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Progress and prospective of experimental research on iron oxide apatite
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Abstract

Iron oxide-apatite ore deposits (IOA), also referred to as Kiruna-type deposits or volcanic type iron deposits,
occur in a number of places all over the world and are characterized by magnetite, apatite and actinolite mineral
assemblages, and are often spatially and temporally related to alkaline, calc-alkaline (sub-)volcanic rocks. The ori-
gin of IOA ore deposits is still controversial, with two main opinions being magmatic or hydrothermal origins.
However, it is difficult to get further constraints on the origins of IOA ore deposits through traditional research
methods which are mainly based on description. This paper aims to present a detailed review of the recent
achievements and problems in high-temperature and high-pressure experimental study of the magma processes of
IOA ore deposits, which include experimental studies of liquid immiscibility, magnetite-bubble flotation, and ig-
neous origin of actinolite in IOA ore deposits, and discusses the possibility that “ore-magma” was either formed
by liquid immiscibility or by magnetite-bubble flotation. Based on these summaries, this paper points out the
existing problems related to the formation of IOA deposits and the further research directions.
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TR BRI, DU B o 2 S Wy A2 45
Sy BRI G2 1 v ek e TR S 5, RS 3 i 4
75 o - R PR B PR DG B 45 1| X & (Lukkari et al.,
2007; Lledo et al., 2008; Webster et al., 2009; Song et
al., 2016; Derrey et al., 2017; Hou et al., 2017;2018) .
XAME R 5 ™ V8 R AR DG 1 — FR 51 O HE AR (7]
R E R AR W IR 2R — 2 R SR INTE K .

W58k - W JK A4 (Tron Oxide-Apatite, fij #X IOA )
B, E PR AR Z R Kiruna BV (L&) |
T T L FR Ry Bl A L TR B B R
WAV E I 25 R 5 iRk O -k L s
YA, R A EEREZ —. U A
HRR T RGN KA LIRS B A T U
TE R - K A - PR A - A 2 5. T0A 2
BRATTEAR BRIz B b [ 2R T JE FUFT I 2
Fa b BT AT R 28 M X B Bafq B B Kiruna #7748
X Fh & Marcona 1% #] El Laco %5 #h (Naslund et al.,
2003; Hou et al., 2011; Jonnson et al., 2013) . %27
BRAT— B N AP 2 AR B G By B (R A &
S IRAFAEAR KL X H A, B AHR ) i =
F B A IR 2 B, A R R T AR SE
B AR B AL S (Naslund et al., 2003) , 3847
A B AR S (Knipping et al., 2015a) ,
TRk, R A5 U A A i A AR AR L v DOV i 2
Ff (Hildebrand, 1986; H1 [E B}~ ¢ 1t 2K 1k “2 Ak 5T T,
1987; X 7K 2%, 1993; Gleason et al., 2000; Sillitoe et
al., 2002; Dare et al., 2014) , {H1545 H R, 753
Aoy 2 AR A AHE R A KR Rl R L OF B
W EREZ IR . BT TR RGOk, A
VI R S AT I T R R Y, T LR 43 IOA Y
WIRIFA LT 5 &Y PR ARV T Chn
B, I LSRR R A R R A T AT 4, RIE Y IOA
AU PR 14 J5 A 3o B2 (primordial process ) f& HE 37 A
B AT . Bk UL, A B A R IR e 2 A 2k
Bt G ) & 4R A B R B 5 ke e
KA R T BRI AR N iz 26 890 PR s A
BYSCHE . AT B T S S AR Y & el
B A SRFE L ARME 8 B O B A IR R B AR OCAR B
IE AN, A SC RIS B S 50 1 A1 SR AR TOA
RUE PRIE B B A L R 0 2 A 21 2 2R 2k R A 4 G
S F E N AMEICHE SR T LA B4 LU S B3R
A AR AT PR L e i B SR AR
PR

