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TRV T IR L A b BR R 2 KA AR 1 L)), R MR R A RGP R 5 1
HURLLE Sy, JLH A& B ERAE AR AE IE % T TR DX AL 808 AR B A VAL ) e B
{5 2. (Chamley, 1989; Wilson, 1999), F & # i HhBRR 2 R G0 vl A5 — b g f— 5 B A= i v
T S HEH A& (Singer, 19800, #AIM, &G0 H0 L W 7 i K AHEINIG — MR A HESR IR :
AT RX o AN E BRI A (R TR ORR B D) R ™ MR TR o X — 1 R P g R L
PR RBE A E A TS (Pevear, 1999; Tosca et al., 2010) .

X FERATH (XRD) 1ENRHE FANE LT %S e FB, BRAEWREE LT A B
o EHEE, (AR MR 5 T B R IO A SR R, BEEX 4
P2 153t G5 A R TR R RS R0 S5 (R0 ™ A, 30 G e J 69 R A s B R AT (Tosca et al,
201000 KM, T4 F BT RA R EMAR IR (CIA) EJ7%, WHEHELAHERR ik
B AR RS J AR DA JC R AR RN, S B0 BRI ) (Rafiei ef al., 2020).

UEAESR, B X o AT B AR I S R R JE T 35 R S A R — AR B B R
(SEM-EDS) 1] Nanomin "4 H 8l T RGNS A, vk — KR PRt 2 7 i1 1)
FEHRAL T 4 /7% (Rafiei and Kennedy, 2019 Rafiei ef al., 2020; Han et al., 2022). %R %58
AT AR R LI T S AnR s Rt M RS 4E g AT (1D HARE MR &5 R
R (MixeD) SI%RESEK BLAME K SRS EDS el i £ =Fiir ke, BER
H T RR ARG (2 maPER (<0.5 um) BHUN BTG (BSE) SfgimE
fii (EDS) WA ML, SRR ) K RO 0 Mo 0 AR AE: (3D BRI 4
G RG] LASE T A 2 MO RHAE 1 Bl RE I 3 R L MRl (Rafiei et al., 2020),

AR F Gl A R A LB — RS A HR (SEM-EDS) 1) Nanomin ™4 H 3143 1
FR G 1 S VR T B AR BB VR v (P DGR B AR AL B, S8 3 x4 e o R 22 B L
TELH A T KAWL 7 AR IR FE S, 456 1] P A0 2 RO AR DR et g, IR %4
AT 2 g Pt RAEATL] S TR RER ORI 58 DR DA ol 18 b R A 25 3o o 45 M BB 27 43R 1
QTR A, REIZHAR S A S it 43 B T BUR AR RO ARk BR R Geif AL s 7 A

1SRG TTVE MR SR B

1.1 HEEEDR &G &
S8 BT (00387 70 o AR MR 3 & A LSRR R S R A R DR A5 L XA 114G L ZK0408

(28°33'32" N, 108°52'02"” E) 1 ZK0803 (28°32'45" N, 108°52'01" E) (K] 1),
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Fig.1 (a) Geological setti the Late Neoproterozoic Nanhua Basin in South China (star indicates the

sampling location); (b) ) Ngz@ \;Zﬂtratigraphic sequence and sedimentary section of the Nanhua Basin; (c)
stratigraphic column of drill core ZK0408

663+4 Ma

#E4T FEI-Nanomin 5256 43 3R 1) F AR R 5O Bk 28 810K (7 B 2R K Y—Sturtian
glaciation Fl1 53 7 UK Hl—Marinoan glaciation 2 [8]) RUEHH— B (Fd) A TUA AR
iR BE e A VY B A TE (B 1. & D,

M BROK 2060 B P IR UK N = DA IEUR UK (Sturtian Glaciation) T [ T4 KA
% VK] (Marinoan glaciation) FTE VKA NRFIE, HIRA &6 & A HLIR 2 600
S5 b L R T UK B R 3 4 (Shen et al., 2008a; Jiang et al., 2011; Yu et al., 2017). K
WA F AR 298 663+4 Ma (Zhang et al., 2008; Macdonald et al., 2010) . B 1Ly 2 JE#E-K L
BEIR B AT RS 208 6.35 124 (Condon et al., 2005), P F5 11X BE L e 48 E 2 110

