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B33 A0 Aol 1X3HE S9HK0kE BAAS AT (238221 Ga)o] §tXIokE o] vE=o] 3]
on], SPg ARl thEE BN FHE 3ielo] 59 TAEYYo) EFBE. SoIxolE TAAYA] FA
© AHAo] FRF ol Fg AL Wi 3} Aol FHI W o] Fo| A2 vhEFo] Lhehdth Fa 74
BREL AHNT} 4ol 1 ko] HAY, FHH, AU Fo| @ Surslo] ekt 48A Ao 2
713 20-180 pmo] 3, 4] AL 50-500 pmolch. FAAA AEH AEA ol that ekt 2R
H A3 A8A AR PR oA A A4 ek AfEgo] BT, o]k felxlol? EAAFA] ¥
A48 A Aol S7HIS-S ojulateh, T FAoIA AU L9 Ce oKL Sk BARY
AF) 94 A Ak Bl Fe' AbBloll = G mIAAIT Ce'* ARl RS 71X A £RSE HelEeh,
19} 2& Aahe o)Hle] A\ 7ot Aol WA PAISHIATE S9txokE S ETAe) NS WA

A& 7M1 AL Q52 A8 FaL ik
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mation condition in Superior-type banded iron formation (BIF) of Yuanjiacun in North China Craton
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ABSTRACT: The superior-type Yuanjiacun banded iron formation (BIF) was formed during the Paleoproterozoic
(2.38-2.21 Ga) and distributed in the Shanxi Province of the North China Craton. The studied BIF is within the
Yuanjiacun Formation of the lower part of the Luliang Group and precipitated along a stable continental shelf.
The iron ore of the Yuanjiacun BIF has a layering structure that consists of magnetite-rich dark layers and quartz-rich
light layers. The major minerals are magnetite and quartz with subordinate hematite, pyrite, amphibole, etc., varying
in grain sizes. The grain size of magnetite is 20-180 um and that of quartz is 50-500 um. The main purpose of
the study was to clarify the relationship between the timing for the formation of Yuanjiacun BIF and the coeval
oxygen fugacity (fO-) through Raman analysis of magnetite as a representative ore mineral in the BIF. Hematite
spectra occurred at the edge of the some magnetite grains, representing change of oxidation level during the BIF
formation. In addition, lack of negative Ce anomalies of iron ores from Yuanjiacun BIF indicates that fO, during
their formation was enough for Fe** oxidation, but not enough for Ce”" oxidation. Combined with previous
geochemical data, the results of this study suggest that the Yuanjiacun BIF has close relationship with Great
Oxidation Event.
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1. ME

SAFE3A(Banded Iron Formation)2 X281
EAo met ARG er 34 25 7= HEE
2 39| 531(Klein, 2005), AA|A 2] +€ 35
ojck(Bekker ef al., 2010). SAFEZAFS] A2l A+=
T ] X Fskrtol| A 5] B2 Tale T qlok
(Hu et al., 2005; Bekker et al., 2010; Basta et al.,
2011; Han et al., 2014; Sun et al., 2014a, 2014b;
Yang et al., 2015; Wang and Zhang, 2016; Moon
et al., 2017). SAEY L A9 diFi& AzrEet
A)7](Precambrian) o] /= AL s} =& 2=

o A|2Eo] E3tEo] Pk dEA AL
opz] 1 A L Bt B AR = &Skt
(Bekker et al., 2010). SAFEBA d1= 27| A+
23} th7)e] A3, d7) F Ak SEo) ws), B3
/g vte|2jobe] HE 52 olafsh= Hloll 3lo] Fagt
AHE AlF-3HHOhmoto, 2003; Trendall, 2009). %
719 FES 2 4EkE FEHE Aol HaL, o] &
&4 M2 F oA AHE A, H- A FoE W
CHPosth et al., 2013). SAFEGAT) 0= o] LERL
= A3 34 FE A AEH R FAHL, &
FO| AH A1} 4 2 TR EZE, Ho| FH
g Z} a7 SRS Fol A E Yehks Aol &
Zoltt. DAL B AI7], B4 23, i E o
ER= ool weba] 24| Yammt -3 (Algoma-type)
3} 1] 2] o] {3 (Superior-type) 2.2 FEET) ¢
0} §3 SARARE 2L it SRl Bt 3
St WAe BRI AN T BAELD, el &
B SAAE AH 0= g thEBeld B4
HrhT kg 0 2 oA 9Ik(Gross, 1980).