p—

BAS AR SR A5

TOA BYA" TR BATJlURs 90T (A8 R 1 25 A4 4
i, H YO A 52 3 2Ll 1Y RRAE (Park,
1961; Henriquez et al., 1978; K 2415 5%, 1981; Nys-
trom et al., 1994; Henriquez et al., 1998; Naslund,
2002;Chen et al., 2010), bt a0 FRLRME A H 92
YR 1 B T b W ECIR N ZgIR A 1 55 , L
Jenl L4 7 J2 1 1Y 7€ 0] 1R 9 AL 5 RGBT A T
JE AT K LR, 4 RS i Hs o T, BRI
LRH AW, e E 7 Je A H 1) 4l
BRATANE A DO G B S6 R L B4, 38 7T DL
FUBER A LR R0 25 CGEAR A5 ,1992) o
PRI, ] P A2 3 ) D 5 R 4l ok S M A7 300 42 4
BRI TR A B, BNEUE HOIR R 4
P45 5 1 2l 19 A A W 1 R (Park, 1961 ; Frietsch,
1978; 7 Je Wk 5830 H 2 5 /N4, 1978 BN Ak 45
1991; #AESF, 1992) . H T HATER AR R AR
VLI A RE AR AR Al Y ALK, T FeO-Fe,0;-
Si0,-H,0 & % (Gibbon et al., 1967) , Fe-C-0 /& %
(Weidner, 1982) M A1 - 1117 A7 -£7 B4 R (Les-
ter et al., 2013 ) , it DLRF kS AL R4 SR k™ IR 1Y)
BAGE B TIRZ O E RSO o IR 22 1 # R
U, AR IR L I U R, W25 A5 1Y
P28 T2 1~ OB B 5, network former ) JE U 74 45
PR s e B K 284 A - (722 99 B 1, net-
work modifier), E AR Fe &M T, Fe? J& M 4%
BT AR TR T, RAAHTHE A 2 VIR A L
TR IR . BRI R IETE FeO-Fe,0,-
TiO, =JC&R T, AR BRI M AR 5 1 S IL, ke
SE ALY R SRR T A TR R (~
1200°C; ¥l 1a) o Jif IR AL IEIATE IOA W IR TE
A R, B A B E R R G A i R
TEAERY AT HEPENLAIG (Lindsley et al., 2017) .

RESR Gt , 25 &30 A th AR A [l B B e, IR
DR IR AN 230 LI Rl 25 1 Wl R A -G RO IR
AFTEWE? JEbr b A AR R A WA AN TR 52 50
TR R AR SE AR 2 B 519 (Ryerson et al., 1978
Naslund, 1983; Z= JLF4 45, 1986; 3 K £, 1990; Long-
hi, 1990; Hess et al., 1975; Rutherford et al., 1974;
Dixon et al., 1979; Philpotts et al., 1983; Bogaerts et
al., 2006; Veksler et al., 2007; Charlier et al., 2012) ,{H
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(b, ¥ Philpotts, 1967, S5 ¥ 4 1420°C)
Fig. 1 Liquidus (melting) diagram for oxides in the system FeO-Fe,O,-TiO, at one-atm (a, modified after Taylor, 1964) and liqui-

dus (melting) diagram in the system diorite-magnetite-apatite at one atm (b, modified after Philpotts, 1967,

experiments were carried out at 1420°C)

SRR T B B LA 8 E A E D 20% 19 SiO,
(Wang et al., 2017) , 805 WG BRA+ 5 K A1 BRS3H4T
A2 H AL, H AR Philpotts (1967) A0 S2 56 (18] 1b) £ 7%
B - KA - N S R R AR T NIR S RGBT+
WA L W A (L2 S0 I B 5 3k 1420°C , AR AR
TR RCE AR SR B, it LIS LR S e I 14
AR M S 56 25 SR A B Mo e3R8 o et , Hou %6
(2018)5TXF IOA BT Z, BEA T T 25 38 K BRI S 4%
TR ZR S50, IR B RN ) A i B0 F AR AT AR 1Y
%A%, BRI 7724 100 MPa, 5 1000~1040°C . 7EAS
RN, LR RS T 2 PR R S R AN IR IS
() B BRI, —Fh R AR 41 41531 Fe-Ca-P-
OJEAR; 7y —FJE: Fe-P-O MR . X ELIEIR I Y51
PEABAR -, 5298 7= W) h RE KA RN IR A B AT S i A
2 (1 2) I8 BRI G ) Ak A3 T LA
BRI S AL A B B . R & Fe-P-O 51K, 5
Xie 4 (2019)TE LR HUR W vh BE 2R 4 (1)
BB R 1Y) 5 R £ (Fe phosphate ) 1Y 1 43 A & — 3K
[, 5 Mungall 55 (2018) 114 52 50 AR A5 10 4 14 i R 16 I
LR o | S (4 B S I A B A P 23 7 N
R RNl K AT AAS 5] A8 A TR 5 0 Gk 3 T L fi

