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Abstract

In the early Late Triassic, an abrupt warming/humidification event, so-called
Carnian Pluvial Episode emerged, which is considered to be triggered by the eruption of
Wrangellia Large Igneous Province and increasing atmospheric CO,. Previous studies
regarding Carnian Pluvial Episode have been conducted mainly in the Tethys realm, while the
impact of Carnian Pluvial Episode on the interior of the Supercontinent Pangea is not well
understood. This study presents the paleoclimate analysis of the Pangean interior throughout
the Carnian from the pelagic deep-sea sediment, which is preserved as bedded chert in the
accretionary complex in Japan.

Chapter 1 is a general introduction, describing the current state of research on the
Carnian Pluvial Episode and scope of this thesis.

Chapter 2 presents the geological background, available age constraints and result
of field mapping of the studied Carnian bedded chert sections (Section R and Section Q)
located in the Inuyama area, Mino terrain, central Japan. The bedded chert succession is a
part of the Jurassic accretionary complex. Since the successions suffered severe stratigraphic
deformations during underplating accretion, three-dimensional outcrop survey using a
combination of aerial photographs and surface exploration on foot is necessary to establish a
continuous stratigraphic sequence. In this study, we established a continuous stratigraphy on
a bed-by-bed scale that covers the Carnian.

Chapter 3 reports the result of major element geochemistry of the intercalated
mudstone of the Carnian bedded cherts. Exploratory data analyses were applied to the
acquired dataset. The high positive correlations of CaO wt.% and P,Os wt.% suggests that
the variation of CaO and P,Os in is mainly due to the contribution of apatite minerals. Most
of the samples are classified to the “Quartzose sedimentary provenance” by the provenance
discrimination diagram of Roser and Korsch (1998). The estimated provenance agrees with
the paradigm that the terrigenous material of bedded cherts is supplied by eolian dust blown

in from the arid area of the continental interior since the depositional site of bedded chert is
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deep-sea plain, which is isolated from continental fluvial supply by trench. Cluster analysis
shows three distinct clusters: the terrestrial material cluster (SiO2, KO, MgO, Al;Os, Fe;Os,
TiO,, Na;0), the apatite cluster (CaO, P»05), and the manganese cluster (MnO). Principal
component analysis showed that the first principal component (PC1) reflected 38.9% of the
total variance of the dataset, with positive loadings for Al,Os, K,O, Na,O, MgO, SiO,, TiOs,,
and Fe,O3 and negative loadings for MnO, P»0s, and CaO. The elements showing positive
loadings for the PC1 are consistent with those belonging to the terrestrial material cluster in
the cluster analysis. On the other hand, all elements in the apatite cluster and the manganese
cluster show negative loadings for PC1. Therefore, PC1 is regarded as a latent variable that
reflects the enrichment of terrestrial derived materials. A sudden increase in the PC1 was
detected around the Julian/Tuvalian boundary, suggesting that siliciclastic input also
occurred in the abyssal plain environment related to the Carnian Pluvial Episode. The
stratigraphic variation of biological productivity proxy (Al,O3/TiO;) did not show a decrease
in the high PC1 score interval, supporting that the PC1 does not reflect a decrease of
productivity but reflects an increase of terrigenous supply during Carnian Pluvial Episode.

In Chapter 4, a new chemical weathering index, RW index, was introduced. The RW
index was derived using multivariate statistical techniques from a geochemical database of
igneous rocks and their weathering profiles, and is independent of SiO2, CaO, and P205
contents. Thus, RW index is applicable to sediments containing authigenic- and biogenic-
derived non-silicate materials such as calcite, apatite, and silica. The robustness of the RW
index was assessed by using modern saprolites and soils, and a carbonate-rich paleosol profile.
RW index was applied to the bedded chert to evaluate chemical weathering fluctuations
through Carnian. RW index value shows an increase around the Julian/ Tuvalian boundary,
suggesting that chemical weathering is stimulated on the source area of eolian dust during
Carnian Pluvial Episode.

In Chapter 5, the environmental fluctuations in the Pangean interior was discussed
by comparing the PC1 and RW index with various geological records obtained from the

Tethys realm. Both PC1 and RW index increased around the NCE-3, the third negative
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carbon isotope excursion related to the Carnian Pluvial Episode. The synchronous increase of
eolian supply and enhanced chemical weathering indicates reinforcement of the amplitude of
a cyclic environmental fluctuation. That is, chemical weathering was enhanced at the source
area of eolian dust in a wet period while eolian dust supply on the ocean was increased in an
arid period. Possible candidates for the periodic environmental fluctuation include annual
cycles and orbital cycles.

Chapter 6 is the conclusion of this thesis. In this study, the fluctuations of the
terrestrial environment during Carnian Pluvial Episode were investigated using geochemical
and statistical analyses of bedded chert. The evidence from the Pangean interior has
important implications for the climatic fluctuation operated during Carnian Pluvial Episode.
In addition, this study provides the quantitative method for paleoenvironmental analysis of
the continental interior region by using bedded chert, enabling the intercomparison of the

climate fluctuation among the geological events recorded in the Mesozoic bedded chert.



HEDOHIREBREIZAAF I vy 7 CEB LTV, EYMRHREEREOLZSH L & b
L - HRRE L C & 72, @R OHIERIRET L 2 0ZBEHL 2T 2 2 L 3R ER S 27
L DEBIRDBREICARIRTH Y, ERKDO ARRRICIC X 28 FHICOEETH

%, BB Carnian (R 2 (8 3 T/74EHT) 14, b - MEEERERIKE AL L 2R
ThY, 7v7Y THKXREOEHICER T 2 BE(LA XV P (W —=T YEWER) »
FlERINZ BRI hTws, A—=T VS HERII—oy ~EHITRONS
PRI T IS RAE 3 2 KBUB R B B8 D FA1E LA o & ic X - TR T T &
7= (e.g., Simms and Ruffell, 1989; Gianolla et al., 1998; Breda et al., 2009; Stefani et al., 2010;
Furinetal,, 2016). Z %, I—n v Mg TH L DL 27 v a viiEt s, RER
PR OEEEI D 2-4 %of2ED > ¥ — IR ALES AL CGRiis s b, h—=
T VENERITLYREO I — 0 v SHUEAME LT 72 7 F AR R E X e R
M7 ARy bTlde, 7R —"ARBRELETH -7z L TR I LT &7 (e.g., Dal Corso
et al., 2012; Muttoni et al., 2014; Dal Corso et al., 2015; Mueller et al., 2016; Sun et al., 2016;
Dal Corso et al., 2018; Li et al., 2020).

H—=T VENERTIR, BRD» OHEEE COL REHITE VT, 2 DOFENHER X
T3, FEECEMIoKRBL (e.g., Simms and Ruffell, 2018), #ikfzo EF (e.g., Luet
al., 2021), HEWTEMMLEHEDZEL (e..g., Roghi et al.,, 2010) &I N T2 2 L h bk
ST DKIGERDIEFRAL AR E T T B, FRIEIHIC X KBUS 2 BRI E Y D A D580 &
h, MNZBIREEE 77 v b 7 4 — L CIIBMAEYHEDO REEIEE U 72 (e.g., Gattolin et al,
2015). FASAM 2Bk < 3R CBBUTR 2 BET 2 MO RKET 2R EVPET 2 2 &
25, WHEPKIBERA L2 L b T F RFFRLO KM OHERAEI CRMI N TE 2 (eg,
Schlager and Schéllnberger, 1974). REGHERHERED LA I ME I hTHY, HREG~D
RBEMAG DA b L < I3iERE Lo RTcH 2E 2 LN TS (Rigoetal, 2007). iz
PRI <X, K LSRR D2 &, EUKEE O SEVIRH A ZE B 0> & BESGR B L 2SR &
T\ 3 (Nakada et al., 2014).

H—=T vERERIE, VORI BT, BB EYREE OHE GRS
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NE2HERICEI2EELAZBch -2 eI nTw 3, LT, BEOLEL
iR &3 5 EHEHO MR & L (Bernardi et al., 2018), fE¥ItHD AEbH Y (Kustatscher
etal,2018) 723, #HETIE, EHEY v T D% (Gattolinetal., 2015), HIKEF v /) 7T v
2 & v OILEFHOWHE o B (Falkowski et al., 2014; Dal Corso et al., 2021) 23515 41 C
BY, A—=7 YEWERAIHTOEYHO AN D ) OB KEMIEICITHT 3 & 0
Rf#d %% (Benton, 1986; Benton, 1991; Dal Corso et al., 2020).

N —=7 YL WEROWRIZTICT F ZAMRGEICALE L 72BN T#ED 5T 2 23,
WS T T 2 I IR ES R E <, FRRICBEREICE T 2 FRHEAZ L v
B, h— =7 VL WERRO IR 2 BRIEEIREIC O W T, REZTICHESEAL TV R,
Z ZCAWIR TR, 1 —=7 vEHRREROER G ICHIT T T 2 ERE O &N
JERF +— FicEENS, BREES VT T NE DA KR He BT 2> O 8 v B3 o 72 UK EE
2 b KENERDTEHRDOEITLZ A 72, R TIE, FIRT v — F oA oRAE O LE LY
RIS O WTRRIN T — X T 21T o 72, % OFER, BERYE G R 2 K3 2 B8
Ih, ZoEFEE, 1—=T v EHRERITNIST 2 XEMICEERYE O MG 23880 L 7=
TEDIREINT E Tz, AL TIE, EVIEYE IR S 2L 2 WIES 28 7 R UL
fEEE A L 72 (RW index). RW index ZJEIKF v — MICHEMH L 28558, 7—=7 v %W
FRICH S BULE OB R & L7z, AR T, 71— =7 Y EWMERETRICE T 2 8K
EEoftigt & RW index D2 LE HIVT, v 7 7 KN R &R O I E IR & o L <,

N —=T VEWNERICE T 2 B EREEAE) IOV TR L 72,



2. Mg RHIE O HE & JEIK T v — b O HEREEE

2.1 ERW RIS

PEE HARSE R K ILg < i, TE=Z8RFEERS, TH =8R8~ Ty 2 7 8KERF +
—F, TH~E#Y 2 7 R7MEE» O 2EFBHIEIC X VR LB L T3 (eg,
Yaoetal., 1980, Fig.2-1). KU DFRTF v — P iZEMHDE NI X Y B (biogenic clasts)
type , F (fine-grained quartz) type, A (alternation) type IZ/348& 113 (Imoto, 1984). B type
I, v — MEOWTH DR DNIRH 72 K A DIRAEDIEL, Hi N CIIEEEYEL IS EE
L T2 Ri% "9, Ftype 135 ¥ — MEOWH28UE Tl 22 = M35 0, 85T <Az
BROEOREF AT ICBE I NS, Atype 13 Btype DFif% b 5 72J8 & Ftype DR % £
S I fEDRIET 52 5HTH 2. HiJE O PIIHEREE X Imm/ kyr BREL L/hE <, BEEYE O

G 23 L < D id it Y O R 2 kL T % (Hori et al,, 1993).
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Fig. 2-1 (A) Geologic map and (B) location map showing the location of some of the Carnian

bedded chert successions in Inuyama area, central Japan (modified after Kimura and Hori, 1993).
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AQUN 2%
m DFFRAEEF LI N TS, ZBEREIRT ¥ — F ORI B P Ic L Y
BT ICH o7 L RAED 51T 3 (Andoetal, 2001; Fig. 2-2). HuE I3 R 7 —vic ks
WTHHLSREIL TH Y, NEPAHERS FEATIC Ao s, 5+ — F DEITRE L KE
BIREAETHY, TEH~FH=ZERICIIKAETF Y — AR ONE. HEF ¥ — T, BT
¥ =1, BEWRAEIERT v — FCEET 2D RS H, Sugiyama (1997) Tk h
DERfEEL L CHO TR NAREZNLT 22T, THZBR20THY27%FT
13— 3 RINHUS A D EHERE ZER L7z, 2D 7 THFEBICS LSJERT » —
F DL R L 72HR, F v — VEOEEZH D I 7 vavy T4 7 A OFEE
R &N ers, AT E W CRCHNERBIF PR T 2rREED RS
T3 (Tkeda and Tada, 2014).