IAEABFE AR L2 T, Folze|7t, At
o, Bk, 3% SRl BESL glov, o] F 5
Zo A A By Bt g Rual irh
(Zhai and Windley, 1990; Zhai ef al., 1990; Zhang
et al., 2011). £5= t]5 -3 (North China craton)=
ShRlotolA] 71 Sofel tiE A7 % shure, B
A2 213t S AR AA Ao A F2.3t 2 H e}
2 ANAES 715312 ch(Bekker et al., 2010). £5
= A |9 (Shanxi Province) o]l $Jx]gF F<tx]oRE
SRS obAlotol ] A A1 2 =W A2
Ao 2 2.3-21 Gaol| A= Y oH(Yuetal,
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1997; Geng et al., 2000; Wan et al., 2000), 3Hi+ &
E3ho] ABAo] He L SfagolN B 4]
2jof faol sfrEct. & sARIol B4 A7)
+= AR (Great Oxidation Event) o] EHAYSE A
71(2.4-2.0 Ga) 2} ¥ x|gHcHHou et al., 2014; Wang and
Zhang, 2016).

SAFAFA] gt Al ATe F2 A4 dAdier
A g v & )7 ndlS 225k A5t
F2 3= ojgiti(Isley and Abbott, 1999; Huston
and Logan, 2004; Bolhar et al., 2005; Basta et al.,
2011; Han et al., 2014; Lan et al., 2014; Sun et al.,
2014a, 2014b; Khalil et al., 2015; Yang et al., 2015;
Zhu et al., 2015; Moon et al., 2017). Z|Zoll&= A
Aol SubElo] Uehhe YlEAl B4 B
Aol B3 B 4 27, AR 1E0H B o]
g3fo] 1 Baro) 4ol olsiss Ao AT
o] A= ATHLi et al., 2014a).

o[l AT AE ahe HUBAHE ol gstel §
QRjol BAbAe] AVHA] A B4 Tt
£ 3ol YAE A7)0 F3 B2 ATk, o
REBIAL AT A QI & ok 1 B,

2. & ¢

(1]

AR

232 AAIN 71 LA A7k A3 2 35
= &2 (North China Craton), H5= ti53(South
China Craton), B} tj&3(Tarim Craton)2} &2
4rjE GBI TYEG BEF R 7] A
A RE Aol A FE S A (Yangtze
Block), 1A tol] §/dE 7FebA|of X] 7] (Cathaysia
blocks) 2 o] o] 4 qlch, BE B2 AT
B 1d o A FAE 7IREro] WA WhA] o2
7] QAYONRE Ao hilez gol glom, 3
TFE7H15 x 10° ko] ©$HcHZhao et al., 2001; Zhao
and Zhai, 2013; Zheng et al., 2013; Li et al., 2014b).
Bz 870 7|uleRe 2827 Ga®}2.6-2.5 Ga 7]
7 &2t FAE R o] AHE BEdEo|E-EEA 1}
O] E-3}17}/d E ¢ (tonalite-trondhjemite-gran-
odiorite; TTG), Hupel, 374, E4Y, 24, =4
HY, B/, AT SR 502 FAdE ] Sk
(Hu et al., 2005; Zhao et al., 2005; Wu et al., 2012).
5= 5= AN Y 22 At oHy,
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557 FROIZ0| EXoks wI2(0 FY SUEY

Ao} 7 28, A 2HE, = 2, 7] LA
FE Al BAAQ] Gl 2RE, AT 2A4RS
& SN A2 et 22 AR 9| A1 FsHA Xgt
IS FGlom, o3t 2|7+ X3} 32 HF=o
B8z B AALE WR w0l {lvk(Zhai and
Santosh, 2013). F=rof] £E = 0] Q1= dife] SA
RS W RE E5=0] Wol X & o] 9, A+
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AGQ) GOk SAFHYA A B 913
itk o] 19j) SR HeHLuliang) 15
FekHok Fol gAATHH 1),

