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Abstract:This paper is the result of mineral exploration engineering.

[Objective]|Framboidal pyrite are widespread in modern sediments and sedimentary rocks, widely considered organic or inorganic
genesis. Although both formation mechanisms have theoretical and experimental support, a formation mechanism with general
significance has not yet been established well.[Methods]This paper systematically and comprehensively studies the formation
mechanism of framboidal pyrite, the application of redox conditions, and the influence of later environmental changes.[Results] The
size and texture of pyrite framboids and the sulfur isotopes between framboids have fluctuated with the oxygen level. Therefore,
framboidal pyrite is used as a reconstruct paleoenvironment proxy commonly. Although the microcrystallines of framboidal pyrite
are correlated to the particle size positively, their (Morphological evolution sequence), growth patterns, (aggregation factors), as well
as the relationship with paleo—redox are still poorly understood. The redox condition inverse from particle sizes of pyrite framboids
and chromium reduction—determined sulfur isotope has certain limitations. Therefore, a comprehensive analysis of redox indicators
is expected, which requiring further studies on links between in—situ sulfur isotope and particle sizes of framboidal pyrite. Although
the framboidal surface chemistry can be modified as changes in late oxidation conditions, the size distribution of framboidal pyrite is
still meaningful as a redox indicator.[Conclusions]In brief, experimental simulations, theoretical systems, and interdisciplinary

studies on framboidal pyrite are still challenging and require further research.

Key words: framboidal pyrite; microcrystalline; formation mechanism; paleo—redox conditions; sulfur isotope; mineral exploration
engineering

Highlights: There is no significant correlation between the particle sizes of framboidal pyrite and total sulfur isotope in rocks; the
relationship between in—situ sulfur isotope and particle sizes of framboidal pyrite needs further study.
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BRI A DU L LT 5 A HLTT DA (Steinike,
1963 ; Sawlowicz, 1993 ; Moore et al., 2009 ; Rickard,
2019), EES BB EEA RARR . HE  FREUR
HHUR 25257 (Love et al., 1966), JEAS Z [ 1Y 25 5
W Y s R KR BRAR 2 S5 S R AR 1Y
ANTA](Wilkin et al., 1996 ; X1 KAh 5%, 1999 ; Wei et al.,
2016). AR E A 7R UUR P AIUTEUA o A9 3k
P, DA SO S8 — 0 R B 0 PRI J T
i) AT AL ] R A= i ke YR AR 5 T A R X
(Sawlowicz, 1993), fii H il 2 Bk £ 51 h A5 1Y)

6 R ARAR B S IEAT T A . IS AN R Y
N B R BT R UL AT T 5
(Kalliokoski et al., 1969; Horiuchi et al., 1974;
Berner, 1984 ; Raiswell et al., 1985), Ji H: /& Wilkin et
al. (1996) X Hif A5 T HEARIR 3 Bk BIF 52 1 5045 LA
R AR FEDURR D) rh RERRIR B R A9 KN A A
FEOUEAE T AT RGBT, B8 T B ARR BTk
ISR . FEIERZ b, K2 X Rk B
B BB [F) 7 2R S35l A — I I PR 22 [ 1Y) O
RFT T NERAWNER, FE T HEHR
(Wignall et al., 1998; Farquhar et al., 2000; Farquhar
etal., 2001;Bond et al., 2010), 5 ULIRIA}, — FRFH
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PR ERIR BN B AL I AH 4K R, 4 B AR Bk
W I TS AL A TR ST, 125 HE S T REERIR 3
B PRS2 (Morse et al., 1997; Ohfuji et al., 2005;
Rickard, 2019),

SRS [ N b R B AR B AT T R
(BRI 9, {H 2 Mo — S8 AR [ 851 f) AFF 5% 2 8 N 5 R
A BN T 7E B R S A AU 2 50 P O
T Ff B PR BIL A ) 5 S BT ) B IR B kT A AR
AR K] KA R it T 25 B PR AR B S | 3 oy 4R
b — I8 JE IR BE I A7 SR BRI ) A2, X s IR 2
BRI TR OB |y S A — 3 SR S T e
P75 AT PR AT e i A Rl 2 b X R ARIR
TR TR B R R 222 REAE XWF 5T
PHAT IR N R — T 5 S %

2 FRRRE RS AR ST L

21 ESRERT RS

FARRIR B 2R B R/ ) HAA Dk -2k
R BEER T RS HERRT B A BRIR SR A A, 28
B3 A FeS,, Sl itk A2 R WK 2 53], HLAT B il 45
4 K ZEIE R AE (T8 1) (Rickard, 1970; Wilkin et al.,
1996).
2.2 EEREHY AT