KI5 % Z B AR~ 2 7 RJEK T ¥ — b L Sugiyama (1997) i<

Carnian world
Estimated depositional site of 223 Ma
Inuyama area

a0°

Fig. 2-2 Carnian paleogeography (modified after Scotese, 2014). The red region shows a possible area within
which the Inuyama succession was likely deposited. The estimated depositional area of the studied bedded

chert is in the low latitude of Panthalassa. Subduction zones are shown in black lines (from Matthews et al.,

2016).

2.2 FEEERIMIKD Carnian BEfEIRF v — b

AWPgEiE, ERIBRILTHORES A E L O ARG NFRICFEH 3 5 Section R & Section Q
(Sugiyama, 1997) K UN% OEIGERICH 72 2 T % F e fithsi & L7z (Figs. 2-1,2-3).
Section R 1% Sugiyama (1997) < X 0 §87E S 7z =B OB EF ot cd v, HiE
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Fig. 2-3 (A) A aerial photograph and (B) a detailed geologic map of studied sections (Section R and Section

Q of Sugiyama, 1997). Continuous composite lithostratigraphy was described in grey lines.
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RGBT ABICERAARSE L L cHBETF v — F WC-1, WC-2, EwjeifE CS-1 %
PAEF 5. CS-1 idRILHIRIC B TR 53, # 25 km FEh 72 B R R AROK I I B0
T BIFATRETH 5. Section R & Section Q OHEREMRIIMECHLAEIERE, 2/ Fv ME
FlEF, RXCEIFERER, RORFROMAELERFICX > THlf T3 (Sugiyama,
1997; Ikeda and Tada, 2014; Nakada et al., 2014; Yamashita et al., 2018; Tomimatsu et al.,
2021). KIS ORERF v — + OHERERF O dfgE L, dHbERCAIIIZEIC X D 237 Ma ic
FWT12.3° £56° NorS, 2235 MalcH\wT 19.0° £10.5° NorS Lflfiahc\n2

(Oda and Suzuki, 2000).

2.3 JHIRF ¥ — + OHEEE & A JE DR

JERF v — i3 RICEE R cm BEOF ¥ — ME L JE X mm LT OREE D HEH
570, Fv— MERECHEEDEY > S, RABRFICEREREY» % 5. BRF
¥ — MMIEFEFEHEEY CH Y, BIE O BB PIEHEREY Th O REFYIE 1313 & A ERBE D
572 %7-® (e.g.,Asahara, 1999), EIRF ¥ — MCE TN ZFEFEWE 13 & A CTRREIC X
ST EN b DTHB e E 2 b3 (Horietal, 1993). ERF ¥ — F oHffEe T 113
BEAZIRIBEI N CTE 7228 (e.g, Horietal, 1993), Wb U T ol s, Fiizh
boMAGLETHIAT S Z AN TE S, (1) HEAYEBKOMGE 2 XEFERIAE L
72, (2) EEWEYOMER E 2 IRERXILH L. 3) GLEWRIC X > TF ¥ — Mes
D1ty B L2 @) FEIERICX > TF v — FE L REE 0 L 72, Tkedaetal.
(2010) FHPHZBRERF ¥ — B OTF v — A 1 b A% 2ES) H 1 BRE)
NTHRELZZ 2 Fv— NEOBELE»HRE L, F v — bEEEOR I IC X
WRRBEMo I Zvavy Ty srzmitilizcec (1) (2) oftzMEEL, HEY oM
MEEAPEEBSEZFRNE LT, I7vary T[4 7 ricii#inszey 2— VEROZE
LR S v 7 T DXIEZER % & 72 b L 72458, I ibin & oz ks R E o &
DI L7280 D “AHEY ZA— VRS %EEEL 72,

JERF v — + OB ICIE, b b LHEERETOa Y F IR FAREELTED
ZNDHEBAEFRIC Lo T ) B8 L, HEH e REROERA WAL -2 LT, J@kTF
Y — FDF v — FELREEPHKICOEEL 2 EH SR I N RIcEZ N T
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(e.g., Tada, 1991). — T, F A=A 6A A=A CT, afidi~bZ{LT 2 FHoERIC
BWC, V) AORHMICHEET 2R LY OB % g ERRIEHA OBIREN S & & 28
BO PN RBlE» ORBEINTVE T b, BIRF v —F0F v — FEIREEYHE I
WTIIMHRINICIRE TH o 7258 Icxf i3 % L W o i (e.g., Abrajevitch, 2020) d B b, &
RF v — b DHEJEORFIC O W TR ARSI R S T,

2.4 Carnian B 5 v — b 3L 7 D R 5L

Carnian Bk 5+ — b 0 E T 2 #5535 72010, AHFFE Tl Section R, Section Q

ERRICEMEEE Y v 7Y v 7R BT o7z (Fig. 2-2). Section R 1% Sugiyama (1997)

AEINE=ZBRomEhEF oMo 1 5CTH 3. Section Q 1E Section R DY
fiicEEL Tl Cwadt2rvavyThh, MERLAT TRGB b o L b RIBALKED
%2 ayvD—>2>TH3 (Sugiyama, 1997). Wi+t 2 > a3 CS-1 ®fEKRF v — D& A4
TR E % T EAHE I XD A ERE T B B

Section R (FFLJKIC 2 O HEOJEIRF ¥ — F 2 &H (WC-1, WC-2; Sugiyama, 1997),
WC-1 13# 15 cm, WC-213#J30 cm TH 5. Hf1F v — M, 8P Bl a % iz
LALEETREOLTHERINTE Y, AT > ) 27 1B L 722 5 o3 Ik 5
Y—bEEELZE T VR ENEZEEZ SN D (Yamaguchi et al,, 2016). WC-2 %
Z @ EALICEER) 10mm FROE X DI ZERBEL WG 2 HAES 5. WC-2 X Y Efr
IR F type IR F + — F 235 7m, 2 Ftype BIRF ¥ — 2 3m BEL, FEwigsE
J& CS-1 #8512 /R B type J@IRF v+ — F ~ & &L+ 3. Rt B type JEIRF + — b it CS-1

H#)3m B 5, R T type BIRF ¥ — M CHifg s 5.

Section Q i Section R O VHMNIC B L THIE L T b, ZAEEB m U T /N 2 5
OWIEIC X o CXYI bz 27> a v TH 3 (Fig.2-3). Section Q DIELJED K47 1%, CS-
1 ROTFHLD%F v — b EWIEBRTHELTWS 2 L ABZEINS. Section Q 13Ra F
type JEIRF ¥ — F 25720, HEICEES0 cm RO HEF v — F 2 PET 2 (Fig. 2-4).
Section R @ L& Section Q @ MEBIZfEIRT v — b DJFEZLB) I E O  AMfEFIc X b5t
W#1T-7- (Fig. 2-5).

Fov 7 va vINICI/NETTE /MBI A%  FE L T 2 0T, iERE A & UAV IC X 2T
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X-ray photograph

B type chert F type chert

y

centimeter 50 kV, 40mA

Fig. 2-4 Representative outcrop photographs of the Carnian bedded cherts (A) White chert WC-2 and Julian
F-type red chert. The boundary of red and purple chert can be seen on the right side of the photograph. (B)
Close-up of Julian F-type purple chert. Millimeter to cm scale lamination and bedding is observed as changes
in color and silica content (C) Thick claystone layer CS-1 located at the boundary of F-type purple chert and
B-type red chert. (D) Close-up of the B-type red chert (Julian-Tuvalian) with relatively thick intercalated
mudstones. (E) Close-up of the F-type red chert (Tuvalian). The Intercalated mudstones of the F-type cherts
are very thin (<5 mm). (F) Soft X-ray photograph of B-type (Julian-Tuvalian) and F-type (Tuvalian) chert.
Thick intercalated mudstones are observed on the B-type chert whereas millimeter scale lamination can be
seen on the F-type chert. Tape width in (A,C,E) is 5 cm. Scale bars are 10 cm. The white arrows indicate

way-up.
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Fig. 2-5 The key beds used to correlate Section R and Section Q. Yellow masking tapes indicate minor faults. The white arrow indicates way-up.
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ZEGH 2 - CEREEZ = OUICBE L C, WiEIC X 2B o R, Ml X 2 HfF oY

S

BLOGHEEBEAT =L ObHER 7 — it W CHMICHE T2 itk >T, 2n

bOEBR R CHREREL, HEARAT -V TOh— =T VIEREE ST XE cofaHE

WKIZVER L 7= (Figs. 2-3, 2-6).
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Fig. 2-6 Stratigraphic column of composite section of Section R and Section Q. The sampling horizon of this
study were also shown. The lithology suddenly changes to B type at CS-1 horizon and gradually returns to F

type bedded chert.
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3. JEIRF v — + BkB D E O HIBRIC FAVRFEL

3.1 HOE X O iEIC X 2 TEICE O E RO

Hh—=T VEEEDEEICENT, BIRF v — 1 DA DJREE % 45 81 HURHRELL 7-
(Fig. 2-3). THi® F type F v — + DX B TI2#I 40 cm [EFE T, B type [BIRF ¥ —
FOXBICEHEWTHI 5 cm BT, EHF type JEIRF + — b 2B\ TiI 50 em [HFE TR
HOPEAR Z L 72, BEL oA Z 2 B OBAZMZ 2 201, A0S
A EToFy—MEEFRUCATHD D DL 72, L 2GR O WwT, 7,
F ¥ — MEP I 25 DIRAD RV X 9 i, MTRAE D A ZE L7, Bk
ZlE 71y 2 —7 8 CHY B 7k, 40 SRR o S BE 2 2~3 [l VIR L, BifH
DJeLEHELIC X o THFHL L =BT LY Bra 7z © & 2l L 72 ECLAT o FIHIC
it > CTRAAHB T %2 1T 5 7-.

T, BV ITRT A=A VAR EAEE O CGRE A Smm X 0l 2 T
Pl 7214, A7 vBLERRAR -1 I A ZMHH L 500rpm T 5 3OS THRIL L 72, Bk
FFCRFRAEZTHRTE 258681, WA TITH 200, BEXA ) VELERRIR—L I
TOMKIEBEYIRL 7.

BRI OREIC O WT, =y 7 AFE VT 105°CC 24 B, 550°CC 4 B, 950°C
T 2 BFWMIBERL & &, M9EEE (loss onignition; LOI) %HI%E L 7z. LOLs 3 EHEMEHE
LOlIoso iXREEIEEHREOHR L 72 5.

950°CIcHERK L 7= o ¥y KA K %2 0.5000+£0.0005g & L, Mk vE) F 7 4
5.000£0.005 g LIRA L7212, A£2213L v —F¥ v 7 I —%H\wT 1200°CT 450 PR
AR 300 PEMHIOZEMECTH I A e — FERER L2, 772 — FOERICH VT, FEK
L7zH 72— FOERPFHN TS, £235EBR O NW=5513, FE i ciaml
T2 CTHERIIERD A 7 A — F%2{FT, XRF ZHrIcfifL 7.

FRBHAY: 6 S HEREE O HE X SroririéiE ZSX Primus T (R &MY #727) 2w T,
HLEFEE 50kV, FEFT 60mA T SiOs, TiO,, Al,03, Fe,03, MnO, MgO, Ca0, Na,O, K20, P;0s5
D 10 TTREEREMRIEIC X VERDIT L 72, MERIL, EEEARAEIHERERES
¥ X —FATD LT OHER(L A EHEYE JDo-1, JSd-1, JSd-2, JSd-3, JSI-2, JLk-1, JCh-1,
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JA-2, JA-3, JB-la, JB-2, JB-3, JG-la, JG-2, JG-3, JGb-1, JP-1, JR-1, JR-2 % fEiE3K
Ble LTHWTER S W, “v— KIS 2016” Z V7= (Table3-1). HMIEKiHE % Table
3-2 1R L7z, 3B Ra39 I 2 W T IRIEH ICE W CaO & P,Os DERR L2720, kD
vy ¥ v 706 XRF 90T € TEFEIT-> 72 (Ra39-1, Ra39-2).
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Table 3-1 The measured value of reference materials and accuracy of calibration lines for each element.