Sk DES S HPAol A 2] WA
Al SAFEYA] BEHo] Ut St shgto R
T} g 02 A= glom, FH PR
214, T4 ok, W, SAEEA U R4
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Yejiashan/Heichashan Group; subgreenschist-
facies metamorphosed conglomerates, quartz
wackes, sandstones and minor limestones

222 Luliang Group; basalt, andesite, dacite, rhyolite,
wacke, sandstone, BIF and argillaceous rocks

metamorphosed in greenschist facies

Jiehekou Group; graphite-bearing politic
gneiss/schist, quartzite, felsic paragneiss,
marble, calc-silicate rock and minor amphibolite

(lidds

Luchaogou porphyritic granite
(MMM ruyanshan charnockite
@ Gaijiazhang granitic gneiss
Yunzhongshan TTG gneisses
IE| Major fault

[5k_] Sampling location

Tangershang / Guandishan massive granite

Huijiazhuang gneissic granite
Chijianling-Guandishan granitoid gneisses

Fig. 1. (a) Tectonic map of the North China Craton (NCC), revised from Zhao et al. (2005). Red square indicate
location of Yuanjiacun BIF. The Archean to Proterozoic basement are widely distributed in the Eastern and Western
Block of NCC. The Trans North China orogen is covered Paleoproterozoic basement. (b) Simplified geological
map of the Luliang Complex, modified after Zhao et al. (2008).
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=44 dig]rolth(Wang et al., 2015). 2015). o] BIQEIHE-2 AR |ohE S/ ol 1

FOHROIE 22 U4 Heh ALY A dF oz ARIEo] Uyeldth GetR|okE SAFETAY
o AL Heh 7 E Ao whago Ly H & AHAE] HAHYAN MRS Wk (Hou
og E HAAEHY SAE )tk Wang et al, et al, 2014) HE 0 & 248 WA A7} S5

100 pm

10 pm 10 pm

Fig. 2. Yuanjiacun BIF consisting of alternating Fe-rich layer and Si-rich layer (a) under cross polarized light and
(b) open polarized light. (Magnetite; Mag, Hematite; Hem, Pyrite; Py, Quartz; Qz, Biotite; Bt, Amphibole; Amp).
(c) Magnetite occurred as a representative ore mineral (reflected light) with (d) minor pyrite (reflected light). (e)
Magnetite and hematite are identified in the thin section under reflecting microscope of Raman. (f) Magnetite and
hematite are simultaneously shown in magnetite.
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A2 ok, A4 WYY, U W
290 S0 2 TloRsE obto] AkEEItShen et dl., 2010).

3.7 Wl

40| sftzg e stetsly] $istel AArEnlE
He 3 7| 2T ALY AR o4 A5
ek AR}En]EA7|(Electron Probe Micro-Analyzer;
SHIMADZU 1600)¢] 4 =42 15 kV, 20 nAo|H,
24 99 27 lumolth. B4 HF HAL 7
Ut} Actlabs (Activation Laboratories)of| 4] 4LITHO
24 Z=5 ARgste] 35k St 8 A4S
flsto] Aeohsta XA 2= A0 2Rt 258
F47](Raman Spectrometer; DXR Raman Microscope)
£ ARSI #lolA 3hE 532 nm, o] A 1}hg
E5.0mw, Y 27]+=0.7 um, =& A7 322, vi7F
e AIZR 642.0] AR MBI 0m, 99-1,200 cm!
Lo ZE A ZES FH o2 BA0] ZPE ek
B4 FE] YA HellA S4l e 25 E 7R 7HA]
YA} =710 whEha] 3-570 EZAEfA AL AAISH
St

