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Abstract Paleoproterozoic stromatolites preserve structural features of microbial-environmental
interactions, providing crucial biosedimentary records for deciphering the co-evolution of microbial
communities and early environmental transitions. This study focuses on the branched columnar stromatolites
from the basal Beidaxing Formation ( ~2.0Ga) of the Hutuo Group in Wutai area, North China.
Through macro-to-micro scale structural characterization, we elucidate their morphological features,
controlling factors, and evolutionary significance. The results demonstrate that these stromatolites exhibit
typical branched columnar structures, preserving well-defined alternating light-dark laminae ( with light
layers composed of microsparry or sparry dolomite and dark layers primarily of micritic dolomite) , along
with microclots and other microstructures. The alternating light-dark laminae reflect periodic microbial
responses to environmental fluctuations, while the microclot structures originate from the synergistic
interplay between microbial calcification and microbial mat degradation. Comprehensive analysis of both
macroscopic morphological characteristics (including column inclination, diameter variations, and spatial
distribution density) and sedimentological features (frequent scour surfaces, growth discontinuities, and
abundant peloids) indicates their formation was governed by a dynamic equilibrium of key environmental
factors: hydrodynamic conditions, growth space, light availability, and sediment input, etc. These
stromatolites developed in moderate-to-high energy environments spanning the lower intertidal to shallow

subtidal zones, characterized by low terrigenous input, moderate sedimentation rates, and frequent storm

or tidal influences.
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B J2 A0 S AR LUHE 20 5 T A A G W R R A
AR A T 2l ok R e, o R 2 R 2R TR
MBS UUNE AT A AR T B U2 IR
WP M % (Burne and Moore, 1987; Riding,
1999) o A1 04 3 B A B 5 30 5 A0 AR T -
BE A0 T RUZEY X LR e A g i (All-
wood et al., 2006; Knoll and Nowak, 2017), N
7N L M R A A R R B B AR A T OB R
(Riding, 1991; Riding and Liang, 2005; Kah and
Riding, 2007 ). K4 & JZ /1 id 3 L& W >
(Riding, 2011), Mgt RAIBIITLG, &2 A1
FEMEMEBEH M, AFTHR (~16a) EE
AN T R, =45 8K FEERM (Awramik
and Sprinkle, 1999; Riding, 2006; Schopf et al.,
2007; Allwood et al., 2009; Peters et al., 2017),

BIEA AL T MRk AR Ge i A i A2 AR Y 5 3

BEAREAEIE 2 AR, Wloo i AUEI B o AR,
BZ AR RS HERA R IR T KR
Wsa 4 S5 S N R B DI G (Riding, 20065 b
KA EK AL, 2014; Peters et al., 2017; W 414
88, 2019) 0 H Ak, o ool AR A AL F
( Great Oxidation Event, GOE) i i okt 2% g £ 1L 2
WA AR R T AL, TTREHES) T R R A
% (Riding, 2006; Peters et al., 2017), Ti#iJG
MG — R 2R R (TR
K il 2 A A DA RS A B A AR ) U 5 el
AR IR AR DU BB GUE W A S, SRR SBT &
JEAR KR (Riding, 20065 J7 3 K 5K 52
B, 20145 W204h%, 2019),

T TC AR R R R 2 R A R A
KHEEW, Hrh GOE RN BFEMFM, RAK
H7E 2.45-2.06 Ga ( Holland, 2006; Lyons et al.,
2014) . GOE $5 5 35 i BR R4 & B 1 B R LR
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T, HRBOUBES . RERIRIE I R MUE W AES
RE KR %7 fk (Canfield, 2005), GOE #J %%
I LA oo ARk R AR B TR AL R 4
(8°C,.,,) MWIIES % (%A Lomagundi-Jatuli 3
B, BLIE) Z b Rhr R, W K2 N 2.06 Ga
(Karhu and Holland, 1996) ., — &%k, w6'C,,.,
(B H A HL B BB BT SR A, 4l S HE I % )
W KA & E AW (Karhu and Holland, 1996)