SiO2 TiO2 Al203 Fe203 MnO MgO CaO Na20 K20 P20s

sample Wt%)  (Wt%)  (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)  (Wt%)  (Wt.%)
JDo-1 reference value 0.41 0.00 0.03 0.04 0.012 35.02 64.39 0.02 0.00 0.065
measured value 0.33 0.00 0.05 0.05 0.006 33.91 64.07 0.03 0.02 0.069
JSd-1 reference value 68.55 0.67 15.13 5.27 0.096 1.91 3.17 2.82 2.26 0.124
measured value 69.57 0.71 15.74 5.27 0.097 1.87 3.18 3.14 2.27 0.125
Jsd-2 reference value 63.34 0.66 13.11 12.10 0.129 2.95 3.81 2.61 1.21 0.084
measured value 63.12 0.64 12.98 12.16 0.126 2.78 3.88 248 1.18 0.108
Jsd-3 reference value 79.57 0.44 10.71 4.64 0.152 1.25 0.56 0.46 212 0.095
measured value 78.64 0.43 10.56 4.59 0.154 1.19 0.58 0.42 2.01 0.079
JSk-2 reference value 63.35 0.80 19.22 7.08 0.091 2.60 2.06 1.49 3.13 0.182
measured value 63.00 0.81 19.22 7.01 0.089 2.46 2.05 1.33 3.10 0.175
JLK-1 reference value 64.73 0.76 19.12 7.76 0.306 2.00 0.77 1.19 3.14 0.238
measured value 64.63 0.78 18.90 7.78 0.302 1.92 0.77 1.45 3.15 0.236
JCh-1 reference value 98.47 0.03 0.72 0.38 0.018 0.08 0.04 0.03 0.23 0.010
measured value 98.97 0.02 0.77 0.40 0.015 0.07 0.04 0.07 0.22 0.012
JA2 reference value 57.73 0.68 15.77 6.35 0.111 7.78 6.44 3.15 1.85 0.149
measured value 58.05 0.69 16.08 6.32 0.109 7.45 6.52 3.16 1.89 0.162
JA3 reference value 62.33 0.70 15.57 6.61 0.104 3.72 6.25 3.19 1.41 0.116
measured value 62.56 0.69 15.75 6.60 0.106 3.71 6.48 3.12 1.42 0.112
JB-1a reference value 53.01 1.30 14.62 9.15 0.150 7.92 9.42 2.76 1.42 0.263
measured value 53.47 1.30 14.59 8.94 0.146 7.95 9.76 2.83 1.48 0.261
JB2 reference value 52.96 1.18 14.56 14.17 0.217 4.60 9.77 2.03 0.42 0.100
measured value 53.29 1.17 14.48 14.15 0.215 4.57 10.19 1.96 0.44 0.094
JB3 reference value 50.77 1.44 17.13 11.78 0.176 5.17 9.75 2.72 0.78 0.293
measured value 51.10 1.43 17.05 11.69 0.177 5.14 10.14 2.65 0.78 0.292
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JG-1a reference value 72.91 0.25 14.42 2.02 0.057 0.70 2.15 3.42 3.99 0.084
measured value 73.36 0.24 14.41 2.03 0.060 0.68 2.15 3.38 4.01 0.078

JG-2 reference value 77.36 0.04 12.56 0.98 0.016 0.04 0.70 3.56 4.74 0.002
measured value 77.42 0.04 12.67 0.98 0.014 0.02 0.69 3.55 4.70 0.003

JG-3 reference value 67.82 0.48 15.60 3.72 0.072 1.80 3.72 3.99 2.66 0.123
measured value 67.82 0.47 15.67 3.74 0.071 1.78 3.82 4.04 2.64 0.126

JGb-1 reference value 43.99 1.61 17.62 15.17 0.190 7.91 11.99 1.21 0.24 0.056
measured value 44.08 1.61 17.29 15.02 0.186 7.91 12.52 1.18 0.24 0.052

JP-1 reference value 43.82 0.01 0.68 8.65 0.125 46.12 0.57 0.02 0.03 0.002
measured value 43.21 0.00 0.66 9.24 0.133 47.00 0.59 0.01 0.00 0.002

JR-A reference value 76.51 0.11 13.01 0.90 0.100 0.12 0.68 4.08 4.47 0.021
measured value 74.96 0.06 12.64 0.78 0.114 0.02 0.51 3.95 4.52 0.005

JR-2 reference value 76.96 0.07 12.93 0.78 0.114 0.04 0.51 4.06 4.52 0.012
measured value 77.02 0.02 13.00 0.79 0.115 0.03 0.51 4.05 4.54 0.005

Accuracy 0.58 0.02 0.23 0.16 0.005 0.36 0.23 0.13 0.04 0.009
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Table 3-2 Major element composition of bedded chert samples collected in this study

Height Lithology @ Color SiO2 TiO2 Al203 Fe20s  MnO MgO CaO Na20 K20 P20s LOlsso  LOlsso

sample (mm) (Wt.%)  (wt.%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt.%)
WC2 0 Intercalated red 56.04 1.61 21.91 8.68 0.470 3.94 0.92 0.24 5.07 0.525 3.36 1.77
Ra3.9 841 Intercalated red 61.39 1.34 17.21 8.84 1.243 3.41 0.67 0.19 4.46 0.338 3.85 1.61
Ra4 875 Intercalated red 55.78 1.16 19.82 10.87 0.408 5. 00 0.59 0.19 4.800 0.253 4.33 1.60
Ra8.2 1594 Intercalated red 55.49 1.07 18.43 12.07 0.665 7.06 0.49 0.14 3.68 0.254 5.27 1.38
Ra9.9 2273 Intercalated red 49.05 2.27 22.66 11.04 0.346 3.97 1.75 0.24 6.52 1.142 4.14 1.82
Ra12 3122 Intercalated red 55.82 1.79 19.63 9.61 0.201 3.61 0.84 0.24 6.16 0.558 3.95 1.36
Ra14 3540 Intercalated red 54.79 1.33 19.63 10. 00 0.160 3.84 1.32 0.24 6.37 0.773 4.01 1.60
Ra16 4019 Intercalated red 59.27 1.33 17.83 9.66 0.158 3.31 0.65 0.22 5.73 0.367 3.59 1.51
Ra18 4511 Intercalated red 54.71 1.10 19.16 10.85 0.184 5.47 0.82 0.19 5.61 0.374 442 1.63
Ra18.2 4630 Intercalated red 52.97 1.36 20.34 12.08 0.180 4.90 1.10 0.28 5.51 0.595 4.36 2.39
Ra20 4975 Intercalated red 57.37 1.04 18.13 10.43 0.230 5.51 0.69 0.16 5.24 0.273 3.78 1.91
Ra22 5342 Intercalated red 71.54 0.92 12.68 6.98 0.126 2.05 0.36 0.20 4.02 0.17 3.05 1.51
Ra24 5532 Intercalated red 65.58 1.1 15.64 7.57 0.329 2.61 0.36 0.21 5.22 0.157 2.82 1.59
Ra26 5956 Intercalated purple 58.56 1.15 18.89 8.42 0.255 4.06 0.70 0.22 5.99 0.311 3.44 2.07
Ra28 6774 Intercalated purple 62.06 1.25 16.95 8.26 0.17 3.37 0.59 0.21 5.61 0.328 3.14 1.89
Ra30 7276 Intercalated purple 55.63 1.05 19.67 8.90 0.467 5.90 0.70 0.20 5.62 0.278 4.31 214
Ra33.9 7404 Intercalated purple 67.83 1.40 15.03 6.96 0.219 2.97 0.44 0.22 4.05 0.187 3.04 1.70
Ra32 7790 Intercalated purple 65.72 0.90 16.40 5.81 0.098 3.06 0.58 0.20 5.48 0.235 3.45 1.76
Ra35.9 7893 Intercalated purple 55.32 1.38 20.33 8.83 0.176 3.50 1.09 0.20 6.99 0.649 3.20 1.95
Ra36 7999 Intercalated purple 67.16 1.14 14.06 8.18 0.142 2.75 0.58 0.17 4.54 0.336 2.70 1.87
Ra37 8117 Intercalated purple 67.25 117 14.66 7.99 0.097 2.43 0.66 0.20 4.79 0.321 2.77 1.79
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Ra39-1
Ra39-2
Ra40
Ccs1
R1
R4
RS
RO
R10
R13
R15
R16
R19
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R36

8839
8840
8865
9024
9053
9137
9369
9383
9426
9545
9610
9642
9678
9778
9791
9824
9866
9917
9925
9952
9980
10012
10080
10121
10179

Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated

Intercalated

purple
purple
purple
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red

red

63.87
47.25
60.18
63.80
59.52
58.25
55.62
54.12
51.06
53.31
60.72
75.31
61.85
69.69
64.33
64.44
64.82
57.14
61.71
57.70
61.34
61.43
61.41
54.39
54.77

0.83
0.87
0.97
0.91
1.05
1.25
1.17
1.4

1.22
1.61
1.02
0.59
1.41
0.73
1.05
0.85
0.99

1.15
0.99
0.92
0.96
1.00
1.15
1.03

14.60
17.61
15.51
16.23
17.44
19.13
19.51
20.18
20.22
20.93
17.72
11.59
17.39
14.13
15.7

15.51
15.44
19.82
16.59
19.52
18.63
18.29
19.26
21.13
20.74

6.53
4.88
7.52
8.02

10.98
9.44

11.02

11.14

12.89

11.51
9.66
5.41

10.66
6.66
9.15
9.36
8.92

10.26

10.43
9.42
8.55
8.98
9.37

10.44
9.69
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0.134
0.085
0.189
0.146
0.36

0.185
0.274
0.281
0.443
0.449
0.210
0.163
0.220
0.229
0.329
0.325
0.292
0.478
0.371
0.290
0.243
0.272
0.185
0.192
0.367

2.62
3.10
2.9
3.30
4.29
3.77
5.14
4.61
8.10
4.66
3.89
2.01
2.83
2.61
3.28
3.1
2.76
3.65
5.09
3.74
3.54
3.26
3.55
4.06
4.1

4.35
11.12
3.72
0.35
0.32
0.41
0.40
0.48
0.60
0.47
0.45
0.21
0.41
0.34
0.37
0.40
0.39
0.46
0.39
0.46
0.34
0.35
0.39
0.59
0.63

0.28
0.27
0.25
0.22
0.15
0.23
0.20
0.22
0.14
0.23
0.17
0.1
0.18
0.13
0.14
0.13
0.15
0.20
0.10
0.18
0.17
0.18
0.19
0.22
0.18

4.27
6.27
5.50
5.65
4.9

5.97
5.41
6.18
3.90
5.74
4.95
3.72
5.35
4.67
4.78
5.17
5.1
6.41
3.98
6.3

6.16
5.87
6.18
6.82
6.98

2.768
7.475
2.391
0.095
0.122
0.127
0.117
0.158
0.151
0.163
0.180
0.073
0.286
0.161
0.182
0.181
0.177
0.213
0.178
0.188
0.137
0.151
0.126
0.280
0.287

343
2.70
2.90
3.36
3.05
3.85
4.03
3.54
4.82
3.90
3.03
1.77
2.72
2.20
2.86
2.44
2.20
2.85
3.31
3.01
2.60
2.64
2.67
2.98
3.16

2.10
2.41
2.19
1.38
1.54
2.10
2.28
2.04
2.44
2.21
1.56
117
1.86
1.30
1.58
1.51
1.44
1.62
1.53
1.80
1.84
1.44
1.70
1.84
1.99