Sl Bapyle A2 Be] SAE Wo| ThE A%
58 7b 3 Mgk ARFES WA el ATHE of
g3kl Bapel sjetalel T4 T2E o]k
Woleh. B4 Ateiol] ul3) o5 Hwe) uleky Ak
2 S A ErkT S 2 BB T4 Uk L B
Tzof et 35-9 2t A ZEo| A et AEER
W= E et (Lewis and Edwards, 2001). $HH,
e AAY FE AUAY A= 5 AHEY
=S Uehf 2kt A zZEo] tha 2fol7} e 4
ik, zFA 0 aht AsE .2 300-336 cm, 533-570
cm’, 662706 cm” ©] 91 UpeRU b, T e gt
EREl 79 1 ¥9je] 22 ¥ Z7}ekcShebanova
and Lazor, 2003). 84205 cm™, 224-228 cm™,
273 cm™, 288-294 cm™, 335 cm, 408-413 cm™, 465
cm™, 580 cm™, 591 em™, 669 em™ S-9] thoFst whik
AIZEE 7ERItk= Alo] %@t Beattie and Gilson,
1970; Massey et al., 1990; Shim and Duffy, 2002;
Murugappan et al., 2014; Drozdov et al., 2016). ©|
olof) 2} o] gt efvt A3 28 RRUFF
project (http:/ /rruff.info/)E F3tH T et A
TEo] o] W 9|2 0 2 FAE L 2k A|LEL

FIROLZ0| EXoks w2 FY SdEE

HOiIM MEEE AIEME 0188

Holofl= AL 7F JFoHA] Zpo], HE W 2 5
o] Qltk(Shebanova and Lazor, 2003).

4. & 1}

FRIR|ORE SR oIA AEE s FEHS
B APEA T NG LRI, A7 S, ZH4
A, A= 37 $eRtE o] vehdt) AE AT A
9] QR =7271= 22 20-180 um, 50-500 ymeo] =, =}
A4 B3} Z(layer) T} A QG §3} 0] 0.01-2 cm ¥ T}
et FAR AR 9 4SS 35 R E 2T
(29 2a-d). 2P A1} 2H A QA= 27 2e o<}
Zo| Z4zr Rat 57| % spA|ut, 29 2f o o] 2Hd
A Q71| 7P ol A A A Ao] Agste] B 3
sto] Ue7| = gict. 74 34 FEe T2 A4
ojm] AHAa} HHA o] JAste] Vel AP A
H 3 Bl &2 Yehdtt

AR Eu| B A} A4S F2 FeOL} FeO5 2
%Q.ﬂ, NazO, MgO, A1203, SlOz, PzO5, KzO, CaO,
TiO,, MnO+= 1wt.% m|Rke 2 gk 2%t A g
T2 AT AN FeO' 2 UeRdtt. 0} FeO=
F6203><08998°ﬂ EH??H 74]4_]_'—‘:5_]_' E}‘%, FeOQ‘r Fe,Os2 &
2Jsto] #715HATHE 1).

0] Ce OPIR|2}Pr oPRb= 212t Ce/ Ce =Cepans/
(05 Prpasst0.5 Lapaas) 2t Pr/Pr =Preass/ (0.5 Cepaast0.5
Ndpass)E ©18311(Bau and Dulski, 199), ¥4~ 3t
2 PAAS (Post-Archean Australian Shale) (McLennan,
1989) 2 23} 319t} Ce o]AFR] = 0.88-0.932] g
< Holil, Pr o[4d2]= 0.98-1.039] W& vrehdct
(E2).

FRIR|ORE SAFER oA AAEEE AP A9
© 545564 cm™, 664-680 cm ™ol A(1F 3a, 3b), &
9] 79 205-221 em, 265-280 em'”, 330-358 cm”,
463468 cmi” ol Epgt A|ZE7} I 1 3¢, 3d).
AEA JAlA = 7P| RollA] 2 E A 9] A
Eo] Yehr| &= gh(2H 3e, 3f).