K, BB AR VA SR B, AT = et Dby #E DY BL 73 77 58— 20 (McFadden e al.,
3



2008).
*1 @mERBFLUMKHITHKBRAEEIRIEERER

Table 1 Late Neoproterozoic organic-rich shale samples from the Xiushan area, Chongqing, South

China
i HifL J={bA PR %/m TOC/(wt.%
XS-13 ZK0408 EREvN 1427.50 1.6
XS-133 ZK0408 iR e b Ll e 2 DY B 1102.68 5.6
XS-199 ZK0803 YR e B Ll e 2H DY B 1176.18 3.1
XS-205 ZK0803 YR e B Ll e 2 DY B 1173.58 49

MR TR B, A B IR AT IEEE (RS 500 MU SRR M 45 S L5 A 4
A RR) SRR EE I T WEERE TR TR 0] Loy MM AR ) DI3h I 4N
3mm, MARZ1em? {EF, 2P E & 70 (40 Hitachi IM4000, 5kV) k1
FESF 2R, RS HEHI7E 10 nm BAR o 06 5 A RF S0 22 TR ZB0HEAT BRI AL B, DA B e
BRI AR ) AT AR BRSNS R T 15 L o K AR A TR i ) S IR [ 5 7E A

an 6 B A PABEAT R R B 5

220 GBS TR 1 R S HA R L TG TR T RIS RO R T R
e I BE A T R B (B X SRS (EDX: Bruker XFlash series 6) 47#/7 #& 1) FEI Teneo
Yy RS T AEREAT BB o 70 F A UDRE R R K B E B Nanomin R 4ti@Eid 300
nm Z 1 pum KPR AR EDX HURNE Y 99K5™ ¥ /A (Nanomin) % 4R IIAR
W) TR Beih, R ARTE T AR A AR X 2R AT RS BRI R, R
M YRR 2 AR R ST 2 SR A A 5 RS 5y 47 R ) FEL
Maps 2.0 1" 45 3R SE B e T LURAE i 23 0 X 330N (995 HOH s 7 (BSED AR %

(EDS) ¥, FH¥HPHEREREZE ik 3 em A& -G,
12 BAREFEES5TIERRE

HACIEH U (BSED Bl R4 UA R M HEAT R BT 52, AR e 5 LRI SE 56 H 11,
$2 18 100 nm~500 nm A& K0S RE SR AT A5, PFE Ch — 358 3 8RR T 1 = 5y
PR RPN, BB KB MR P O R 1 AR X IGHEAT 70 3 A3 A 4 R 43 1 5 T S
P

Nanomin #5343 BT R IO QR E T HARS 10 IR S B R MBI (MixeD) 51
FAZMH VR R 55. 545 SEM-EDS /M Al L, 1RG0 LR =A D Bl 1
PR TTAR S RS HERAE: (1D EHHERAEN B, KA RS A (15kV i 5
RN A3 HE R MU B (BSE) EMGAIREIE Hidls . BSE &40 #E % ATk 100 nm,  FEWS
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TN 2R P T AR IR G5 /00 R CAn BRI A I A 4R AR KK A i i 7 . R
KA FH XU Bruker XFlash 6 #RIIZS, RFME R RIKR AR [RLEF BE A 8 ms, #LREIfEZ
FET 1%0MENY (NS WEEHA BN (Han er al., 2022). (2) fEHHEALHE
BB, Mixel SR B/ UG K R ME R SUIIR A EDS JGi AN 2 =R A
FEAL G B R B RN, 1 T R BRI S A e 0 B e e i DL G P 5 90% 1 B —
W4, STCVEX TR IR AT AR A X3 (B angiki 2 0 FO 903 %) #HAT B JGR B - T Mixel
FOE TS R 20 B & B, RVFEMER AR E S =M, ORI T
LR A— 5 L BIEC 43 20 B TR A R (IR A RE ) o DA R S Hh 6 AR Velkerri 28 57T
HAB, RGBT, AR TR A RO, TEIR A A X b ik
28.6%, TN Mixel HikfG, X—IBIBER 1.1%, WRFEEE LAY T ARIRE 5 AR i 41l 5t
AR A HE IR B, 55 T AR R # (Rafiei ef al., 20200 i & B 7 F2ELH
Nanomin ™ ¥/ (15 L 5t 5 BSE B SIA 5, IR e b 4 i e 40 R 1) S5 46y 7
g TEARBAE B AR . (3) TEZ5 R L IIBT B, Nanomin &40 il 4458™ 47 I 5 1550 4
EHATACEE, R PR IR . Maps Mineralogy #1145 11 5 ME & s B0 PR 53 45
Sy R I 7 SN EINTE 10% 0107 5O MR L, D UK ¥ T 4L SEM-EDS 4
SRR, #f% Nanomin 248 LM GHX 70008 )i 7t 5 SEM 5 HUR UK 1 LUK FEEXS
PO RE X 43 HOR a2 SR BE AR &, DT S SI AR K 38 2 00 FUBE (R IR A3 A o X 22 U RAE e
JI0E T BLRRDTRRE T i R R AL SR 2 OC 2L (Abbott et al., 2019; Han et al., 2022).