R37
R38
R39
R40
R41
R42
R44
R45
R46
R47
R49
R50
R51
R52
R53
R54
R55
R56
R59
R64
R81
R82
R84
R85

10189
10217
10255
10325
10354
10390
10421
10449
10481
10508
10567
10587
10605
10641
10670
10689
10714
10742
10817
10885
11021
11032
11049
11085
11954

Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated

Intercalated

red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red
red

red

58.08
56.16
55.61
57.33
61.12
58.5
63.28
65.36
78.00
60.80
62.91
67.84
63.81
63.34
76.63
59.55
60.42
67.34
72.54
48.64
61.28
58.11
52.80
49.64
51.05

1.03
1.1

0.96
1.00
0.95
0.91
0.89
0.58
1.04
0.93
0.88
0.98
0.89
0.57
0.99
1.05
0.95
0.80
1.31
1.19
1.25
1.40
1.63
2.08

18.26
19.43
19.35
18.68
19.88
19.15
17.19
15.44

9.20
17.66
17.27
13.36
16.15
16.19
10.34
17.85
17.57
14.08
10.98
19.08
15.02
16.94
20.14
20.03
22.46

9.80
9.80
10.55
10.49
9.42
9.86
8.58
8.88
6.87
10.31
9.09
9.85
9.55
9.85
6.34
10.92
10.44
8.95
8.51
13.75
10.96
11.48
12.24
14.82
12.16
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0.257
0.463
0.334
0.311
0.262
0.309
0.267
0.357
0.501
0.329
0.302
0.622
0.446
0.495
0.439
0.503
0.575
0.732
0.937
4.624
0.707
0.541
0.934
0.996
0.422

3.57
4.85
4.88
4.04
417
4.42
3.98
4.21
2.16
3.9

3.51
2.78
3.46
3.76
2.5

4.04
3.65
3.19
2.93
5.78
3.61
3.39
4.08
3.94
3.20

0.91
0.63
0.69
0.51
0.48
0.72
0.44
0.50
0.31
0.48
0.69
0.45
0.68
0.6

0.39
0.59
0.55
0.51
0.40
0.94
0.77
0.75
0.82
1.17
0.26

0.16
0.16
0.18
0.17
0.18
0.16
0.16
0.13
0.09
0.13
0.14
0.12
0.14
0.14
0.1

0.15
0.15
0.13
0.10
0.20
0.19
0.22
0.24
0.25
0.31

6.35
6.01
5.82
6.30
6.34
6.04
5.59
4.63
2.70
5.46
542
4.27
4.88
4.85
3.03
5.35
5.39
4.10
3.02
4.68
4.68
5.55
5.56
5.65
6.10

0.505
0.281
0.326
0.225
0.21

0.352
0.183
0.236
0.141
0.218
0.349
0.227
0.361
0.296
0.184
0.288
0.251
0.248
0.187
0.349
0.422
0.388
0.395
0.656
0.212

2.71
3.22
3.12
2.91
2.74
2.86
2.54
2.59
2.18
2.59
2.54
2.41
2.43
2.45
1.68
2.80
2.72
2.48
2.16
4.48
2.97
3.1
3.47
3.48
3.70

1.82
1.93
2.08
1.81
1.88
1.95
1.74
1.52
1.36
1.73
1.72
1.57
1.58
1.72
1.22
1.75
1.68
1.40

2.57
1.71
1.98
2.07
2.04
213



Q-1
Qo
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q7.9
Q10

12255
13008
13112
13924
14301
14865
15411
15839
16525
17382
18464

Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated
Intercalated

Intercalated

red
red
red
red
red
red
red
red
red
red

red

52.67
55.88
50.97
59.43
70.16
50.73
58.52
52.78
80.79
52.02
56.34

1.48
1.10
1.46
1.35
1.17
1.80
1.76
1.53
0.78
1.33
1.46

19.81
18.99
21.51
16.31
11.91
20.64
14.83
19.41

7.96
21.84
17.86

13.95
10.36
12.58
12.66

9.12
14.17
13.78
13.66

5.33
11.90
11.24

0.717
0.403
0.694
0.689
0.363
0.672
2.134
2.819
0.67

0.516
1.315

3.98
3.76
4.50
3.98
2.37
3.92
2.93
3.73
1.88
3.96
3.26

0.66
0.83
0.55
0.44
0.66
0.55
0.66
0.50
0.32
0.52
0.48

0.23
0.23
0.28
0.20
0.17
0.26
0.19
0.23
0.1
0.20
0.22

5.15
6.54
5.86
4.10
3.29
5.50
3.98
4.69
1.87
6.12
5.97

0.350
0.506
0.271
0.230
0.373
0.382
0.427
0.233
0.135
0.339
0.302

3.17
4.08
3.59
3.52
1.48
4.12
3.66
4.37
0.77
4.02
3.95

1.84
1.63
217
2.03
1.49
2.18
1.89
2.32
1.08
2.06
1.64
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3.2 JERF v — M ERA DJEETE DAL T — X g dT

JEIRF ¥ — M kA DRERE O EEILHED TiO, & DHic2w»T, PAAS (Post Archean
Australian Shale; Taylor and McLennan, 1985) THIM{L L 727 — % DR % Fig. 3-1 1T/R
L7z, %ItH D TiOz i 2 fFEHIZ CaO, Na2O, MnO LAAM 342 PAAS L [ERETH 3.
MnO/TiO; Ofifilx PAAS X b b Ewv—J5, CaO/TiO, & Na,O/TiO; 1A I il % 7R
F. CaOwt.% & POs wt.%DEWIEDOHBE & Z D% 1, AWRICLEZT—% 2y FhoD

100 -

10 4

S == ==

(Xsampleﬂ—isample)‘{(XF‘MS{TiF‘AMS)
l

01F - =

Si0, TiO, ALO; Fe,0; MnO MgO CaO Na,0 K,O P,0;

Fig. 3-1 PAAS-normalized elemental abundance of the intercalated mudstone of the bedded chert from
section R and section Q. Boxes indicate the 25" and 75™ percentiles. The horizontal line in each box marks
the median value. Whiskers represent the 1.5 times the interquartile range of the data. Open circles represent

data outliers. PAAS data are from Taylor and McLennan (1985).

CaO & PyOs OEBIEICT 24 b OFLGICL b0 THL L% dT 2 (Fig. 3-2).
Akl SEMBIEICEHEWTH, 0.1mm FEOKE AT %4 b OIFEL S EHER /- (Fig.
3-3). Ra39-1, Ra39-2, Ra40 (ZE\> CaO & P,Os %R L7223, T4 b DFkHIERR
KT N2 4 PERBELTHWIEEZLND.

JEIR T ¥ — bR OBEFYE O BRI A #EE 9 % 72912, Roser and Korsch (1998)1C & %
HREG IR A B L 72 & 25, 13& A LDk “Quartzose sedimentary provenance”®
fEiEIC 7 a oy X7 (Fig. 3-4). BIKF v — F oHERES X, #BIC X > CHE A & o)l
I X 2PE G D O Wi X 7= IR T B 5 0 T (Fig. 2-2), b5 3 2 BERYIE 13Kk
WE2 0 b 720 SN B JARERKTH 5 L o Rt e HBIK 2 & #EE & h - T IERAT
<% % (eg., Horietal, 1993).
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Fig. 3-2 Scatter plot of CaO and P20O5 of the whole-rock chemical compositions. The variation of the samples

is along with the apatite P/Ca ratio.

Back scattered electron image Energy dispersive spectrometry

S50um

Fig. 3-3 (A) Back scattered electron (BSE) image of the intercalated mudstone. Purple square indicates the

region within an apatite for the Energy dispersive spectrometry (EDS) analysis. (B) The result of energy

dispersive spectrometry of the apatite fragment.
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6 Quartfose sedimentary provenance
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Discriminant Function 1
Fig. 3-4 Plot of the provenance discrimination diagram of Roser and Korsch (1988) for the studied mudstones.
The Al-normalized version of the diagram of Roser and Korsch (1988) was adopted to avoid dilution effect
of non-terrigenous materials. Samples are generally plotted within the “Quartzose sedimentary provenance”
region, implying a source area of the intercalated mudstones located in a continental interior. Discriminant
Function 1: 30.638 X TiO2/Al:03 — 12.541 X Fe203/Al:03 + 7.329 X MgO/A1:O3 +12.031 X Na;O/ALO3 +
35.402 X K20O/Al:03 - 6.382. Discriminant Function 2: 56.500 X TiO2/Al:O3 — 10.879 X Fe203/Al.03 +

30.875 X MgO/Al:O3 - 5.404 X Na2O/Al:O3 + 11.112 X K20/Al,O3 — 3.809.

3.3 M T — 2 ICNTET 2 HE O BER
JonzERT v — PRAEEORE(CAHK T — 2 R E AR 57201, 4%
BEHENT 21T o7z, £F, TRE I LORIFOoEE TR0, 7 7 A%~}
Wi %17 > 72 (Fig. 3-5). o B o FFAl 1< 12 variation matrix (Aitchison, 1986)%, 2
7 A X2 —OiHliEE Ward 52 w7z, 2 OfER, #FicRizenzh, BEEWE S 7 X % —
(Si02, K,0, MgO, AlLOs, Fe;,0s, TiOs, NayO), 7% A b2 5 2% — (CaO, P,05), <
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Fig. 3-5 Result of cluster analysis of the major element composition of intercalated mudstones in section R
and section Q. Variation matrix (Aitchison, 1986) and Ward method was used for the distance of variables.
Three components that control the bulk chemical composition of the intercalated mudstone are classified

(“manganese”; “apatite”; “terrestrial elements”).

7 = 2 DA 2 R B 72010, ERII TR T > 7. Ra39-1,Ra39-2,Rad0 & \» o 7z
Wi Ze il 2 b 2% v TS HEET 2720, ERDIONOETICEIINEEZFREL 72
minimum covariance determinant (MCD) E%ZH\7z. A1 7 — X ORI & L T clr 254
R, SHREICIEEELEATI E 7z, Table. 3-3, Fig. 3-6 ICERK DT OFGR %R
L72.PClizT—4+ty P2IKRDIEHDE D 38.9%% [k L, Al,Os, K,0, Na,O, MgO, SiOs,
TiO2, Fe:O3 IO WTIED B & % /R L 72—/, MnO, P,0s, CaO IZ 2\ THED A& %I~
L7. PCl KoV CIEQAMBEEZRIICHRIL, 7 7 AR —fFITICE W CTRREYE 7 7 A £
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— BT B ILEME LT3, — T, THREA VNI FTRR =L~V H Y I TAR—IC
BT 3 tHEIITNTPClLICOWTHDAMEERZRT. 2D Epb, PCLIIT 24 +%
VAV E Vo i HROYE NS 5, BERYIE O iR R & R L T v B
TR TH D LIRS 2 LR TE S,

Fig.3-7 12 PC1, ALOs/TiO,, CaO, P.Os DJEFZA L Z R L7z, AlLOs/TiO: 13, 4P D =
NRY VTR, ANV ~DWEINLT I DE DS, IEIEE O EYEFE D & I T
DHIRHERED IC BT, EPAEROREZ KT 2 Z L 23H b T % (Murray and
Leinen, 1996; Dymond et al., 1997). AHFFE Tl > T 3JEIKF ¥ — b b (KFEFE 0 g ¢
WL #E2bhThY (Andoetal, 2001; Uno et al,, 2015), 7z, JERF ¥ — b 2%
b ZHME R FEAMNER L T HEYTH Y, EWEENE IR CTIER I L &
Hibhd, 20ko, BRF ¥ — FAROIRED ALO:/TiO, I3 EW A FENE % K4

Table 3-3 Results of principal component analysis

PC1 PC2 PC3 PC4
Sio2 0.211 -0.200 0.289 -0.835
TiO2 0.176 0.052 -0.634 -0.042
AI203 0.526 -0.040 0.091 0.207
Fe203 0.119 -0.364 -0.184 0.136
MnO -0.305 -0.508 -0.221 0.028
MgO 0.315 -0.233 0.269 0.450
Ca0O -0.179 0.396 0.226 0.095
Na20 0.333 0.420 -0.474 -0.143
K20 0.469 0.127 0.236 0.025
P205 -0.282 0.401 0.142 0.078
Eigen value 3.012 1.789 1.239 0.847
Variance explained 38.89 23.10 16.00 10.93
Cumulative variance 38.89 61.99 77.99 88.92
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Fig. 3-6 (A) Scree plot of the PCA result and the Broken-Stick model (MacArthur, 1957) for the clr-
transformed dataset of intercalated mudstones of section R and section Q. (B) Biplot of principal component

scores and loadings for the PC1 and PC2.