] A b e B 0E T oo U TR HE R O AR
(2.1-1.9 Ga) #F GOE RN, RERMEF
WEZE 0. KL% (1987) XIEIRHEE AT
J& T RGMIE, BAL T A SUAEE. 95 MBIy
FihFE, PUIHZR. SRR HARMHERSE F%
EERM, Hh, 2R EJE A (branched co-
lumnar stromatolites) A Jy HUIR B JZ A7 A9 5 BR AL 1 28
R, ERRRE AR B, I AT HE— 2B 00 R TR )
KoM &2 2% 7r B¢ (Guhey et al., 2011; i 1E 75 %,
2018) , HIXFHIE Y 5 44 A T RE 5 BF 45 15 A2 i
A AR E B Y A2 Ak B DDA OC ((Preiss, 1976
Hofmann et al., 1991; Grotzinger and Knoll, 1999;
W A B A = YISk, 2003; Zhang et al., 2023), K
M, AT Tl ool AU BOHDIR & 2 A BT T AT 4%
AR, R RV A AU R SRR B I SR R AR
B 5843 (1 A A3 AT

A B SR AR AL M B L B X O SR L
KREH I BAEAR S E A AT T RGN 2 M — O
WA, TEANEAR HARIEAS | SUR M R oy
AR, TR AR 2 A 1Y PR o R R FE
AL

1 RE=

Ao hiE e A B B iz —, K
017 Zhr B REEAE G, AT o D vE R R L 2R
S e A o ] ) 25 A L i 1 B (Zhao et all.,
2001) o Ak v Rl Y £ AE & AR TE BT R AR
(~2.5Ga; Zhai et al., 2000) ., o010 2 E
THRZAS KF , WL T RS R R Rl A 5 5 B
JGHIZ# (Zhao et al., 2005) . PEIEHE T 2 H Bx 1L
EApb A IS e BN, 5 TR T
A LR BB Kl R T A R DUBUR B S i
(B 1) (EHEE, 1986), JEIEHE A N LAl 22 3
AAE, 14404 (HEE, 1986) : SR IE R HR LA

Rl B OO £, b B AT IR Z IR AR
T 28l AR T LR b s
HE, ERLRRZRRREE A8 E, BT T
sy PR EWE FE b a . i a Mk s 2l
(B 2-A), G dE T2 B3 b4 A .
MEHMRAWGHE, RGO TR ERShEA
MY, sulidl, WA al, #wREA . KT .
MR . JE RS FR R, M8 R WA
&R BRI PG B A B A A LA
(FIEE, 1986) , WA A FI 7R 16 0 AF U0 BRUAR JR) 6
T R A R T =, DUAR W Ry 152 ¥ A 22 1R T
A, BRI AT T — e R (H
1986; Du et al., 2017; Ouyang et al., 2020) , JEI¥
FERZ A Bl gy 4 NS (8 D),
AT A Y 2 - R S R A 3 BAR R A Y
RS E O KB FEREANE 2, R i —%
MR IREE R By BerE i e (R 1 %55, 1987)

B 5 ) AL T Ll P A A M T T B B AR AR L
2y 1.5 km KRR BRI AT AC B (I 1) o 320 TR B
AT S5 L R SRR 2 88 R 4F, HIE#H
BREAOEKFERRIFE BN HE 10m
(K 2-B), RIWIE, hHFKEOEZREA Ak
BRE A o a A, JERMHBESE TN HZ
b, REAJE SOm A AL E N ER, JRERT gl 3
Bo. TBJE 14m, JEKOHESRAOEREAH
mE R WBIR 2Tm, NRERLAGERSSEN
Hoa kKo Eafcs, KTk 1 ZRBE s
iy FPBREIm, AELAEREANH S &
(& 2-B) o Hf AT AL R %A B J= A o 8
AR, K N RN AR B R AT
T, A E ARk HEIR & 2 RN B ER B R
i, EMFELEFRBERSERA (R L2445,
1987)