FERE R AR AR, FE R G DA R LA RS HG: (D TAEIE RS @ % B E N 12 mm,
CASHe i PG 2 R AR ORI s () BE R/ MR HArikse, —BCH 100 nm £
1 pm, BUE SRR AR 1 5 PR SR IR TR P 8 6 e B S0 /N B K E T 4 (3)
R AR ] ARIED AR E AR, BN S~10 ms/ME R (— UL 8 ms/BE). I
b, IR AR B, R ORE 23 W 00 5 0 75 B AT AR AR S (gl el 2 RN g 1
BB RE) AT
1.3 HEYREFIRREARME

5 SEM-EDS I H #] Nanomin Z9K 9 73 W AR (¥ 5 A S, 78 T He il 4 e o
HRAE . IREGRMGREIEL (Mixe) RZERSCEEAR, K0 WG 85 AW IR .
TEAS TIP3 () LA BEAT SRR A MY, T P22 2 B PSR S e A 0 A0 B ) 2L 3 7%

B S R ISR RS A U S5 E Sh IR BUR AL, SEHL 1 X PR TR o o ) (e
5



B4 R RS 5 52 BARAL, R YR A e S 2 IR s . A T bR,

VR AR R R O 2 R K AR 10 RS IR ) S e At T il (3R 20,
%= 2 FEI-Nanomin S&% S ARM B IR

Table 2 Advantages between field emission (FEI-)Nanomin and traditional analytical techniques

S8 XRD T PRE 1445 SEM-EDS FEI-Nanomin
23 [ S35 >10 pm 1~5 um 1~2 pm VPR 2 3 A1 4

A, SR

TR SO b7 Mixel 532 MR BRI ALl
EEit
(RGNS, kK TRk, 10 E BRI RS 5 BSE iR, %
FREHIA] LA S FEKE, LW
SRR PE3R SR AR
SHRER 7 1t e .

AR, AR
[CE v ol AT (>1 we.%) gk RAF
R

WE & £ (Detrital Clay Mineral ) 38 % ff B J5 2E258 S 1k, SRBLY & HUBURL A 7+
(discrete grain boundaries )« & IR 2 K I M ™ ) A Sy S5 AR ALK EE AR 4 (A
A, KA BEMA . BB RO RORR 8T AT R BE RS, SRR A 73 S AL
JESAER . BAER LY (Authigenic Clay Mineral) 8% LAFLBR AT A5 T ALK P50k
GREUZNE R LI SIS Mm@ R AR T BAR LYk
TR OB  HAZWIPERORE. CANSE Bk NEAT) DRl ORY™, R A2 IR SEARTERE R, Al 1 25 PR
HeH ZUBEHLEA . B F0Y) (Diagenetic Clay Mineral) J&JiAK A = BFEAFEN
PITESGEOE R T SR R A AR, KA BT YR A SARIER, TR R/
AERER LT Y. BeaRi RV SRS YR B R R A a5k, IR AT RS A oein Kl
AR IR & J 25 55 5 MR R a5 3L 28, DRI R 0T 4

EAERE RS, Nanomin $AR BAR A HF R TE S 8T (TEMD, {HHE 2 HrimR
AT A, HE TR TR A T ) Se PR R L. Ak, 54% 48 SEM-EDS ML,
Nanomin ] Mixel H9% %2 5 7 0 4R S0 W HR A RE ), AR E7 Vvt sirh, Jt
HAEX AR SR R LY (Bl B2E. s T, BAATERIIE.