ZIEL LTHW2 e TE 5, PCl ZBEEYE OWEEDE (V vEEs XU~ v
V) ST NI R EEE R K STETH 525, PCL & ALOs/TiO; iZF W IEOMEIZ /R L
(R=0.31), EFELIFDO LY FEZRLTWAWL, 2O eh b, PCl oFFE{tix
PEREYE OIGREOLE 2 ML T2 LT 2 2203 Cc& 5. PCl 3x 27 v avokk
JEA B E WA CS-1 % Tk F —0.61 OLE L 7ZEWfEiZ & b, CS-1icHnT3.35 &
BARMEZRT. CS-1 2056 FAi) 1 m O XEICHE VT PCL LMk L CFH 1.53 L @iz
N L7211, S F-type ~ L3 3 1otk o> T —2.5 FEEE £ Ci 3 5. ¥ Carnian [
T PClL I P - 15 REDHETIEL DX 2 ffo 1 fqF2ML "3, 2%V, CS-1 D LA
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Fig. 3-7 The stratigraphic profile of principal component 1 (PC1) scores and Al:O3/TiO: ratios. Lines

indicate LOWESS fitting and 95% confidence intervals. The relatively high PC1 interval (ca. 1 m thick) can

be seen above the CS-1. The outstandingly low PC1 observed just below the CS1 corresponds to the high

CaO and Pz0s samples (Ra39-1, Ra39-2, Ra40).

1 1m DIXET, Mkfe L <&\ BUKEERHR 8 2 7R 3 XIE2 7R S v e,

¥7-, @ PCIL X[

ERICE W TIIIHE REDOMA 2R b1, BEREMGE DY RR T .

CaO, P05 ic 2T, MICRDEFI AL ~2— v 3—HLTHY, FEwijes/d CS-1
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D FAZICiE CaO T3 wt.%, P205 T2wt%h L FIREL T 3 FHENRED bz, it
HE=EAR 26 TS 2 7% £ CORILMIRICHAMT 2 2CTOFERDOEIRT ¥ — b & HIK
LTHEHL TEWETH Y (Fujisakietal,, 2016), T OJEHEDHEREREIC 5\ T DIEFEET
W BT 2 R R RBERE O 2L 2 I L T 2 ATREMED S 5.

lExFTE® 2L, RFFETIREIRT ¥ — kB OREDILEMK T — 2 ICNET 21
B, 77 AX T & ERD T CHERINICHIT L 72, 7 7 A X —f#frTid, BERREY
I IAR—=, THREA VNI TRAR—, =VHVY I TAR—D 3 77 AX—ICHHEIC X)X
N, BT —ZO5OK 4 E%FHT 5 PCLIZ, BERWEY 2 7 22— g3 2 0E L
Z DM DITCFE DN RIREE 2R L, FEEVHOMIGE Z KL 2BEERTH I L
DR E 7z (Cho et al., 2022).
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4. LVEYE DR AT X AR Z ML 3 3 L AL iEiR O fdr

JRSCE R C B B WS DAL L, @R o KR OEB) %58k L T\ 5. Fic, F
FICHR A 72 JBULIEEE L, HE 23 < A oL B R REE D8P & > o 7RI e Uk 3 EE
HMLZZWHIEIC W ThBEHTE 2 kL LT, JBYLEZ AED 2RICHwonTE . L
2L, BIRTF v — F oREREICHE VT, BEEEY T 285 L8l 2 Tl Yk
THBEEEZLNDET NEA PV YV APRBAT L LD, HEK BTG D 2K
HCThH b, £ I TRIIETIEZ OREEERT 27012, CaO, P05 KU SiO; 2 vz
7z 7 ELIEEE (RW index) % RJBUL 7 ks & Bt H3E 0 7 — 27 slosr 50t % i
T LICXYEARL .

4.1 #i7-mRLIEERE A R 2 B

WEOEH O FRULOETTIE, HEREEITICE W CERRY -V ThH L. T, TAH
o EAL/ER X, Ko CO, 2 HE T 5 2 &%, KRB ZIE~MMEGT 2 2 L2 5,
HER S 2R 7 WIS E R T EETH H 2. BELEIA <V Mok 3 KERILD 7 4 —
Koy 7 O EEEIIHE P E ET MIC X RO ORI T3 (eg,
Kump et al., 2000; Sun et al., 2018; Shen et al., 2022). i ClE, fLFEBICIER I 1 T4
TewoZZBnE A LRT = VICELTHRIRICIGEL 9 2 2 L biEfE LT3 (Them
et al., 2017; Kemp et al., 2020).

HEREY D TEOTR 2 v L e ix, R zRb @k o RIEHE ICEHN T 245
Er LA HwsNTE 2 (eg., Sheldon and Tabor, 2009). FEELHE LMK %
W 7z AR R 1 — AR A HERUS T B TRE T B 0, fl 2 I ILR AR O Rk b i
CUVIBEHR L R HBICcE W TOERLEY —ATH B0, Lhy 7)) 7D bt
¥ COMRAWHIEFEROMIICE TR I N TE 7 (e.g., Nesbitt and Young, 1982; Liu
et al., 2013; Perri et al., 2016; Scarciglia et al., 2016; Perri, 2018; Biondino et al., 2020; Crotty
et al., 2022).

ek FEITLR 2 FH 2 BULIEEIL, KIS 7 A BESEY) oL )il < DR ZE D
RICH DO THEE I N 720, MRS RNICEbh 3 ALY EVIRYE 0 251t
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FHEA~OHEEERL Tk, 20720, BLIEEOHEMESIER IC K E RB a2 21T
TLEIGHEDD B L) REMPFIET 2. BHFEEOHEREY <X, EYHRDO AT A %
Fot—ob, ToNRA T EREMED S EEILEE D 2 oMM R EER L 5 5
(e.g., Sugitani and Mimura, 1998). B OHEREY) CIX IIEPICRET 203 A bV a
— A RO % LI LIE51 23523 (Garzand et al., 2014; Dinis et al., 2020). HERE)
DB HEIEICENTD, YV ALHALIA MICX DAy T—va VERIEE—BKT
»Y (e.g., Ohta, 2008), RIF/AKD HILB L 7= Ca % Si AR EWE L, (LEELE %
R s ofEEEL 72 3,

NS OMBEICHIET 272010, FREDTTRREPTTRILZ AU R & L <
INBHDH B0, DX BEXITTOXTIHIFAHEDE N L 22RO E 2B %
FaRNBHY, ELLEILEZ BED 2 2 &R TE VAR E W (e.g., Fedo et al.,
1995). % 72 &L EHIO T & XA O FEEZ AT, RRMREHE T IHERS L 5T
ABBEME O RZME L, ZOERMEEZHACTREHKEZMIET 2 HELEZLNE R, &
DITHFILEM D BRI B L 725 2 LA T, HHEFHEO Y% RS 2 HEE

i

IZ, BN Z > C, VIR - BRI E O Z 2 Hi1E L 72 %172 2 i{L 5 RW
index #{8/n L, ZOHHMEOWKGEAR1T - 7-.

4.2 BiA7 o JALFEHE DR & R AT

FEICHR o 7B oA AR IEER 1L, S 0 orffic B < HBEE, ZBhycER o sl ic &
O HEEE, BERHERIRERANIC BLD Rt o 3 EIC R I L. LN, FEEI R KW 7
B L Z DFfIcoOVWTE LD Tz,

4.2.1 S D IR ICHED < FEER

FENH LRI X 0 g L, AL T 5. S o fiRic o iRk L L
T chemical index of alteration (CIA; Nesbitt and Young, 1982) 3% F S 5.
CIA = ALL,O; x 100/(Al,03 + CaO* + Na,O + K,0)

72721, FHRRICIIBEICHED mol IREZ AT 5. CaO*i3 7 A Bk D CaO 2K,
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CIA (ZKFEHR D FE AR ERTH 2 RADFICE S THREINIEETH Y,
HER S % A - LT OB Ic iR b X A S T 21518 CH 5 (e.g., Hayashi et al,,
1997). L2 L, CIA @ X 5 ZH—F) D3I EED TSR & 7= Fa b % BT SURHC B
T2ICH7oTiE, WRE T 2HBEYCHEE OIS DEME B ICALZTH D L)
HifR 2B E 32, 0k ) RigiE% A AR QYRS IEM T 2 56, HEEO L83
L2 DEF D K75 &3, IEMHRDOZEB) % b S L T\ 5 ATREME A H ICHEBR < % 72\
L) 2L TH3 (eg.,Meunieretal., 2013). FHHE, HERE L AKED CIA OfEIz—fZic

A5~55 FEETH 2 DI L C, HEE KBS 1T 25~45 FEE TH 5.

4.2.2 ZEITHEDERICHE-D < fatE

HERE AL Bbic X 0, BEITESA A L L CEBLL, iR EL CEBL L O 5wt
FHMHNIICIRET 5. FEITREROEIICE D CHREO K & L T weathering index of
Parker (WIP; Parker, 1970) 23251 51 % .
WIP = 100[(2Na,0/0.35) + (Mg0/0.9) + (2K;0/0.25) + (CaO+/0.7)]

7272 L, EFRERICIEFITTHED mol IREARAT 5. CaO* 137 4 Btfithko CaO 2K
WIP 1378t CTH % Na, Mg, K, Ca iCHH LZEETH Y, 2D v IAMWEH 2 S
CIA Lt bicmdbILS o Tw 2 EfLIEIREO—>Th 5. LaoL, WIP i3fL#EfLic
B LEILROEMOIEMIEEEAER L T 6T, H3URPBILTEHERT 2 2EET 2
21E, BUED 2T =PIk > T EAB 2 L2355 (e.g., Ohta and Arai, 2007). & 5 1ic,
b B ILHRIREDEACITZ DILHE DM B DZN Z M T LORIML 2 W H KT — XD
¥ (47 b, constant-sum constraint ; Aitchison, 1986) 233 3 728, #2177 4 Btk
BPICD oL DL EENDZTLHTH S Si MU ERLTEBT 22 Licky, ZoftoF
RCOTLROEEHANIC LR L, WIP offidEULIFH DT L iZ#io b Ly FERL
TLEI Lo MENEL LI LBHLLEEZLNS.

4.2.3 HatFRIREERANC I < 51
W i (Ohta and Arai, 2007) |Z#faHARIREERANICHES AL EYLIEEECH v, LUIT D 3 B
BEic Ko CRtR a3,
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OStep 1: % 8 R D EIFHK DF K
SiOz, TiOZ, Aleg, F6203, MgO, CaO*, NaZO, K,O @ 8 O@ﬂ:?%b%fi (Wt%) %, é.\?r 100%
B XL EITS. 72770, CaO*i3 7 A BstEHkD CaO #FK .

OStep 2: Fid A~C 3ic Step 1 TR 7Bk LR D fE 2 RAA
A=0.203 x In(SiO2) + 0.191 x In(TiOz) + 0.296 x In(Al,03) + 0.215 x In(Fe,03) + 0.002 x In(MgO) —
0.448 x In(Ca0*) — 0.464 x In(Na;0) + 0.008 x In(K>0) — 0.892
B =-10.395 x In(Si0») + 0.206 % In(TiO2) — 0.316 x In(AL,O3) + 0.160 x In(Fe>03) + 0.246 x In(MgO)
+0.368 x In(CaO*) + 0.073 x In(Na;0) — 0.342 x In(K,0) + 2.266
C=0.191 x In(Si0z) — 0.397 x In(TiO,) + 0.020 x In(Al,03) — 0.375 x In(Fe,03) — 0.243 x In(MgO) +
0.079 x In(CaO*) + 0.392 x In(Na;0) + 0.333 x In(K,0) — 0.892

OStep 3: LT oaic step 2 THLNZ A~C ZRALTWEOHEETT.