FRPIR B WA ML — TEHLS A R4 —
FLAR RN (R 2 AR 1 S 0 34 2
SEAE—E MR A2 L, SR A S A —
FE R 25 5, W A Ny — PPt ol T8 BBL A o A
AL LAAZE R LR FTEHL R PR HL S
2.2.1 A AL B AL

K fa W BIF9 36 W B AR B R A TR G 72 5
AYRAFAE VIR R o X C R IR 7oA R o

R 5 A Py ORLSMIE A4 14 B9 AR LI (Love, 19575
Kalliokoski et al., 1969) . 2 T4 7 B &g R B B AP A
i 2 B9 /E H (Berner, 1969; Lowenstam, 1981;
Farina et al.,, 1990; Sawlowicz, 1993; Konhauser,
1997; Donald et al., 1999) HL&EAIR B LK 1) & 4L 5
WA ML A R TOC KO IE A o6 Ok R
(Sawlowicz, 1993 ;Bond et al., 2010; Wei et al., 2016;
Zou et al., 2018) M HoAh B KIS LE M AE bR &L G
(Popa et al., 2004; MacLean et al., 2008), Ji H: J&
MacLean et al. (2008 ) £ i —F L A2 AR B kA (12
A ——"rp s I R (18 2) o X LEERFTE N
FARIR R RO A AL AL SR T S T
Morse and Wang (1997) FH#Z: T B9 1 i A A A HL
JRiEAT T OE9E , R W BB s A MR B (24 20
F5 AR, X 50 B W S 25 2 JE 1, S A
i AN TE 4 (Raiswell et al., 1985; Bond et al., 2010;
Wei et al., 2016; Yang et al., 2016; Zou et al., 2018;
Huang et al., 2019),
2.2.2 AU B AL

FAEPIR BB 1 — R YA L 5, LA KA
AR A RS W SO TR R SRR R 1Y
KB, Je AL R $E I T 3 # (Berner, 1969;
Kalliokoski et al., 1969; Farrand, 1970; Sweeney et
al.,, 1973; England et al., 1993; Wang et al., 1996;
Morse et al., 1997; Wilkin et al., 1997a; Butler et al.,
2000 ; Ohfuji et al., 2005), Wilkin and Barnes(1997)
I FRRAR BRI G B2 T LAKI 73y 4 1> i 22
B B (1] 3) (Wilkin et al., 1997a; 155 #£ 4, 2011):
(D)W IA FRBR AL R R R TEAZ AR K o (2) il Z T
A S IV SIS B R (FesSy) o (3) R /INES 5 ) e
BRI TEREYEVE I R . (D IRk i T

P B T B ARIR R SME KBRS Z5 4 (4 Ohfuji et al., 2005)
(18] ¢ TP SRR BARIR B Tl , FLAT BRI S5 4k S SRIE YRR )
Fig.1 The shape and microcrystalline structure of framboidal pyrite under the scanning electron microscope(after Ohfuji et al., 2005)
(The arrows in Fig.c show that the microcrystals of framboidal pyrite are discrete microcrystals, equidimensional and equimorphic )
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Fig.2 Framboidal pyrite organic origin—"“A hollow
compartment”model (modified from MacLean et al., 2008)
a—FIB—sectioned outer portion of this framboidal pyrite, found
microcrystals and“compartment” ;b—By energy dispersive X—ray
indicating that the compartment is full with extensive carbon—rich
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Fig. 3 Wilkin and Barnes,sketch showing the forming process
of framboidal pyrite (after Wilkin et al.,1996;Yang Xueyinget
al.,2011)
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Fig.4 Logarithm of time verse framboid size for limiting
conditions for water column and sediment at 25°C and 0.1
MPa (after Rickard, 2019)
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Ohfuji and Rickard (2005 ) 52 56 fff 5% 22 U « i B
BRI MR B AR IR BRI A rh — AR
frr =4 . e HARFRAT T, AL Bk (FeS) 2 7E
W JEINEE NI, MR B BRAT (FesS.) BYTE 1A 55 4
e T IE R, 70 I BBk (FesS) 1 10] 25 8k B
(FeS,) a2 ARt Fe | i BAEIE JFL 454 #E47 (Cutter
et al., 1988; Muramoto et al., 1991), AR B ED
Vg —Rh a0 B TS Ak — 3 SRR I R T
B3I AL — 38 5t T A S 4 K (Raiswell, 19825
Canfield et al., 1994),