2 HR5HE

2.1 FEI-Nanomin ¥kt ZFSH AL %R
2.1.1 ‘@ nE KA CIA 1814 E R KAL) & 312
oo AR, HERE DT T B A AR, BRI IR EERR A B UK)IER, Bl
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Sturtian ¥k} (720 Ma~710 Ma) H1 Marinoan K3 (RIFF7E0KIH) (650 Ma~635 Ma) (Hoffman
et al., 1998; Hoffman and Schrag, 2002) . 3#i 7o # AL FH A (NOE) 1) &K 4 (Lyons et al., 2014),
PAR LR AW 2 BEPE IR 32T X R B (#3220 Wi k2 (Shen e al., 2008b; Brocks et al., 2017;
Zumberge et al., 2018).

Rl RAAE R R i i PR S IR e RN WIZAE = 77 35 L4 (Pedogenic Clay
Mineral) JF B BT 16 FHT, 1) Uk AT DK 308 5 A AR 1) fen R8O R 5 5 LT AR ) T A
HRAPESRIRRRE YA (Catling and Claire, 2005; Kennedy ef al., 2006) . 142X,
T A B R 0, A OJERCE BRI, BT R R P R
Wi LR AR, B A N 2 B B A HUBR B A7 11 25 22 354k (Mayer et al., 2004; Kennedy et al., 2006,
20140 BEE,  XUP o 2 ) RS ) B AT G v AR S A LR BB L BN & A LS TAUE
WL A B 2R .

1225 Fa# (Chemical Index of Alteration, CIA) #{ Nesbitt.and Young (1982) #2H1,
se i i I ANGTRRA AL 2 AL RE B2 1) B B BR AL 2 48 6% (MeLennan er al., 1993; Fedo et al.,
1995; Wang et al., 2020). CIA = [Al,03/( Al,O3+CaO*+Na,O+ K20)]x100 (Fedo et al., 1995).
TERMEIRIE SRR, A R EF 22 SE EER B F I B (KD, 531 (Ca?)
FIENES T (Nab) ekl ik, Fpt Fok #4uiE, MESET (AP FEE T (T2
S5 AL PEE AT PO B 7 DU A F B T B 4. DAL, R CIA R0 3 48 AR (A 2 XAk AR
Mo BFHERRHNERRZ, RAHARAERTERRE S (AD FiE5) CEFERB A M
PRI BRI Al JEEARETEN CIA TR, SR, thF KA R = B s AR
FIT TR ) Fcs A7 R A EA R 25 A AR FE S v 2 B R A LA 58 A AR TR A 27 1 4
G BRI LA RN AL TCR ITTIR, i b CIA (B ANk 5 A B FEE 1) i £ o

TR S, DO AR B i ) 43 8 A PS4 25 AE ) (Nesbitt and Young, 1982;
McLennan et al., 1993) PARUTRUGE B e AE RS (FZRSEMRAEMD (Fedo et al., 1995)
RE2 0 RGO AT — E RE B0, TSI CIA B 3 I PEFIHERAPE . Al er al.
(2020)i8 5 2 FhHbER (0 FERRUESE, 140 43346 1P A9 A o ot 44 T 2 e o 20 ok L e 4L TR
FAr AR BSOS IR A B, DR S LA CTA {8 1 A8 A e 3408 B B 1L ve L TR B A P £ 2 X
BB . B (KD ZEARAEHIXS CIA B I 206E AT LAH] Panahi er al. - (2000) 42 Hif) K.O
FEIEME (KoOcor) A IR IEENT:

Il



_ [mA+m-(C +N)]
KyOpory = 1A 1] (D
CIAcorr = [A1203/(A12O3 + CaO* + Na20 + KZOCOH’)] x 100 (2)

X m=K/AHCHN)+K), 1 AHCHN)+K R EBEE T ALOs, (CaO™+Nax0)H1 K0 ]
[ VNEP &

HRE 70 2= BRI 22 A SO AR, AT RS 21 K & SR I 5 I A R 8 7 v A A TR K A K
B — B (DTP-1) & AN TUAE I CIA 43T 70~82 (424 76), Marinoan VK35
BELvE4l — B (DST-2) MIUBL (DST-4) HH 4 U TUARN JIH) CIA {BAHIT, 739924 70~78