W e = exp.(A) X 100/[exp.(A) + exp.(B) + exp.(O)]

Wiz kG L 2Dt 7 v 7 7 4 Lo F£5E 8 TTRDLRITZEMMNIC, JFEMED b L
VECELED FL Y PR ZENENER L CTHFEL TS 2 L2 LI L ThonT,
AR OMELZZ T 2 WELIEETH 5. Lzoi-> T, JBLIFE W i3 % 7 2 A
b ORI O W TR D I 2 L, £ 72, % OHEREY) D I5ia K & HEH =
2Lyl 4%, WHHIZ, Na, Ca & oz L cHiBUcEIT 2 tHED AL LT Al
Fe &0 7% ouHRALOICHICIEFETH Y, =B IRE T 5 B O R E
B % & o RIA VAL 2 7 — Vit s T h kAL E & AN 2 /55 % " 3 (Ohta and
Arai, 2007).

4.2.4 PERIEEETDIET A BRIRE Sy DA~ DX ALE

CIA, WIP, Wil & v o 72 i LIERR 2 L EHBUCEN T 2 1Ch 72 o C, ZONRITT
A WBIEE VS % FEK Dy L T 2RV TH 2 0B DH Y, Z OOy I AR A~E
A DEPBHACE ZRECTHIMENDH L. LA LA, W)k ok, HETD
HERSY-CHERT 13 B RS S EMIRIE 215 B 3% . LA o T, 2o k5 i)
DAEFALAIKE Z 0 F  EALIEEEOFIRICHV 2 C L ik, BELEORMD VickE %
T HEEM%E D 72 57 (e.g., McLennan, 1993). 2D X 5 k7 A BEVE DRAICD o & b
Wi55 7 TCHED I b D—2IiC CaD3b 5. 7 ABIEIYICH T 5 Cald, o & bLERELIC
B RIGT 2TLFO VLD TH Y, Ca DREAFEILIEEEL X v KL E~ L %5

5. T A Wi Ca DIRENIZEVERE, AP A4 PR aEREOEEIUBEIY), 7213k
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ERIc X o T4 3. EEE, Eido 3oL (CIA, WIP, W {E) oitHE i< CaO*
(F AW HkD CaO) DHEAEENTWE A, ol & i3S IcibisE s #EH T %
WCH72o>T Ca DIREEIERL Y VIBIEDRAICH L TCEELIMETHEI 2R LTS

(e.g., Buggle et al., 2011).

4.3 Hiic A LIER O
4.3.1 MBI e T -2 & v b

BUa LKA B & IE T A BRI DR DB 2 I 2 78 72 e LI R 2 T 2 720 i,
KIE L Z DRULEYI O FEITTHE DO T — X 2 v MICHRT — & @ & S 2 B a0 F
M L7z, T—2%y M 600 il KE & Z DJRILEY) O T8It R 2 a LA/
570, REALRKECE & L CHRES 108 fli, HhiEES 104 i, E8EE 104 fil, AL
PEM) L L CEEREBURL 90 M, thiETE R 85 f, wEkE R 98 flil 2 & ¢ (Cho and Ohta,
2022).

4.3.2 UL o AT

ERT—%% >y PizoWwT, TiO,, AlOs, Fe,0; MgO, Na;O K,O @ 6 JLRICDOWT,
isometric logratio (ilr) Z#2 (Egozcue et al., 2003) Z{T\>, 5D®D ilr UKL 7. ilr
2t D RITOMZERM%Z D—1 RITOEEMICERST 5. D RILOMET — % x=

(xi-xp) ICOWTC,ilr BT — & ilr () = (lry---ilrpy) BFUTO LI ICEEI NS,

v - D-1,.. et
ilr(x):[xﬁl"ﬂ'\ﬁlnﬂ.m, (222 Q=0 ]
27" \3 T xs D =

KT CTCHW 2 dlr BEEZ LA TR L2, 72720, ilr BficB Wi, BHEOIERZIIEE
ThY, Bt =T avEHOk i ZECTH FKDOBITEESISEOND.

) 1, TiO
iry = [=ln—7 ,
2 ALOs

Fe,03

. 2 TiO, x Al,O
ilry = \/;ln—VZH,
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3 =
. 3, 3/Ti0, X Al,0; X Fe,0
ilry = |2 Y1102 X ALzO5 =2,
4 MgO

’

. 4 *Ti0, x Al,03 X Fe,03 x MgO
111‘4= \/:an 2 2U3 2U3 g
Na,O

5 -
. 5 TiO, X Al,03 X Fe,03 X MgO X Na,0
ﬂmzjan e e L
2

LR il & A DY = — v 3 v Ol E FEF IC T Ic i 3 5 720 i, JhaT
BT oMt % FAT L7z, ML T Cld T — 2 DIET Y R AR & 7 Bl 1558 L 7218
Bahtis2d0Th 2. HTICIZ7 Y —HEHRIE R 2 AL, MOZM5 93471 (13 “fastICA”
BA%C (Marchinietal., 2019) % L 7z. 720047 IC & 9 IC1, 1C2 @ 2 2 DffFHNIC
W7 7l 23ih i X 7z (Table 4-1).

Table 4-1 Independent component loadings of the logarithm for each element of the ICA result

IC1 IC2
In(TiO2) 0.180433 -0.1867
In(Al20s) | -0.13982 -0.24262
In(Fe203) | 0.129575 -0.18135
In(MgO) 0.35744 0.185772
In(Na20) | -0.08347 0.616557
In(K20) -0.44416 -0.19166

Fig. 4-1 1 IC1 a7 & IC2 227 oM %~ L7, IC1 iX In(TiOy), In(Fe;O3),
In(MgO)IZ D W TIEDEfEZ R L, In(AlLOs), In(NaO), In(K:O)Iic 2T D Al &%
A7z, ThE, KREICE T 3 EIRE L ERE 0L AR O ZR TN TH Y (eg.,
Rollinson, 1993), £7: IC1 2 a7 (3EERH, WEHE, WEHEOIICENZ RS Z L2 5,
ICl 3ESE 2 OERE O~ /vl O#E & KL T» 2 AR TH 3 LRI Tz,
IC2 I£2wTiF, In(MgO) ¢ In(Na,O) 2IED & %R L, In(TiO), In(AlOs),
In(Fe;03), In(K,0) 2D AMEE/R Lz, Nald—fliofG4 4 v ey, {LZEbTd -

ELBE LT VILETH B 75, Al [ZEME L T £ KIS RE KR P RRILY) % 1
35



WL, bokbEMLTBEILICS WEEDVEDTHS (eg., Buggleetal, 2011). IC2 ic
20T, In(NaO) S IETANIC i D K E mfafiiE %z, In(ALO)AATHICHRD KEZADA
fiEZR~ L, E72MoTREHAEL DO ZENE LTI R afELZR"T 2 &b (eg.,
Ohta and Arai, 2007), IC2 3L EULE % K3 2B EA M Cch b L E 2 bN L. EIE,
IC2 2 a7 %, RESLZ KA ICDWTIE 0 85 6 CIEDfEIcEf 32 —7, b L 72
AEHC DT 0 a2 5 -4 BEE CoRAVWHIZRd. MEXY, ICT FFaEHK %,
[C2 IR % [ 3~ B i E A2 CTH b L\ R 5.

N L]
-
- ve . s
e »
o * . > .
Q"
o,
o
- Igneous rock Weathering profile
' P felsic o
c . intermediate o)
< )
. mafic ©
T T T T
4 2 0 2

IC1

Fig. 4-1 Independent component scores of the input data. The scatter plot shows that IC1 identifies the
source rock composition, whereas IC2 represents the degree of weathering, which is consistent with the

independent component loading of each element.

4.3.3 RW index D5

ML AtTic X o<, IFTABEYEORADHEDERITTHETH S Ca, Si, P 25
EhnT =2y Mk T, FEHIE L LRI 2 s 2 2802 Y ICHNZ IS &
niz. Boniz 2 2o (IC1, 1C2) 2w T, ilr BB ERE v T =MAK

(mafic-felsic-RW diagram) 1Z#{f§ L 7= (Fig. 4-2). ilr B0 ERIZ Fido X & H w7z,
v (Mafic source) = exp (% IC2 + % IC1),
v, (Felsic source) = exp (% IC2 — % IC1),
v; (Weathering) = exp (_Tz 1C2).
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3 b 7z Mafic-felsic-RW diagram DFMEFUILLT D &Y TH Y, RW apex OFtHE%
RW index & E#E L 72.

Mafic apex = exp.(m)/(exp.(m) + exp.(f) + exp.(rW))

Felsic apex = exp.(#)/(exp.(m) + exp.(#) + exp.(rw))

RW apex = exp.(rw)/(exp.(m) + exp.(f) + exp.(rw))

=77 L,

m=0.051 X In(TiO,) — 0.120 X In(Al,O3) + 0.018 X In(Fe,O3) + 0.33 X In(MgO) + 0.193 x
In(Na;O) - 0.392 X In(K;O) + 0.330

£f=-0.204 X In(TiOz) — 0.000 X In(Al,O3) — 0.166 X In(Fe;O3) —0.177 X In(MgO) + 0.311 X
In(Na;O) + 0.236 X In(K,0) + 0.176

rw=0.152 X In(TiO3) + 0.198 X In(Al,O3) + 0.148 X In(Fe,O;) — 0.152 X In(MgO) — 0.503 X
In(Na;O) + 0.156 X In(K;O) - 0.506

Igneous rock Weathering profile
felsic o
intermediate o
mafic ©
%, &
& & & & &
Felsic RW

Fig. 4-2 Mafic—felsic-RW ternary plot of the input dataset used for the independent component analysis.
Unweathered igneous rocks define a compositional trend from the mafic to felsic apices, whereas each
weathering profile defines a trend from the unweathered source rock composition to the RW apex. The

dashed line is the projection of the IC1 and IC2 axes. RW = “Robust Weathering”.
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4.4 RW index DL
441 B A ICHRET 2370 74 b &7 BGEE

Mafic-felsic-RW diagram ¥ X U8 RW index 235K D B 7 2 AR % Fr o HEREY) I
FOTH—ICBULE 2T < % 2 20 % FAEWICKRGE S 2 72012, ftRa Lt XREICZh
FNFETBLH 7074 F DML T — % (Yusoff et al., 2013; Jiang et al., 2018) % Mafic-
felsic-RW diagram 1 712 v b L7 (Fig. 4-3). Fig. 4-3 BT, WHDTu 774 1L
b, 7 v 74 P ORBETH LA IIRE(LARKLED P LY FRicT ey FaIndz 2L
TR 7a 77 Aebic, g, BULHIER, 7' 74 b, KETIEOIEFE T RW apex
~LWD D HEIHER S FL Y FER L. ZORHE LY, Mafic-felsic-RW diagram 13§
S B D & FLARUL DT 2 AT —HICRBITE T 2 L 2 h3bh 5.

weathering grade
Mafic granite basalt
o Top soil @)
o) Saprolite Q
Weathering o) Weathering boundary ®
boundary
) Fresh rock [ ]
Saprolite
L
" Top soil
€4\
|

Felsic RW

Fig. 4-3 Data for saprolite weathering profiles developed from basalt and granite, plotted on a mafic—felsic—
RW ternary diagram. The diagram clearly distinguishes the weathering stages (i.e., topsoil, saprolite, and
weathering boundary) of both the basalt and granite profiles. The unaltered basalt and granite plot on the
fresh igneous rock trend of Fig. 4-2. Both profiles are located in the tropical climate zone of the Képpen—
Geiger climate classification. The basalt profile is in the Aw zone and the granite profile is in the Af zone