JEIOCLH A b 5T 4R A B = B B AR IR 20
JER I Z N B & a8 A b R 55 4
“Ph/*Ph AT 35 4E 1% g 2068+3 Ma (KL A4k 4E
2011), P A0 AF 4B B B s B 41 U—-Pb %
2057+25 Ma (Peng et al., 2017) , T M Z F 1P
HLZH IS BB b S b AR A5 1Y B AR R R S B AR IR R
1958+10 Ma ( FLFJ#KZE, 2011) (E 2-A), Ak
HEWT, AL RS VTRHEHRA T 2. 06-1.96 Ga Z[H],
FRAL I TR R AL, 4 2.0Ga, bR %A
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Fig. 1  Simplified geological map of Wutai area, Shanxi Province

(modified from Bai, 1986) and location of study section
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Fig. 2 Lithological columns of the Hutuo Group in Wutai area, Shanxi Province
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Fig. 3 Photographs showing macroscopic structures of branched columnar stromatolites

from the Beidaxing Formation in Wutai area, Shanxi Province
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Fig. 4 Polished surface photographs showing branched columnar stromatolites from

the Beidaxing Formation in Wutai area, Shanxi Province
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Fig. 5 Microphotographs and sketch showing light-yellow branched columnar stromatolites

from the Beidaxing Formation in Wutai area, Shanxi Province
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Fig. 6 Microphotographs showing purplish-red branched columnar stromatolites from the Beidaxing Formation

in Wutai area, Shanxi Province ( [ )
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Fig. 7 Microphotographs showing purplish-red branched columnar stromatolites from the Beidaxing Formation

in Wutai area, Shanxi Province ( I )
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and Grey, 2008) ‘5% A ¥ AU % 3 ( Riding,
2000; Dupraz et al., 2006) , AMEFF5E 2 4035 56
M2 (Planavsky and Grey, 2008) . /Ki® (Bosak
et al., 2013; Zhang et al., 2023) . /K 3 J1 55 &
(Dupraz et al., 2006; Tosti and Riding, 2017) . Ii
MYt AN B =5 UL # 2% ( Grotzinger and Knoll,
1999; Planavsky and Grey, 2008 ). 4 £ =5 |f]
(Zhang et al., 2023) . EFEWHLZ (Dupraz et al.,
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pH) ( Dupraz and Visscher, 2005) M X % & {4

(Andres and Reid, 2006) %,

TR AT 3l 32 B R AL R & 2 A P
— WO A i 1 2 g 2 (Riding, 20005 Dupraz
et al., 2006) , LS o3 FRE IS I &5 R SR
ERMHAZRAET T RENA A (F 9;
K 10), HOVA T SZEOEERE T RIFNLZ
it (& 5-C; B 6-B; K 7-B). XELZAA
B ry A, R WS IA A Y R T B A AN Y
OB AL M A T ] b A K I T 80 3R T A R
(Butterfield, 2015) . 4K 58 24 09 BiUA 1E & Boae
JE A R BB IR A W] R S5 A i A Ta , H ek e A e
A AR SR e f B A AU R 2
JA S (I 7-B) , A REFE /8 T A W Bk %
0 399 4 3% 3l 5 36 58 R B9 B IR A (Adachi
et al., 2019) . A KEEZZE AN ERY, QUZH
T TR 80 A R 19 40 B B FC R G 1 45 Al il 7
)M (Reid et al., 2000, 2024) , 22K W% 40 14
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Fig. 8 Microphotographs showing purplish-red branched columnar stromatolites from the Beidaxing Formation

in Wutai area, Shanxi Province (I )
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Fem EWHDTIE (Reid et al., 2000, 2024) , 1 4b,
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TR H M i (&) 8-C, 8-D), Ml % M (0 s
(K 8-C, 8-D), KWIENZE DG I i
550 TBEH R A KLU HL g e (/& 8-C, 8-D),
T HOE O T 0 408 L F1EPS BE AR (Vi
et al., 2025) , TiiAE &K R L TURR W) 0 ML o0 o Tk
Tk LA 3 30 A S R BT s A G, 2R
Al 7E hos AL, Broe il AUA — il st (Har-
wood and Sumner, 2012; Adachi et al., 2019), H7J
A& 76 15 20 1 55 1k i B2 2 L (Adachi et al.,
2004, 2019; Harwood and Sumner, 2012), [a]i} 22
ARTAA: Wy Bt it 5 B A BILJBE A v) RE Bk — 20 e B 2 A
W AR 3 1) 52 2 2 (Turner et al., 2000)