R KA B 4 o 1) 22 57, DURRERS AT A3 My it
H/PRAAIRAEE | BRAEER I % SR USRI AR 48 3E
5% (3£ 1)(Tyson et al., 1991), A [F%AAfL —if 5 A
T EAERRE R T AT AR RN BT A
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1 IRBBHEIR D EH S - EEINE (48 Tyson and AL () SRR ()
Pearson, 1991)
Table 1 Classification of paleo—redox conditions based on %
. i3
dissolved oxygen (after Tyson and Pearson,1991) e TI T
TR & & /(mL/L) A — I R B ®
8.0~2.0 W = greTe 9o
i | 0o ®
2.0~02 /AL TR R .9. 4 @
0.2~0.0 B IF] YL AR B BE e
0.0 Bt/ R4 e B BT
TR~k T2 T RULR Akt F o Lol =l =l
N - N NN -1 IR A 2R -
}iﬁj%ﬁ BE{#\: Z/ﬁ\ ) ﬂ‘jiil‘ Iﬂ'ﬁgg\ ’ X‘Tﬂj?ﬁiﬁ IgJ/l\E%%IJ Framboidal pyrite Redoxcline Water-sediments sediments
7 (& 5b) (Love et al., 1966; Degens et al., 1972; |I| R

Sawlowicz, 1993),
3.2 EFREHY WAL ERIMNENRE

TRALFREE N IE U AR k™, P 32 20k
FIRAR , (28 AR S8 A2, TR0 1) I ] gl ] LB
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PEVE FHAR B 2R A | it SR A 3 — e o s o T
RIE R b AR NS BT (] 5a)
TV 18 R PR B A A A X A8 /N L4 A i T
%5 (Raiswell, 1982 ; Wilkin, 1995; Wilkin et al., 1996);
AR TR M RRR R, WU 32 2ok
H TR FLBR K A, A 25 RE X A BIR L 2 AU [E] A
PR WA MEGR R ER A Sy i T IR RUhs (1) A0
HSCEAE A, GO A RS R DU W] (181 5b) , B A
1) A IR T B A R AR A X A K L 43 AT Y R A
(Raiswell, 1982; Wilkin, 1995; Wilkin et al., 1996),
PR EREE T8 A FEAE R B R A RAR 40 A1 1
T IEA/Mi (Wilkin et al., 1996).,

H i, A g R B k™ b ARy A Ak — 38
IRBE AT SO O v 32 B P BPRLAR 1 R e KOk
123+ (Wilkin et al., 1996; Wignall et al., 1998), “F1
KA A A TR AL IR 85 TR iU R a1
PIRi A5 [ (5.0£1.7 pm) , i A2 KT 10 pm 92y 5
4% ; T AL — 30 RS TH R U R AR i kP44
PARIE (7741 pm) , B2 KT 10 pm 5 10%~
50%; Rickard (2019) AN BRALIREE T 1B Y B AE AR
EARRARAE 2.9~10.9 pum, AL~ TR EE T I AL
() FEREIR BBk RLA2 Y 3.1~20.9 um., Wilkin et al.
(1996) Fl Rickard (2019) 4 i} B HE AR AR B B R4
TERAL IR AL — 20 AR BRI 034 X ] AP
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Fig.5 The size distribution characteristics of framboidal pyrite
formed in different sedimentary environments, stages and
systems, and the model of formation in two environments
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1998) 3 FL 75 LV 7 110 2 Xo A A8 5 1 1 Ak 3L
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YT AR IR BRI 2878, ANRE F H M B .
Wilkin et al. (1996 ) fig % B TAE PR TR ) vp
BRAR B RAR 1T SRR 25 R A R B
(RN L AR TR AT SR LR 5 2N K LI TR
i) o/ X AHFEAHE ETE 0.3420.02 JE B ; 1M 76 Ak —F%
AMBE T, FEARRR PRI o/ X HAE 0.550.15
T NGRS | RERRR B R R AR AH X
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FEBAE W AR R B AR E A IR BT B R 4, H At
%5 (2009) 25 & & B8 4L i 575 T Peru Margin Y48 AL
5N I Ry AR B Bk £ s (Wilkin et al.,
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Fig.6 The size distribution and significant overlapping distribution of framboidal pyrite in euxinic conditions and oxic—dysoxic
conditions (data from Wilkin et al., 1996 and Rickard, 2019)
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Fig.7 Plot of the mean vs. the standard deviation of the framboid size distributions (a), plot of the mean vs. the skewness of the
framboid size distributions (b) (after Wilkin et al.,1996; Chang et al.,2009)
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Table 2 Summary of characteristics used to define paleo—redox conditions during deposition(after Bond and Wignall,2010)
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SN T T AR S ARERAR 5T 25 (Sweeney et
al., 1973 ; Wilkin et al., 1997a; Butler et al., 2000), 1
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Fig.8 Textural evolution of framboidal pyrite (after Merinero et al., 2008)
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Fig.15 Modification of framboidal pyrite structure by
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of transmission election microscopy sample analyzed in Fig.c)
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