Geobiological aspects of the earliest Triassic microbialites along the southern periphery of the
tropical Yangtze Platform: Initiation and cessation of a microbial regime[J]. Palaios, 23(6): 356-369.

Fang Y H, Chen Z Q, Kershaw S, et al. 2017. Permian-Triassic boundary microbialites at Zuodeng Section, Guangxi province, South
China: Geobiology and palacoceanographic implications[J]. Global and Planetary Change, 152: 115-128.

Flugel E. 2004. Microfacies of carbonate rocks: Analysis, interpretation and applicationfM]. Heidelberg, Berlin/New York: Springer,
1-976.

Foster W J, Lehrmann D J, Yu M, et al. 2018. Persistent environmental stress delayedsthe recovery of marine communities in the
aftermath of the latest Permian mass extinction[J]. Paleoceanography and Paleoclimatology, 33(4): 338-353.

Gale L, Skaberne D, Peybernes C, et al. 2016. Carnian reefal blocks in the Slovenian Basin, eastern southern Alps[J]. Facies, 62(4): 23.
Heindel K, Foster W J, Richoz S, et al. 2018. The Formation of microbial-metazoan bioherms and biostromes following the latest
Permian mass extinction[J]. Gondwana Research, 61: 187-202.

Hong H L, Fang Q, Zhao L L, et al. 2017. Weathering and/altération of volcanic ashes in various depositional settings during the
Permian-Triassic transition in South China: Mineralogical, elemeéntal and isotopic approaches[J]. Palacogeography, Palacoclimatology,
Palacoecology, 486: 46-57.

Kershaw S, Crasquin S, Li Y, et al. 2012. Microbialites and global environmental change across the Permian-Triassic boundary: A
synthesis[J]. Geobiology, 10(1): 25-47,

Kouketsu Y, Mizukami T, Mori H, etyal, 2044 A new approach to develop the Raman carbonaceous material geothermometer for
low-grade metamorphism using peak’ width[J],/Island Arc, 23(1): 33-50.

Luo G M, Wang Y B, Grice K, et al. 2013. Microbial-algal community changes during the latest Permian ecological crisis: Evidence from
lipid biomarkers at Cili, South China[J]. Global and Planetary Change, 105: 36-51.

Macintyre I G. 1985. Submarine cements-the peloidal question[M]//Schneidermann N, Harris P M. Carbonate cements: Based on a
symposium sponsored by the society of economic paleontologists and mineralogists. Tulsa: SEPM Society for Sedimentary Geology,
508-508.

Megonigal J P, Hines M E, Visscher P T. 2004. Anaerobic metabolism: Linkages to trace gases and aerobic processes[M]//Schlesinger W
H. Biogeochemistry. Oxford: Elsevier-Pergamon, 1-18.

Monty C L V. 1976. The origin and development of cryptalgal fabrics[J]. Developments in sedimentology, 20: 193-249.

Neuweiler F. 1993. Development of Albian microbialites and microbialite reefs at marginal platform areas of the Vasco-Cantabrian Basin
(Soba reef area, Cantabria, N. Spain)[J]. Facies, 29(1): 231-249.

Pei Y, Chen Z Q, Fang Y H, et al. 2019. Volcanism, redox conditions, and microbialite growth linked with the end-Permian mass
extinction: Evidence from the Xiajiacao section (western Hubei province), South China[J]. Palacogeography, Palacoclimatology,
Palacoecology, 519: 194-208.

Pei Y, Duda J P, Reitner J. 2021. Sedimentary factories and ecosystem change across the Permian-Triassic Critical Interval (P-TrCI):



U R

Insights from the Xiakou area (South China)[J]. PalZ, 95(4): 709-725.

Philp R P. 1985. Petroleum Formation and occurrence[J]. Eos, Transactions American Geophysical Union, 66(37): 643-644.

Reid R P. 1987. Nonskeletal peloidal precipitates in Upper Triassic reefs, Yukon Territory (Canada)[J]. Journal of Sedimentary Research,
57(5): 893-900.