CF¥IR 74) F169~75 (¥R 74) (Ai et al., 2020; Table 1) (& 3), LLF#EFEAR T BIRIK
W5 v 8 BRI A 27 KA AR FH 2 B2 FAR G A2 € IR B 1 <% (Zowu et al., 2012; Tripathy
etal.,2014),

X A] RS VKO GBS IR A AR S & (pCO2) T 330 (Chebykin et al., 2002;
Hessler and Lowe, 2006; Le Hir et al., 2009) o iX A (1) SAZSAE IR T = B4 (mica-illite)
AT LEA 7 A E Rz 8 S i 52 IR ZAIE 08 1 74K (Nesbitt and Young,
1982; Kennedy ez al., 2006)

o3 A B T BT A QEMSCAN 4 E & R4i 4 DTP-1 Al DST-4 TUAFE i (A1)
HE SR DA REREAT 7 (B2). DTP-1 R EATUS R L4 (LR
FANFE) MEERSE, RmLUER] 67%, PN 46.7%, HREBENA TR . HIKX,
DST-4 TUE R RS L0 8 B MR B, A T 12.6%~39.8%, T2 A4 (ATE 27.9%)
Z=BE (WA 18.3%) MERGRA (04%) A, KEBmSENATE (22.2%~40.2%, T
Y1 34.1%) AbEKA (156%~3.8%). 281, HT QEMSCAN i ¥)5E & RGN V)
oA B EIBEPOR, ToikiE M BRI g, HLIR — XSG Y A AL A (o = Bk
W BRI A RBCAE TRIA D B384k, N2 & 28RERR Sh ) (4 LBt BSE & Rk
JEAE R, DMAR M@ I N T L HER R F L SR A T A, AT HE LR RS 04
P RCRIR AL, AREAL S R AG R L YR 1 B B, M TEVEN CIA THEE T A LR .
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R3 EPERFLUEXHTHERGEAEENNRITE TS TREMM CIA &
Table 3 Concentrations of major elements and Chemical IndexX of Alteration (CIA )values for the Late Neoproterozoic organic-rich shale samples from the Xiushan

area, Chongqing, South China

P S Hifl DA REE TOC Si0, ALO; Fex0s MgO Ca0 Na;O K20 MnO TiO2 P20s Lol CIA  ClAcrK? ClAcon-Tllite®
/m 1% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.% Iwt.%

xs-13 ZK0408 ~ DTP-1 142750 1.6 56.45 16.24 6.69 0.944 0.606 1.83 4.02 0.653 0.668 0.162 118 67 71 71

xs-133 ZK0408  DST-4 110268 5.6 56.59 973 4.01 3.64 4.94 0.56 3.45 0.06 0.49 0.45 1490 64 74 52

xs-199 ZK0803 ~ DST-4 117618 3.1 57.76 924 3.89 3.65 3.89 0.57 3.26 0.03 0.4 0.31 15.04 63 74 56

XS-205 ZK0803 ~ DST-4 117358 49 57.23 957 4.03 3.58 4.24 0.62 3.71 0.02 0.47 0.34 1513 61 70 53

TE: ClAwn-K NZIEHAZARLIE G 1 CIA A, Herb R AN BE L e 2 TS 2 BRI AN R B8 SR TALIE (A etal., 202005 ClAcon-Tllite® 9223 Nanomin 51k B {5 HYEH A 4005 40 70 3R 1 ST EE 3T

HHEHESEIR CIA 4.



XS-205 DST4

IEZ é?ﬂ%ﬁmﬁﬁﬁu—ﬁh%MMﬁéﬂmﬁﬂlﬂ%} (DST-4) BETUET WA AIE (). FEUSEER (b
Kidl B2 QEMSCAN #™ ¥ Al (o) M HUEE (D
/ Scanning Electron Microscopy) mineral mapping and

imhages for the black shales from the (a), (b) Ediacaran

scanning electron microscope (SEM) backscatter

Doushantuo Formation (uppermost DST-4) and (c), (d) Cryogenian interglacial Datangpo Formation (DTP-1)
X #3504 R G b, DTP-1 T AP L4 25 22 e 40 /N ks
(<5 pm) HIBHFIA 4 A—Z AL, B Y R 52 A S I
W IHES (B 3a, b)), RS RT RPURE I, 765 IR 92/ ek i rh R B A 78 T
WA 0 % o 5200 e MRS AL 2 KA R R B 2R O R 26 1, FEBCR SR B
RN AE F R B BT P b 23 A 1) SO R B T R IR A R e A S AL (]
3). MM, MR Nanomin § 453 M1 R G007 SRR L0 WAL B RS B 5 AR ) 3642
KZ, ATLLAIR DTP-1 & A WU TUE T i BHERARAEAG 22 KAR PR I R R, $8AR T
Sturtian YK 1 J5 DTP-1 & A HLT VA PRI IO SR 2R AL 22 AR T, S BRAL b5
CIA F B 1 5L — 25