(Kottek et al., 2006).
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L2 % SR i T L b 2 B 7201, Mafic-felsic-RW diagram b1 A 75
EI L JBLER Y% oy F L7 (Fig.4-4). »A b A, A, MEIE L o 2 8E
72 8E)1E Mafic-RW AN A7 S % —77, KA Felsic-RW ICH7iE L 7. KL<
HAVFA L, FTHA L EvoddbIic X o TERI NS 2 KD IE RW apex ICIEN 3
I Ty P AN, KEA, SO, SPADLAR L Vo720 D2 DEATIYIEL,
RW index 28 WHHIKIC 7 0 v b X228, KREULKEEDEET — X D3 & A &2 Mafic
apex 2> b Felsicapex Z 27 C P L v F RICfZiEL T3, T, gAFICE EELomm:y
RW index Z 7R3 84Dz, Fig. 4-4 T Mafic apex % Felsic apex I 71 v b T T3
£ 9 2K RWindex Z /R0 HF L €, @57 — X icH T RWindex ©_F 7 % i
LTw3720ThseEz20n%. UEXY, RWindex ® FFI1Z, REULARIFEAETICE
NDEEIONIRE, BBITTHEROE %> RV DAL & v S LRk oiEfe % K
BLLCW3ZEnbhb

Mafic

forsterite—> @« — enstatite

diopside

albite

falial === A_XE
orthoclase— ¥ biotite . lite | gibbsite
muscovits RW Felsic kaolinite RW

Felsic

Fig. 4-4 (A) Mafic-felsic-RW diagram of typical rock-forming minerals. (B) Mafic-felsic-RW diagram of
representative weathering products. Secondary clay minerals are plotted in the broad regions due to their
variety of chemical composition. The region near the RW apex is occupied by the phyllosilicates and the end
product of the chemical weathering such as kaolinite and gibbsite. Some rock-forming minerals such as
anorthite also yields high RW index value however, the effect of them to the whole-rock value of RW index is

limited due to other low RW index minerals.
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4.4.2 O R O 7 BRGEE

RW index & 5fE&t: & OB % FFMi 3% 72912, Ohtaetal. (201D)ICX > Ta v 4 L
INTMHREH D T Tx B ST IR T B ot R L E R T — £ 1 RW index % i#
L7 (Fig.4-5). BURMETIBIIMFAL - HiEchH b, 2 o Lo SRS & Pk ag I
LCw3% (Bockheim et al., 2014). Gelisol I3 #filth/7, Spodosol iZ%&#:, Mollisol & Alfisol
(2R, Aridisol (ZFzM, Vertisol [XNZE L HZZFDH#E VIR L 285 5 & v A — v I,
Ultisol & Oxisol I3 EVFIIMHIR ICFE 3 2 ittt £ CTH 2. RW index i3 fiik2» & kil
BICH 2 5 ICONTEWEZ R LTH Y, T HIMMEEEIRIE & % OIREEE R A& D 7

i boreal temperate L tropical rainforest
grchc . 1P arid climate pical
climate climate climate climate
g
i |
g
-
g - '
] 1 o :
T
x . ' i |
Q B8 8 | :
© — i
= BE ’ i
= ; ©
X s- ! i
H []
: L]
o .
N L]
o
.
L
o L

T T T T T T T T
Gelisols Spodosols Mollisols ~ Alfisols  Aridisols ~ Vertisols  Ultisols Oxisols

Fig. 4-5 RW index calculated for soils developed in different climate zones. Soils developed under conditions
of limited chemical weathering, such as low-temperature and -humidity regions, have low RW values, and
RW values become higher as temperature and humidity increase. The aridisol yielded a low RW value due to
the arid climate setting. Boxes indicate the 25" and 75™ percentiles. The horizontal line in each box marks
the median value and notches indicate the 95% confidence intervals of the median. Whiskers represent the
allowable range of the data (i.e., 1.5 times the interquartile range). Open circles represent data outliers. The

soil chemistry data are from Ohta et al. (2011).
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LOI (wt.%) CaCo;, (wt.%) W index ciA RW index

Mafic w0

Depth (cm)
a8

Felsic RW

T T T T T T T T
55 85 75 30 40 50 55 80 85 65 b ECI- ] ao 85

Fig. 4-6 RW index values of a carbonate-rich paleosol profile in northern Cameroon. (A) The mafic-felsic-
RW diagram of the profile. It shows a clear linear compositional trend of felsic source weathering (red line).
(B) Loss on ignition, calcium carbonate content and two conventional weathering indices are shown along
with RW index. The RW index shows a progressive increase upwards to the top surface of the profile. The
CIA and W index variations are not consistent with the degree of weathering, indicating these indices are
affected by non-silicate Ca in carbonate nodules. The opposite variation trend between LOI and calcium
carbonate content on the upper part of the profile indicates the significant contribution from organic matter.

Data are from Dietrich et al. (2021).

DIALZRIE TS 2 C & LA TH 5. RW index 13 Aridisol IC 5 W T WE A RS
23, ThdizgRE I L ERb s Id S s e KM L 2R THh B EROLND.
RW index (% CaO, SiO,, P,Os DIE#HRE AV Ic, JFEMK L ERLEL2HEET 2 C
LxAREL 3%, RWindex (3IE7 A BHEHKED Ca, Si, P 2% K GLBRHC I VT ]
A[RECH D Z L 2 MRET 572012, ALY A MRETED 7 v 7 7 4 1 RW index % i
L 7z (Fig.4-6). Sudano-Sahelian % F ¥ F#&HIC A3 % H v 4 +E paleo-vertisol Dt
40 (Dietrich etal,, 2021) ZfH L 7=, = OHERYNIE, TIERIEE % 3-5wt.% & A, 14
HHUIAERS S ARG TH Y, Y FIEEk O A HAKE S B A % (Dietrich et al,
2017). RW index 37’027 7 A VD Efficmp>CEFT S LY FERRLEZ, —&IC,
TELH T4 toTe T 7 A VEERE IR EELERILER 2 5 72 o, (L EULEE
IR IES L ILoNTERT % (e.g., Yusoff et al., 2013; Jiang et al., 2018). Fig. 4-6 I
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FWTC, RWindex YA DRERDEALIFEIZ Z D X 592 b LY FERE R nw—7, CaCOsiE

FELUHHBE S % P LY F &R LTWw3. Mafic-felsic-RW diagram |G, Felsic apex 2° 5

RW apex ~DOBHER b L v F2EIE S, ZHIEIART — % oL EMA B 2 R E s

DILFELCHHTE 2 2L AR LTW5, I HIK, KTF—2D/RF RW index O #iH
(55~65) (FHIHE D Vertisol Dfi & BAHITH % (Fig. 4-5).

LLE XY, RWindex (ZIREMARZAE) & IE 7 4 Wi Hk D Ca, Si, P R A E 70 J8 L5
BTk, RLCHEEYICE - GEARETHL L E 2 5. Lz > T, RWindex ZH W
%2 LT, MEHEREKD Si L AEMIRT S %4 FHED Ca DEADEE HEIRF v —
FiCBWT, LA v CBREREY oL ERULE 2 I3 5 2 L AHHEL 7o
7z.
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5.7 — =7 VAWNERICEB T 3507 7 NEE O BRI A B

5.1 Carnian ICF1J 35 7 7 NEEIR O 15 B 5

ZEARITHEKRES Y ST BRI NTE Y, B S EOBea vy P IR MY, AA
EVRA—VRBERFEL T EZ LN TWS (e.g., Kutzbach and Gallimore, 1994). 3
bbb, AERBE OFHIIC, JLEEROBEEICIIR & KT L, SRR O [
TIRREAESRELRET 52 LT, HEDEY R — VIEBRICIA T, T DFLEER D [l
DRERLDEEICL Y, Rz 72 TEAHIIC L ) RASKET 2 E Y 2 — VBRI HE
LCwieE25nTWw3 (eg., Kutzbach and Gallimore, 1994).

h—=T VHWNERICE T 2 RELE T T F REEEISIC B W, KB ARPEY O
HEREZE M~ DIRA D B, B T OKIGER DIEFAC IR 3 5 & 8k T 11T % 7z (Schlager
and Schollnberger, 1974; Simms and Ruffell, 1989; Simms and Ruffell, 1990). % 7=, JI|®
KHUL (e.g., Simms and Ruffell, 2018), #iAkfzd L& (e.g., Lu et al., 2021), HEHI{EHHL
FHDZAL (e.g., Roghietal., 2010) & 7 F RigAIc B WCIERMI N TH Y, EELMEL
DRBINTWD,

LA L, 7F REHGHAD R FEIBLSN TR, 7—=T7 vEOHEO N mAREZ NS Z &
L, ENOLDERREORIEDP E D, H—=T Y EWNERICH T 5 P COREEH O
IR LTV, M 30° Oy FTHEFICAIET 5 74+ v F v O Ischigualasto-Villa
Unién Basin TiE, U-Pb 53T &R LIRPAHEMTIC X 0, 20 — iz i Fic
BWC, h—=T VEWNERKIC—RIVITEEE L 72 2 L 23R8 & 17z (Mancuso et al.,
2020). —77, At 30° ICfiET 24 ¥ Y 2D Wessex Basin 7 vV~v—27—ZA 7 2z —F ¥
IC ¥ 7245 % Danish Basin TOIEBMHERAK T OWIZETIE, A —=7 vHilics T3l
% T BRI LR I & ks o 7z & fEERAT ) T 2 (Baranyietal., 2019, Lindstrom
etal., 2017). Arche and Lépez-Gémez (2014) 13952 —wm v %, kW7 7 VA, L7 AU A
WRETOA—=7 vIEOHE IR O 0 2 BEEHERYIE O LB X v, A—=T v 4 WE
Ric &b 7 5 HER R~ D REYIRA DA EER D ALHE 15° ~30° ic TR T b [ i
A UAREME R R L 72, A — =T VIO M Ic — R 72 JBBRD 5 8 A3 Fundy Basin (77
F %), Iberian Basin (2-~<4 ¥), AraganaBasin ((€m v 2) B CHEHT 2 2 & 245
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NTWEH, h—=T7 vy4WNER L ORI ZHGER T2 2 BE coFERERIZE S LT
72\ (Arche and Lépez-Gémez, 2014; Sues and Olsen, 2015). LA E X b, ER5EEICERR
EINTWE A —=T VEOEKEOSMIIRONTEY, £, MEIN2EELOES
DHIBANKZ N L h b, H—=T VEWERTOBEBSEDICERRIZHL 2105
TEOHT, Fric, BRrD v 77 KEENEIBICIA A 5 R K R icgin cofFR Iz A2 L Tw

% (e.g., Ogg, 2015; Tkeda et al., 2020).