Samankassou E, Tresch J, Strasser A. 2005. Origin of peloids in Early Cretaceous deposits, Dorset, South England[J]. Facies, 51(1/2/3/4):
264-274.

Sepkoski J J. 1984. A kinetic model of Phanerozoic taxonomic diversity. III. Post-Paleozoic families and mass extinctions[J].
Paleobiology, 10(2): 246-267.

Shen J, Schoepfer S D, Feng Q L, et al. 2015. Marine productivity changes during the end-Permian crisis and Early Triassic recovery[J].
Earth-Science Reviews, 149: 136-162.

Sparkes R, Hovius N, Galy A, et al. 2013. Automated analysis of carbon in powdered geological and environmental samples by Raman
spectroscopy[J]. Applied Spectroscopy, 67(7): 779-788.

Sparkes R B, Hovius N, Galy A, et al. 2020. Survival of graphitized petrogenic organic carbon through multiple erosional cycles[J]. Earth
and Planetary Science Letters, 531: 115992.

Steinhauff D M, Abubshait A, Purkis S J. 2021. Red Sea Holocene carbonates: Windward platform margin and lagoon near Al-Wajh,
northern Saudi Arabia[J]. Journal of Sedimentary Research, 91(8): 847-875.

Sun S Q, Wright V P. 1989. Peloidal fabrics in Upper Jurassic reefal limestones, Weald Basin, southern England[J]. Sedimentary
Geology, 65(1/2): 165-181.

Sun Y D, Joachimski M M, Wignall P B, et al. 2012. Lethally hot temperatures during\the Early Triassic greenhouse[J]. Science,
338(6105): 366-370.

Tang H, Kershaw S, Liu H, et al. 2017. Permian-Triassic boundary microbialites (PTBMs) in southwest China: Implications for
paleoenvironment reconstruction[J]. Facies, 63(1): 2.

Wada S, Aoki M N, Tsuchiya Y, et al. 2007. Quantitative and qualitative analyses of dissolved organic matter released from Ecklonia
cava Kjellman, in Oura Bay, Shimoda, Izu Peninsula, Japan[J}, Journal of Experimental Marine Biology and Ecology, 349(2): 344-358.
Wu S Q, Chen Z Q, Fang Y H, et al. 2017. A Permian-Triassic bounidary microbialite deposit from the eastern Yangtze Platform (Jiangxi
province, South China): Geobiologic features, ecosystem composition and redox conditions[J]. Palacogeography, Palaecoclimatology,
Palacoecology, 486: 58-73.

Wu S Q, Chen Z Q, Fang Y H, et al, 2022. Benthic Pleurocapsales (Cyanobacteria) blooms catalyzing carbonate precipitation and
dolomitization following the end-Pérmianumass-extinction[J]. Geophysical Research Letters, 49(24): €2022GL100819.

Wu S Q, Reitner J, Harper D A T, et al. 2024. New keratose sponges after the end-Permian extinction provide insights into biotic
recoveries[J]. Geobiology, 22(1): ¢12582.

Yuan D X, Zhang Y C, Shen S Z. 2018. Conodont succession and reassessment of major events around the Permian-Triassic boundary at
the Selong Xishan section, southern Tibet, China[J]. Global and Planetary Change, 161: 194-210.

Zheng Z J, Chen Z Q, Grasby S E, et al. 2024. Carbon-Sulfur isotope and major and trace element variations across the Permian-Triassic
boundary on a shallow platform setting (Xiejiacao, South China)[J]. Chemical Geology, 657: 122115.

Zhou K, Pratt B R. 2019. Upper Devonian (Frasnian) stromatactis-bearing mud mounds, western Alberta, Canada: Reef framework

dominated by peloidal microcrystalline calcite[J]. Journal of Sedimentary Research, 89(9): 833-848.