5 E 9

5.1 RoHX|0}
o1 A

Li et al. (2014a)

Hu

flo
&
I
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Table 1. EPMA data of the magnetites from Yuanjiacun BIF (wt.%).
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Na,0O MgO ALO; SiO, P,Os KO CaO TiO, MnO Fe,O3 FeO  Total
1 0.00 001 007 0.17 002 000 0.03 0.02 0.06 69.60 3131 101.27
2 0.01 000 007 007 002 001 002 004 001 6952 3127 101.03
3 0.00 000 006 009 000 000 0.0l 0.03 0.00 7022 31.59 102.00
4 002 000 009 012 000 001 001 0.04 0.01 6960 3131 101.20
5 0.00 001 006 o0.11 001 000 00l 0.04 0.02 7007 3152 101.85
6 0.00 000 007 008 000 000 002 0.04 0.00 6943 3123 100.87
7 0.01 000 008 005 001 000 00l 005 0.04 6932 31.18 100.75
8 0.00 000 008 010 005 000 001 006 001 6982 3141 101.53
9 0.02 000 003 007 002 000 003 00l 0.00 7025 31.60 102.03
10 0.00 002 003 007 002 001 003 000 0.00 6876 3093 99.87
11 0.00 006 0.11 027 003 005 002 0.02 0.01 6939 3122 101.17
12 001 002 005 020 000 000 003 0.00 0.00 6918 31.12 100.61
13 000 043 026 148 001 0.15 0.12 0.00 0.05 6817 30.67 101.34
14 0.00 001 002 009 000 000 002 0.00 0.03 6936 3120 100.74
15 0.00 001 003 005 000 000 00l 0.0l 0.04 6928 31.17 100.60
16 0.00 000 002 008 000 000 000 0.00 0.0l 6906 31.07 100.25
17 0.01 000 004 005 000 000 00l 0.00 0.00 6951 3127 100.88
18 0.02 002 0.04 019 0.00 0.02 002 001 0.01 6989 31.44 101.64
19 0.01 001 001 005 000 000 002 0.0l 0.04 6923 31.14 100.52
20 0.00 000 004 007 000 000 002 001 000 7008 3152 101.73
21 0.00 000 005 009 000 001 0.02 0.00 0.03 6870 3090 99.81
22 0.00 000 003 010 000 000 002 0.00 0.00 6952 31.28 100.95
23 0.01 000 008 012 000 008 003 0.0l 0.00 68.64 3088 99.85
24 0.00 001 004 008 000 000 001 0.00 0.02 6995 3147 101.59
25 0.00 003 004 012 000 00l 0.00 0.00 0.04 69.69 3135 101.27
26 0.00 000 003 005 000 001 00l 0.00 0.00 6931 31.18 100.58
27 0.00 000 003 010 000 000 001 0.0l 0.03 6885 3097 99.99
Avg. 000 002 006 015 001 001 002 0.0l 0.02 6974 3137 101.42
Avg: Average
Table 2. Pr/Pr and Ce/Ce data of the iron ores from Yuanjiacun BIF.
Pr/Pr Ce/Ce
1 0.98 0.89
2 0.98 0.93
3 1.02 0.88
4 1.03 0.89
11 Q= 4 sAE3 A H(Wuyang BIF)of] Uelt= (Tieshanmiao Formation)ol] EAJ=lo] ?lo, FAF
A Ao] i) Shet R ATE ST vk gtk B BE 24 JlRoR B ox o8 TR

9o SAAYFL F7] Aol Haktolole 3

o}, Shbs A A8 Ho] SAIsL, Avko] el
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o] sRkE|o} o= {39 54} (quartz-mag-
netite BIFs: QMB)o|11, th2 shh= 3t 43 3
&g A o2 YE 39| 38 H(pyroxene-
magnetite BIFs: PMB)o|th. o]2j3t E4& 7Ix]&= ¢
& TAEFG ke o] Uehus AP A Y 7
AEjoll Al FARTIRA] 7HEA] SRS 95t
3L, 1 AT AEA O] 7P| oA A EA AvE
Fo| AE T B 13T o= A4 9z} Yo

FRIROLZ0| EEoks 7I2(0] FY SUEIY

o

M MBS THEAS 0l23 TN B #

—

AP AT} A H o] FEFS HERd Y FAlOf, A
Ho] FHoN A2 2% Akt A=) o}
A& ofulateka sk = 484 R 7b

ol vehhs 2849 o] A4 YA
27 Foll Aol A7t G Wa= AT
(Liet al., 2014a).