AU RS 73 BOFE R B 2 A0 7 WAL 3 i) Al 3= 22
2K IR R ERR TR A
WEEWERRMNILFE#H] (Grotzinger and Knoll
1999; Planavsky and Grey, 2008; Bosak et al.,
2013; Zhang et al., 2023) . H: {4 [a] 45 2 0 B0 A4 o
il —f= fh i (& 6-C) R K 58 B i v AR 25 5 03 Al
ALERRL (] 5-E) , FL[RIIESE T B8 K 3 J) 3R 45
MAFTE . (2 Mg sh (MR8¥ M) &,
F 03 B R ORI Ry BRI 2877 A PR R B R, ]
6-B h & E A HIEERMN~Tem 4 =
~0.5cm, IR HE AR B AR AL A AE AL % 20 IS 7
JEhECNHE W (K 3-C, 3-D; K 4), T K3)
T3 2% 1 1 5 X AR S 19 5 e (Planavsky and
Grey, 2008; Zhang et al., 2023) ., XM EREM
KBl I3 20 R o3 B IR B 2 AT B B A T A
fF, g TR mEZAEERE: |5k,
WAL BIE A A B S-A) R &) 2k
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Fig. 9  EDS mapping results of peloids from the Beidaxing Formation in Wutai area, Shanxi Province
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7 75 8] A3 N K U BE B Y SR A 45 2R (Bosak et al.,
2013; Zhang et al., 2023), PLFRHE K. ULFR Y
N TE 5 U AR R 3 2 AR R A AR R
B H ] ZE  (Grotzinger and Knoll, 1999;
Dupraz et al., 2006) . JURH 33 w5 sl iRy 24
Wil AR, WA S-D R R Y AR A7 Ul BT IT AR
YooK 58 44 8 B 2 0 TURR OF IOk Ak 22 A K AZ L
R HAAE IR A, M 6-CHh&EZEN
To0ER A AR A T B ) A= K [ B T BELA: 1 LAk 2
] ARG, DUz e A v S AR A o AR A A A
KA (Planavsky and Grey, 2008) . % {E 45 {1l
WEFEUESE, TR Al i 5 B 2 A8 S A7 A I
5% B&  ( Horodyski, 1977; Grotzinger and Knoll,
1999; Dupraz et al., 2006 ), Planavsky F1 Grey
(2008) IS E A E)ZE A Acaciella australica P\
5 R BN 73 BOHUIR A 25728 46 5 TORR P Ak 07 s /D A7
Ko Wb, I BAEAREZE AL BGL R REAKHS T8
g RS TN PO TR B U e Pt i G S N
U5 AN o S 1 7 N g i 3 R N A S ey
Ff (Tosti and Riding, 2017) ., 4t K 2% 4H 75 5 H: 0k
B IR AT T B DL — i BB K B ) AR A D AL
FEEPUR T R R R R A, DU R
H TR i A\l R, R0 %52 B XUBR B08 A
LA

BRAL R SRR 0 B R B 2 A 5h, IRIEHE
WRFRIR PR SER. #HERAMADEAERE
B (R, 1987; &fa s 55, 20095 XIHE
FRBEFEE) o K245 (1987) R MEIEHS
JE AR [0 3 A bR — R BE [P, 25 0 A iR
GERRBEAE T, WER R ARG TR, I8
HEZOMESHZER, gk, fedRas
A JZAR . SRR HOIR L A BRI
BRI A 2R, b 2 3 i kB, SRR
(AR AUE ) FEm IR RES BARAMA I
KRR 2, B U B8 A ) PP — 3 1 AR BE 2P 455 5
RIGWAE (SOLH—JER%H) W FEZ ™ R
TR . A EAERA D BAER S Z A UL S i
R, F TSR KA W) PP P55 H AR S v A )
a7 . ARG R, SRR EZE N FEEAFE
TR . AT AL ROGTR 2 AL R % 2H 55 )2
o, R BORE A0 O R B (R % AE,
1987 XA AR KRG ) , FEIL K OLH ISR