PHIRSE: =B HIRCE YA e f Bk 2 K 5 Wil o B

Classification and Organic Provenance of Microbialite

Peloids in the Lower Triassic

LIU Danna, WEI Zhensheng, CHENG Bohang, HUANG Yuangeng, FANG Qian, CHEN
ZhongQiang
State Key Laboratory of Geomicrobiology and Environmental Changes, School of Earth Sciences, China University of

Geosciences (Wuhan), Wuhan 430074, China

Abstract: [Objective] Following the mass extinction at the end of the Permian, microbialites were widely
distributed in southern China, indicating a microbial bloom in the Lower Triassic following the cataclysm.
However, microbialites generally exhibit low paleo-productivity, which seems to contradict the microbial
explosion. This study analyzed the microbialites at the base of the Triassic Tianwan section in the Luodian area of
Guizhou Province, focusing on the petrological characteristics of micritic pellets and their thermal metamorphic
evolution and sources of organic matter. The study clarifies the respective influences of microbially derived and
seawater-trapped organic matter on pellet formation, with the aim of providing empirical evidence for exploring
carbon cycling mechanisms in post-extinction microbialite systems. [Methods] In situ micro-area analytical
techniques (optical microscopy, fluorescence microscopy, scanning electron microscopy (SEM) with
energy-dispersive spectroscopy (EDS), and laser Raman spectroscopy)weretused to conduct a detailed analysis of
various types of peloids within the microbialites from the Tianwan section. These reveal the distribution patterns
and thermal metamorphic evolutionary characteristics of internal organic matter. [Results] Based on morphology
and infill materials, the various peloids were classified into six types: type I (microbially-induced peloid, MIP);
type II (recrystallized microbially-induced peloid, RMIP); type III (aggregated detrital peloid, ADP); type IV
(intraskeletal peloid, ISP); type V (dolomitized peloids DP)pand type VI (aggregated microbially-induced peloid,
AMIP). Raman spectroscopy-derived metamorphic reasting temperatures provide insights into the thermal history
and transformation of these peloids. The organic matter in types I, II, IV and VI (MIP, RMIP, ISP and AMIP)
shows thermal maturity similar to that found in primary cyanobacteria in microbialites and shell fragments,
indicating a common diagenetic history and microbial origin. Of these, Peloids I, II and VI exhibit low thermal
maturation temperatures, with ;organicvmatter mainly derived from the photosynthetic and metabolic processes of
primary cyanobacteria and othermicroprganisms within microbialite systems. Specifically, Peloid VI formed when
micritic particles wrapped around Peloid I, linked to bioclastic micritization. Peloid IV shows moderate thermal
maturation temperatures, resulting from a mix of microbial micritization and siliceous clastic material. By contrast,
Peloids III and V (ADP and DP) evidenced significantly higher metamorphic temperatures, suggesting multiple
thermal alteration events. Peloid III may have been formed by neomorphism; Peloid V was primarily shaped by
bioclastic micritization. [Conclusions] In summary, after the end-Permian mass extinction, microbial blooms,
especially cyanobacterial photosynthesis, led to the generation of large amounts of dissolved organic carbon (DOC)
in the oceans. Due to frequent fluctuations in seawater redox conditions and rapid temperature increases, the DOC
was typically oxidized into CO: and released into the atmosphere, with only a small fraction being preserved as
particulate organic carbon (POC) and deposited on the seafloor. Raman geothermometric analysis shows that most
of the organic matter in the microbialite peloids, particularly in those associated with bioclastic peloidal envelopes,
originated from the metabolic activity of primary cyanobacteria, which was the original organic matter in the
microbialite system. A small portion of the organic matter may have been sourced from long-stored terrestrial

organic matter in seawater, which underwent multiple diagenetic thermal alterations and shows higher thermal
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maturation temperatures. The thermal maturation of organic matter and mineral recrystallization during diagenesis
had a significant impact on the efficiency of organic matter preservation, ultimately resulting in a low total organic
carbon (TOC) content in the microbialites.
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