FEI-Nanomin &7~ DST-4 [ UL & R 38 A UK T 10 pm B KBRS IRAE, H
AR (B 4a, b)), KENTRADRERESY (B 4b, d. WY, XFRTH
KRR, HATHIR AT = BEE0 . [FIRS, DST-4 [ TUA#E P IE A 1RK il

1 FEI-Nanomin 442K %
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AR BRI A A T SR AT T LR b, U R AR MR KA 1A%, KEKREAER
HEA B SRFAT, R IR LSRR TIRG , TR 5 KA A AR A A i s B A
( 4e, Do PLEPIZEEAL B Z B R, A RAEA S AR ]I o= A i A7
AT, HEEIFAR ML= RALPE - 5285« an SRR X Le s A4 2B, 84 DST-4
B TUAE HE IR A RAE A R (<S5 um, “PATEER G HIAKERD &84 2
10%. i8id Nanomin KT Y R Gt, 215k SCE A4 AR G5 8 = BEAIK AT ™ 5 70
R TR, EHHEASR CIA EN T 52~56 (3 3), 5 a8k KA A AT Y7L DST-4
ORI T2 R 8 T Fa AR RO B s M B XA AR ] 322 A 22 U AR A BR R XA L A6 A —
XA R R A AR BT R, M LN KR (Gondwana supercontinent) 24
B AR ) R AT AR Y 0 R 3 R R S 200 (Brasier and Lindsay, 2001; Squire ef al.,
2006). X155 DST-4 T &K T DTP-1 1 DST-2 fJ Rb/Sr, VAR iZA 15 3 18 KA /K Sr
FIALZR (S7Sr/%eSr) B AH—E. Blth, HRid-RH ARSI, AT e IR A B CIA %
E T ARACH ISR IR R, Skbr b S A] B R BN TR T 19, AT T FEI-Nanomin RZE(ER
IEHBERA 27 15 55 A0 2 SRS ERPA 358 5 B 20 UM e ALE Y B 2R T

i [\1 ]
5%
5%

BFa

0

B3 g KL RK I AL — B (DTP-1, £l ZK0408) M54 SEM 1 B 814 5 Nanomin §”
MABZBE. () A%, KA. FFA. BEEENEET S SEM Z&K;: (b) 27 H 5 SEM &
BE: () BRA GED A (D FFIRE (52 fEkE (EDS)

Fig.3 SEM backscatter image with Nanomin mineral map overlay of the black shales from the Cryogenian
interglacial DTP-1 (borehole ZK0408) in South China. (a) Quartz, feldspar, illite, illite/smectite, and pyrite
minerals overlaid with an SEM image; (b) All minerals identified by the Nanomin overlain with the SEM image.

Electron dispersive spectroscopy (EDS) spectra of (c)point 1 (illite) and (d) point 2 (illite/smectite), respectively

11



XS-205 DST-4

REE
27%
HzA
9%
R A
<1%

[ 2%

K4 bR abElye AU (DST-4) BATTE SEM 5 HUN K4 5 Nanomin )4 i 22 B &1
(a, b) #4h XS-205 (DST-4, &4l ZK0803), (b) A (a) H A ETFHEH A IR K Ces £ Bk XS-133 (DST-4, £l ZK0408),
() N (&) PAGEIHERIHHAE: (e, & HHNE (b, £ M 1-80 3-8 4 PR 2 (S8 Mgt E
Fig.4 SEM backscatter image with Nanomin mineral map overlay of the black shales from the Ediacaran DST-4