B S 2 oy BT REAUER TIRIE B R OB SR
o

4.2 SEREREEAHMERUAREE
R IR

SRR S B AR Ry — MR R RO HDIR B 2 A 1
i, TERBREN A Z, BREICIEIER, &
AR RA, mEREMHAHICE (e g,
Truswell and Eriksson, 1972, 1973; Beukes and
Lowe, 1989; van Kranendonk et al., 2012; Fralick
and Riding, 2015; Barlow et al., 2016) , M K4
Fhoud A, HIB A AL 2 B — 2 iy B Btk AR
(F 1) Kitvii (3.5-2.5Ga) 7R E)Z A
DL B0 A o9 £, WA AF Swaziland # #F (3.5
-3.3Ga) WK & . B IF Pongola 8 ff Nsuze
B (3.0Ga) FI il & K Mosher Carbonate #
(2.8Ga) MAIKAERME, BRI BT N
R, HAREREZHN 1~3 em, HoTifU (2.5
-1.6Ga) ZrHitEREZE AN ME A8, IiRK
K. Turee Creek #f (2.4-2.21Ga) Hp)/KF/HE
HOEC, AAEIE R4 (2.0 Ga) iR A3 A LA
FBKFIW. Duck Creek 41 (1.8 Ga) i) {45 4R
Wik, Hig/NER/NT Lem, RELFTERAFA T
WP R EEARAE A, B A A i A A AT
RE S e 1T A Ak B B8 X G AR ) BE VR 9 52 R ( Barlow
et al., 2016) , PR EZ O FEIRTH—F
RE 7K 3l 77 2% A 1 i ] 4 PR, TR PR R A s
—E AR KO AR, B R S )E A BR
WILT MR AN, R E T — LRk b, WEg
F Swaziland &R R ICRERR /B OR R G
%K Mosher Carbonate 21 1) & N X fE 25 5% DA S 8K
F V. Fortescue ff Tumbiana ZH 14 i 1 —5 385 1 5 31
Bio BEAOTHAUS, WA R BR A 2 R
FEEEG I, WA S 645 B Chitradurga B |
FJE Transvaal @R, AEJLJL RS HBTEE
)&, BICHI Turee Creek Ff (14 7K SF 43 5 44 3 %
ARy 2 X TP S ALY W BL - (Barlow et al., 2016)