5.2 JFEEALS B & mUBERL EE o 2 B
KIFE T, EIRF v — M kA oA O FEITRMFHRICEE T2 2 & T, WV
~d e b I N JRKEOMIGE & 2 DL ERULE O LB ZETT L, A —=T v SWHEREF
D IR O dBRBE D HEE % 3l B 72
HEEEEE cRELET MR RE O R AR & LT, BN oET e T Loz
VXTI Y ORICHERE L 2N AMEYTH B L E 2 LN, KA -RPKIY A 2 ic
BT, REESORBEEMAG T & A ERBIAH > Tw 3 2 EAHIS TV 5 (e.g., Lamy
etal,2014). X - T, FHEFEICEWTHDL Lz EUKEMRGEZLS PC1 (Fig.3-7) T2\ T
b, HEBEFCKER 7 — 0 ic B 1T 2B OERZ KL T3 LRI n 5.
PG £ CEET 2 MR E DI & 7 B BRI T L, % o FETRIC B W TR
Ik TERT 2D TH Y, FUKENFEERT 2 LA RULES X, BEEYIRLT A2 R D 15
ERFEL T3 2F 2 5415, Carnian 2% &L XHICE VW CEYLIEE RW index % i@
L7 &% % Fig. 5-1 1&/8 L7z, RW index (% CS-1 X » A2 Tlx RW index 1 76 B2 %R
L, CS-1 ZE3ic@aucihmcsizC, CS-1 & v EfZ2m o XE<TIF ¥ 80 oMkt L 72 H\»
iz /RL7z. ZDHBRIIMEIIESOE1EIH2 DD RW index 13 78 fifcDfiZ /R L7z, 0%
», RWindex (3 PC1 & [AfRIC CS-1 Z8cflins LR L2 icm 2R, X5z o
BIENME~LHEE TS, L L, RWindex DZEHZPCL LY b I m¥ENRTEL T3
(Fig.5-1). Xfic, RWindex Z#jd PCl Icxt ¥ 2 BN 0Ji /%, ftifciEoncwn
BH—=T VEHNERDE Y v a3 v COREFL ¢ CERT 5.
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Fig. 5- 1 Stratigraphic variation of RW index along with PC1 of the composite section of section R and Section
Q. The continuously high RW value and PC1 value interval are recognized from just above CS-1. The high
PC1 value interval is indicated by the orange band. The onset of high RW value interval is slightly later than
the onset of high PC1 value interval. The ending of high RW value interval is also slightly later than the

ending of high PC1 value interval.

5.3 #—=7 VA WNHERICE T 2 JEEKER AR T OBREAH)

Fig. 5-2 1 PC1, RW index ®J@FZ& L L, H—%t 27 v a v TEbhiz Fe &G0
#5% (Nakada et al., 2014), Section R ®iif+t 7 > a v T % Section N TH b N7z 5%
FfifkLL & A2 3y aFRMAR IS Z <, 7 F A coRBRMERETFE 2 Py b7
N2 AL OREFERINARL, 2w v Ty ARG, 7 — oSV KHEEZSE & fif e COR L Tz,
Tomimatsu et al., (2021) 1Z X % =2/ F v MUAEF & REFRMAEET Of5HRIE, CS-1 1

Julian/ Tuvalian 585> £ 0, 7 F AHIE D &k BRI AR Z B #h 4R (Dal Corso et al., 2018)
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ICHIF 2 NCE3ICRILENE LR RBLTEY, 20X I v 7 I3ERD 77 A g
€2 avTDh—RI—+ 7 Iy 7+ — LA~DHEEWEY DA (e.g., Dal Corso et al.,
2018) & 7' m— 5 7eifR (Haq,2018) & —3(9 %. Nakadaetal. (2014) (25 X #RI%
IS (X-ray absorption fine structure: XAFS) 0T &S (7 v —F4

F, £A7A4F, RAXAZ XA+, ~~& A4 b)) OGHEXREHEL R, CS-1fhIicsn
DIH, AAZ XA FOER AL 7. SrlEfiifktt & Os FfZfAH 1331 Julian/ Tuvalian
BRco ERZRL, KERELEROA R IV LOFHFG5OMME 721k~ v P VHRD A X
1Y LDFHG DA %R L 72 (Korte et al., 2003; Tomimatsu et al., 2021). 7 F RifFD =
J FY T2 4+ OEFEFRMALICOWTIE, ZBcHigZzES R 53 b oo, Julain 2
& Tuvalian (22 CTHEA L, KR EF F 72 ZBOKRA QM %Z "% L 72 (Hornung et
al., 2007; Sun et al., 2016).

iz R~ O MR RS EE D ik fG 51 2 DR AR RO FIH P REIC L O I s L EZ o
%7-% (e.g., Janecek and Rea, 1985), CS-1ic31F 3% PCl @ LA & % 0Eicil 4 5 mwn
PCI1 [X[#iZ, Julian/ Tuvalian 585 % 52 1 JR K EEFR LIRS ML L 72 2 L 2 RR 3 5. —75
T, RWindex (¥, BEKEORLE LAZRL CTED, H—=T VYEWNEFRICE W TIFEEK
AR BRI 1AL B R 23 A T 5 2 IR R BRI CH o e T L RS 5. EUKEEDIT L
72 BHRIAE DA R, BULIERI 25EETT 3 2 3= IC 53 2 —77, JURKEE D& it~ o fikiG
IR L, XA PR P — LA T 2HFICEHKT 2 THAS 5. PCl & RWindex O
BN X o TRENT, h—=T VLREROMMIC BT 5 W ToLEEUL D & iz
FCOREREMG RO, 71— =7 VS HERIERICE T 2 BRERLRIL, WET
F X VIR T, EFCTIIIVEZRAEETICH o072 L 2R RT 5.

LFED R A LA —VICE T 5N L, HlioE X2 1C X Y AU 2 Mt PR ZF=Hio
WHRIC XD, BVFINRE E e v A —v 70 v POMBEOEENIC L > T ERR 352, K
e TR o472 PC1 & RW index DZEE) N X — VIZLAT CRABHT 2 A 7 = X 40T X 5 &K
EEF B COXURLE) Tt 32 2 L 3W[RETH 5. T7ab b, EEEFREFICE T, £
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Fig. 5-2 Correlation of Japanese bedded chert section to the Tethys region by conodont stratigraphy and carbon isotope stratigraphy. The CS-1 horizon was correlated

to Julian/ Tuvalian boundary. The composition of the Fe-bearing minerals (Nakada et al., 2014), Os isotope from section N (Tomimatsu et al., 2021), the estimated

temperature change of Tethys region (Hornung et al, 2007; Sun et al., 2016), the Sr isotope of Tethys region (Korte et al., 2003), and global sea level change (Hagq,

2018) are also shown. The high PC1 value interval is indicated by the orange band.
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Fig. 5-3 Cyclic change of climate in the source region of eolian dust inferred by the synchronized fluctuation

pattern of PC1 and RW index.

IR D L'y A=y 7u v sl s 2 B3 gL 238 3% 2 L ic X 0 R
FLEE DT & 72 B MRS IR - A3 B3 5 — 75, KB o @SREICEON 2 FICH T
IR IS BB SR E 2% 3 2 35 CRUBEE A R4 L, mif~ i d h s L v o #iEc
H2.N—=TVHEWNERTORMEL AT LOZIC XY, T OWNF DML & 25 Dk

ERMOBE, T72bb 1 FiokT 2T, AROFHHEH~NTHRLZE WS b D

<» % (Fig.5-3).

JEKEE A3 & 11T B 2 BT FEAIRIC 35 1T B M - Uk IS5 5 —77, AL)adb o
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T IR & PHICET 2 E CICBTHEEEOHM 2%+ 2 (e.g., Yuand Hunt, 2018). %
D79, FHIEDIER A U722 B i, PEIICHnE X 2 AR EE D R4 8 ILH P H IR T
%0, % OISR 105508k T 2 LR 1k, BTEREENC LR T2 E2 015,
PC1 % CS-1 ZEic @l & fikfe L ORI IXEIC A S 23, RWindex (321X 0 1m 55iEn
THWARLTEY, T2MEOTHEDHEEKIC 1 m 5B TWS (Figs. 5-1, 5-2). 2o PCl i
x4 % RWindex OAB) D 7 2'1%, EEERARIC 1) 2 FHitkoimiticx L <, #gyo
L RUL D ST 23 VBT HA O IR Kot L CENURE LR ch 2 e Ex 6N 5.

H—=T VHEWERBRT L&A I v ZIiconTl, BEEREYRADKT L REEE
77 v b 74— LOKEFH, ERBERM, KSR T O RS R I X 2 IEA oK T
RECEOTE#S R, 77 A B W RERMALLAZE RO NCE-3 5 NCE-4
DEHEICH S 2 & H3% v (e.g., Dal Corso et al., 2020; Lu et al., 2021; Roghi et al.,
2022). AWFZEic BT, PCl I3 Julian/ Tuvalian 5 ic B WOz #iE 3 XH (CF
#)1.53) % L7z, E#F Carnian TIZHERL TRWE (3 —15) K73 %28, 20
BATERS Ic 5T, PCL IZIES D0 2 b wBEE LMY 2R3 (Figs. 5-1, 5-2). Ui,
H—=7 vEWERTORHEECOWR AT L & Lot 2 © o MR A &
DIWPITHIG L T2 LRI 5. FEIMRICI2 S O FEERIC BT, PC1 A2
PRI D BARE RS & Hei L € X W AR 2 2L 2R LT % Z & i, KEIEBhF L% o
BD7 4 —F Ny 21X 3 KA CODFRET v 122, BHIRERE C o KEKiGE)Ic X 2 CO,
DEME HNTRELTHEIT L2 L 2B L T 3 AlREMEA & 5. FEFE, T#F Carnian T
& % Julain 2 2» & Julian/ Tuvalian $E5UC 213 T, BAWEZ: 3 [ 0 BRI (A He £ 28 B33
HaINTEHY, BIRWRKEIEHRE I N T3 (e.g., Sunetal., 2016; Miller et al., 2017;
Dal Corso et al., 2018; Lu et al., 2021).

PC1 & RW index IC X o TR & M7z {mif 5ife & 2R R DR IZ 43 L 1 FFCOXH)
THHERWETLZLRTES, flzEIdgvaryF -4 7rbnsozl )RR
7 — VT ORRATNC B\ C, IR I BN HETT U, FEAR I SRR EE o ja i~ D
k2t a s 2 ¢, PCl & RW index DRIFHL =28 %3 2 2 L IITHETH
5. LoL, WZEBAPETEU L o e PIBERD X4 L 27— (BT4E) I~ TR
WG, SRR 2 MR 1: 2 O RT OB O M AR T 5 L 3F A1 KR 3.
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£ o T, RWIFECHRA L 72 REEER C DI S ME & S IR DR IX, AT — L DEH D

Al & SR L 72 K5 R C B 5 ATRETED = o,
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AR, H—=T Y SWERICET 550 77 KENETOHEREZE % b A o3
BT LRHIME LT, BRT ¥ — MEAOREDREFEMIKIC O VT, SERGEIT &
JEL BT S OSE % 17 72

LR MK, Carnian OJEF A D oL b X BEET €202 vDIbD—DL L
T Section R, Section Q %#iE L, FEfil7c ik BFEIC XV Carnian 2k 2 AT XRICE >
CTHUE D KIE - BN INR O 7 A R A ffET L 7=

JERT ¥ — b ho, BEFEWE % EE L T2 A 0TREEAEN LT, St X MOE
I & O BRI 2 1T > 7. 135 7 BERHTCRIE 120\ T, MR T — 2 T,
SGISRICEHRNT & B L 72455, BT X 0 B o h 8 1 B4 (PC) 347 — 4
DD 4 FERFHL, BREHAROEB 2RSS 5 BHELEKCTHE Z L AW 2L K
o, FEWEHERT ¥ — b ORI IZ VT T v FEER T H O, A S N5 R I3 kR
R DUZRR M % IR & 5 B R EREUEL Cli% X 0 2 MR UK EE sk © B 2 720, KBTS
WHE, H—=T v RELTON VYT MR RRER S BEB % KL T3 LS 2
5.

JBRF v — ML, AENBIET A BEHKD Ca 2 PEOHEIC XY, RE LT —
2123 L CHEFE O ILIEEASHII © % 7o\, % 2 C, JBIRF v — PP E E B BRIRE A
1R T 2 %S BLE OIS A LT 2 2010, BEx % b D RBUL KA & %
DL T B 7 7 A v DAL IR & J7 RS 0T 28 35 < & ¢, JREALK
AL T, 2OEHERIC SiO,, CaO, MnO, P05 % & % 72 W EHEIRRERANIC K5 <, Y
RVEL DI IR 70 R LA B & $ 7 1SR L 72 (RW index).

H—=T VSRR S Julian/ Tuvalian 5 © 0 REFRM AL EZE (NCE-3) <5
WC, S OJEREEMLS & 2 oL EULE X & B L, 1.5 m o XEICE L TEW
MEEHEFRFL72Z RO ERo7-, T F AMCHBEIN - —=T VERERICHES
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