in,South China
(a, b) Nanomin mineral map of shale sample XS-205 (DST-4, borehole ZK0803), (b) enlarged figure of the white
square in (a); (e, f) Shale sample XS-133 (DST-4, borehole ZK0408), (f) enlarged figure of the white square in (e);
(c, d) EDS spectrum of point 1-point 3-point 4 (illite) and point 2 (muscovite) in (b) and (f)
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WA AL A o iR H#E (Roper Group) 4E/R 78 FE 41 (Velkerri Formation) Velkerri
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. fE TR LI +1244" (Boring Billion, 18~0.8 Ga) i Z, Huy a4
KA A Z 0 7t KA A AT T SR A 1 1 S A
Tosca et al. (2010) M1 Cox eral. (2016) ARFEH TTH A Velkerri 4 TTUA AT L&A H
TUE R LT a8 (BRI 55%~45%, &l ik 25%) F5H i CIA fE (61~80),
WHIEZHZERE T (YD 2 AR T iR RS A 5 S 0% %14 F - {HiX 5 Boring Billion
ez BhA A dr . AR E A SR AER LR T 5K (Kennedy et al., 2006)

Rafiei and Kennedy (2019) {8 Nanomin KL MIXH P iR, @8 EHHH
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A —F| Rafiei and Kennedy, 2019)
() A @ EPZL*E%B%E‘JW%E&S@ JN%E Nanomin RGEHIR ARG, BB GRHE S P AL 5 BT v S A5 BI04
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Fig.5 SEM backscatter image with Nanomin mineral map overlay from a dark fine-grained lamina in shale
samples from the Mesoproterozoic Velkerri Formation, McArthur Basin, northern Australia (cited from Rafiei and
Kennedy, 2019)
(b) enlarged image of the red square in figure (a); (c) recalculated percentage of the original detrital minerals after removing the

diagenetic illite by Nanomin
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Velkerri ZH 1) CIA {H N\ AT 61~80 [B] )35 48~61, TE AR NAL—F94b %R IX 6], 15 3
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Application of Scanning Electron Microscopy-Energy
Dispersive Spectrometer in Paleoenvironmental Studies:
Methods, theories and constraints on geochemical

parameters
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Abstract [Objective] Geochemical proxies are crucial tools for reconstructing chemical weathering intensity and
climatic characteristics during key geological periods. However, their application is often compromised by the
inability to distinguish mineral phases with identical chemical compositions but distinct origins, leading to
misinterpretations of weathering\processes and paleoclimatic conditions. It is therefore critical to develop an
analytical method capable of-accurately identifying mineral genesis and improving the reliability of geochemical
proxies. [Methods] The field-emission scanning electron microscopy-energy dispersive spectroscopy
(FEI-SEM-EDS) technique, by integrating Nanomin nanoscale imaging with the mixed pixel deconvolution
algorithm (Mixel), enables the decomposition of mixed energy spectra from individual pixels into multiple mineral
phases. This approach automatically correlates morphological features (e.g., particle orientation and boundary
sharpness) to discriminate detrital, authigenic, and diagenetic mineral types reliably. It significantly enhances the
accuracy of mineral genetic identification and quantitative statistics, providing core support for refining
geochemical proxies. [Results] Taking the uppermost black shales from the Ediacaran Doushantuo Formation in
South China and the Mesoproterozoic Velkerri Formation shales in Australia as examples, traditional geochemical
proxies such as high values of Chemical Index of Alteration (CIA) were previously interpreted as indicators of
intense chemical weathering and warm-humid paleoclimates. However, high-resolution genetic mineral analysis

based on Nanomin reveals that in these organic-rich shales, aluminum is primarily contributed by diagenetic
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minerals (e.g., illitized feldspar) rather than by aluminum-rich clay minerals formed during chemical weathering.
By systematically excluding the elemental contributions of secondary clay minerals and restoring the original
detrital composition using Nanomin, the corrected CIA values were found to be significantly lower. This indicates
that physical weathering dominated with limited chemical weathering during the deposition of these two intervals
of organic-rich sediments. [Conclusion] By establishing a quantitative relationship integrating "mineral origin,
elemental composition, and geochemical proxies," Nanomin technology effectively enhances the reliability of key
geochemical parameters such as CIA values, neodymium isotopes (eNd), and Rb-Sr dating data. These results can
provide critical constraints on reconstructing the evolution of paleoclimatic and paleoenvironmental conditions
during Earth's key transitional periods, thereby advancing Earth system science toward multi-scale and
genesis-explicit interpretations.

Key words Scanning electron microscopy- election dispersive spectroscopy (SEM-EDS); Clay minerals; genesis

identification; Chemical weathering; paleoclimate; Meso-Neoproterozic
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