I3 RCFEIR B J2 A7 B A AR 2 HOE B v 6l
X7/ R REEZ S NS E NIRRT I T N
Pongola B Hff Nsuze ff 2| ooy AR L4, #4532
Broo il AR ZERERBEILIC A, RIS Sh iR 42
TR BAERE 20K E R R (e.g., Beukes
and Lowe, 1989; il IF % 4%, 2018; Kuang et al.,
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Table 1 Occurrences and structures of branched columnar stromatolites from the Beidaxing Formation in Wutai area, Shanxi Province
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e, HIE R U2y 2.0 Ga, 4bF GOE 455 Y
HIEY Br. GOE J2& M 3K i {6 s b Ay 5 2 5% it /5
(Holland, 2006; Lyons et al., 2014), W& K= .
MEVE R AR B BT, X Bk A A PR
A= A R BT R AR T IR, IRk Tl
JuitrfRZLJ2 . Huronian yK i o LIE 45 4 2K % 35 1
(Karhu and Holland, 1996; Kuang et al., 2022),
TERIEEN, L2 AT S GOE HUIMK,
2.3-2.2Ga g qE Transvaal # #f. 2.3Ga I & K
Huronian ## #f 55 M1 ¥ A 21 )2 i 5¢ (Schad et al.,
2019; Kuang et al., 2022), fij8'"°C,,, 1 &% & {4
(Un Shunga-Francevillian Z{f) Wk T GOE 253
J A ALt T B 0 R AR A A% 1 1 R A 4 3R 1
(RS, 2023) , JU RS LA A KRS
JEATRRI B BB R R AR (I 95 1/ 10),
RS LRI S DM o (K 2-A) . &)=
AR AR BT o3 A HAT W) Y s [R) O S, 1A 6
& Z AR AR e R B, TR T R R R
TR T AR G S R X s 8 A 3 v Y 8
s AL BRORE [ R 3 e R FUR e LR (181 9) , 1R G
B Z RN A B G m &Y s o
(B 5-F), #B4r LB KB 2 5k 3 58 & B QRS
(& 6-F) o 33X — 8k i 73 A 4 ik O i s ad Fe S ik 1
A, R ECE B BOAETE 2 B IR e
P E VR AETEZAHBERE RS (K 6),
FHEAEMERR Y 5 2 WA TR AR 28 SEAC T
45 5 1Y ST 3 DU, R ead B B BT A A
GeRBG 3 B P HOVE T 8 W IR e S A i K AT
Ko AU RG22 7T k5 480 Ak 5 T 9 72 1k A OG
Il R =N A S DS NV A AN 7 N2 A D T A AL
(Gradinaru et al., 2020) ., GOE 8] i) EALFF 15 &
BOAK I Fe® AL Ry Fe™, [ UK 1S 1 L8R <
A 08 AL AR FH 18 58 5 0k — 25 A 3k Fe™ AL, &S
Ht e UL Z B (Kopp et al., 2005; Sha-
piro and Konhauser, 2015; Kuang et al., 2022),
GOE U [1] 4 Ak 25 5 (1% 35 58 A AL 2F 1 20 )2 I8 1
(Kuang et al., 2022) , WA GEFZMA T (04 ) ok IR £6
JlvEid B2 (Khaled et al., 2024) . Jt K %4 JiE #B
8"C,, FIMEAR G, WTAEXT L GOE/LIE J5198"C,,,,
R4 (She et al., 2016; &% 5 HEZ, 2023),
55 IR 20 e A B 4 2ROk O B8 B R 3 A5G ((Ossa
et al., 2018; Hodgskiss et al., 2019) ., K J5 By X

AAE I3 58 5% Kenorland 8 K Bifi () 24 fif W] g S 80 T
LLRVUR R HLBR KL, 202 fs'C,,, Fusi e L
RMCHEH R B, RO R L6 E 2 A 1E
BT fiE A2 5] T A BRI AR Ak B TR 205 1 o

5 #i

1) ABdb & b X o iy SR TR AL KGR
W B 2 A G S 1 R KR o Z5 5 B
BARE (R R MR AR . B AR AR S 28 7] 43 A
BRE 25 ) RIDCRR 2= AR AR (O30 50 b ki — 4= 1ok
I AR M W RERRD) , I IZEE A
oM Bz TR S &k . KA | SRR
TR g AT S R BB I R I sh SO,
FEPRF @R T EEE T, KFHEUT
— R BEAK Bl ) Z AN RRAE , DT REE RE TR
N GE B, AR 2 B R S0 1R R e

2) dER S B AR S 2 R AR R 0 5
B 0 UG B2 BB D O AL i, L R R
RS EA oA, WZMMBESEREA s ad,
TR s T L BRI 3 5T e AR A AR . BH I AL
J2 1R 385 T Rl S BT AU R i o R A AR A A A
PEAERORIR b A, T R 6 A 3 R T AR P Bk R
ERUTTE, 320 K R A 45 Ak A R T
M

3) WKE#HBIHICH, SEHERSZA0
TE A Ak 2 B0 BB B Bk, b Rl i DR B
SRk E, ool R BR AR AR E 2
A EBPORT h— 5 B8 /K ) F1 4% 1 1 30 1) 5 B 8%
TCEE W 15 Bl K Bl T 2% 4 45 B B 78 Ak 45 Tl 43 Bk
REBZORKFHEERE,

4) JERD4L AR IR £0 )2 Fn87C,,,, 07 i [w) it
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