ol gtoll A= A A G FAAORE =
ol Lk 284 gJxjol dhete] ehikgiy
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Fig. 3. Raman analysis positions (a, ¢, ¢) and Raman spectrum (b, d, f) of the magnetite and hematite from Yuanjiacun BIF.
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Q72 Sasiolch. A7 AT A AR A A
2ol A] Li et al. (2014a)2] A2} npz7[R| 2 &
B4 2uE] BAPLS AASAL, ol YA
SO PPt 242 A1} B} 271l o
E Ao A7t

Ce ORIRR= Ce/Ce =Cepans/ (05 Prpaast0.5 Lapaas) 2
Ato] S, ol it shebEHEo| A W 1
©2 ek La 0] gakg vt o2 22
£ A A3H] Y34 Bau and Dulski (1996)+= #H 2]
o2 vebA] o Praf Nd o] 4% o] 43}
Pro| 2| & AAkslod, (Ce/Ce)rans, (Pr/Pr)panss
o188 Tolo] 19 L ALY 4). FAloh
2 SR BHE BT lla o] EAHT,
o= Ce o427} LehiA] 922 olujgict o 1t
obr} SetAlolE BARERAro] AT T
S FeHEo] A sYEHTE A US 9]
SeHae 4).

- M3l - Xiaoyong Yang

Hou ef al. (2014)2} Wang and Zhang (2016)2
HAE}, FET AT A FER s, H A E
T FHYAEE of&sto] FtRokE TAFEEALY
A& ATt A5 AT A EHE
T EH FR|oRE 2AEF A o] F4E B
o] w2 A AFARI ti7] F A9 7t
AFHGOE)o]| &J3f| L irho] HAA o2 Abart
FHA, Al eaeE T Aafo AsleE o] 4~
A st 2o, sj4= ) Fe* ol 4] Fe™*
2o Ak} o w2 HA A2 Aksk-ghel Ho]
(oxidation-reduction transition zone)j| A 2R}
et fRERoRE 3AFEBEY] B A7l 23-21
GaZ tiitsiabdo] dofid A171(2.4-2.0 Ga)ofl B4
Hota 43 A ek (Wang and Zhang, 2016). =,
ROk SAERYo] FAEE B itk
o] FFo = 715 Ak EH(fOy)0] F7F 3t L,
o]of| Ake}akgoll wabA] FA| oA AREE= AFE A9

1.2
e e @ This study
°
Ma IIb
1.1 -
°
w 1T I
z .
‘o
@]
> o
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09 o o
® )
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0.8 a ©® IIb
3 [ J
[
0.7 1 1 1 1 1 1 1 1 1 1 1 , 1 1 1 1 1 1 1 1 1
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Fig. 4. Ce/Ce paas versus Pr/Pr pass discrimination diagram for iron ores of Yuanjiacun BIF. Field I: neither Ce paas
nor La paas anomaly; field Ila: positive Lapaas anomaly, no Ce paas anomaly; field IIb: negative Lapaas anomaly,
no Cepaas anomaly; field IlIa: positive Cepaas anomaly; field I1Ib: negative Cepaas anomaly. Red circles indicate
iron ores from this study and blue circles comes from Hou ez al. (2014) and Wang et al. (2014).
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7R E o] AE A o] EAFHE £ AollA FR1E
4= AU

9 40f FREAoRE SAEFAE 0l F4E Al719
ZAREA Ql Abst 2H S olsfistr] fisiAl & Aol Al
HAE fetR|okE 3434 3343 Hou et al.
(2014)3 Wang et al. (2014)9] At525 A =A]8h
Aok 1 Ax FA2 1, 1la 9 1la G o] EA] =,
ol ¢ko] Ce o|AXE Ro|AL} o] AA]E ek
A S-S ofu|gith. gubd o2 AR Ak sfigol
A 3T F9 Ceol 3RS Holal, Atar} sjHket
74 (suboxic) T} 4F47F §li= B (anoxic) oA &9
o] A2 = AP E o] YeldthWang et al., 2014). wh
2hA] bR ok B3 o] U= Ce o)A
© Fol FA4E Aol T T o] LAz B o]
2= oulgat Aol Al Ats}, 2l e ) 4=
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