B IR IOA B A1 B . (EFSFE e, 5250
2RI R AR EEAE K4, B AE R DL
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Fig. 2 Iron oxides preferentially enclosed by Fe-Ca-P liquid
due to wetting property at 1020°C (Experiment, details see
Hou et al., 2018)
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TRARGE R AL IR BE , S IR e A R s ], BT DA
W SR BRI AS AP SR TS R EANIRIA S
FHA R & i i — DI K T R i K A S
IOA BB PRI L PRAG O 2 — B . Jidh— 1 EE L
PR M ANIREBE R4S KL & e & REa A
Hh XS R HEWT Y B G R B 7K 2 AN R (Lester et
al., 2013; Tornos et al., 2016;2017) ,{H XA 1T 5 ‘A%
BT R A R A R0

2 CEIRMESRA - R U
S g Uk 3

B T 1) TOA TG IR 2 B0 2 2 I A
1. PRI, 58 % BUR K% Adam Simon 4] A (Knip-
ping et al., 2015a; 2015b; 2019a; Ovalle et al., 2018;
Simon et al., 2018) £l X} H:H 1) El Laco F1 Los Colora-
dos " IR FF M 5T o AR A IR AN [R] R BE 0 A1 1 45 44
22 BT LA A% o T4t A b3k Ak 27
S Fe-O [Rl A7 ZHARHIE S8 10 T KRR - R B e

R, R 7RI X AN Knipping 45(2019b) 4 F &
IR FVAAC I A ST T A R A E B SE 55,
IEXF EE 250 MPa £ 250~150 MPa 19 %517 (1050°C ) i
FRSEE, K AR AT LIAE A R AR L M) e sl b
it TRD A p T T BRI B s 3 7 A 1) R
S W TR 1 SRR A 1T R A6 ek
W R A% I A T U BRI L 7 FeCL 1Y
Bt - X% (magnetite -bubble pair) & 77 M F- o
WRIEIXFE R SEIR A I AT T R - E TR
W (8] 3a~c) , RILEVASES BERO NI RE BRAT -k
TFRAEFEIVERS EAH D DA E iR AR ; ik
B ENLE ST, I ) AT K B0 (hy-
draulic fracture) , B VARV T, I HAER E fE H
FIRBESA TR RN B AR RE R, X SR
WA AR, B BEE T BB ) Bl X
BEAT U R A h NG R R BRI A 4548, B
NERREERAT 1) TiCV SE e R s LG L mT LU RE )
2R B WP AU S Py i s B A
SR, F T H HTA S5 5 3R W WG T KA

c TN ARG L2

WIR3

. K
o

A
@’mﬁw

K3 SEEINELIOA B IR BOREDRE™ -T2 L AL 2 ] 1] (R 4% LU 922 11 5 4 Knipping et al., 2019b)

a. ARG A BTN LT W2 o, i T L FURERRER IR A5, 765 IR 5 A T 05 b, IR BT 2R U R DR O T AR th v 260 th T
WA SRR | T 6T 23 B TR B SR TR IR A IR 5 ¢ BEBRA™ -0 BR S LB/ N AE A AR s A BT RS
TSR B - L VRSBV, QAR sR AOR RS 1 772 T R, BRI 2 T AL BB T R TR AR T
U TR (5 2 [l G2 I A RE AR 8 IR P IR ™
Fig.3 Schematic illustration of the magnetite-flotation model for Kiruna-type iron oxide-apatite deposits(after Knipping etal., 2019b)
a. Primary igneous magnetite crystallizes from silicate melt in a magma reservoir and should gravitationally settle owing to its higher density relative
to melt. However, b. If saline fluid exsolves during decompression and bubbles nucleate on magnetite crystals owning to favorite wetting properties;
c. Magnetite-bubble pairs form and buoyantly ascend, coalesce and separate as a magnetite-fluid suspension within the magma, and can
escape the magma if extensional tectonic stress opens crustal fractures wherein secondary magmatic-hydrothermal magnetite can

precipitate, at lower pressures and temperatures, and surround primary igneous magnetite crystals
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SEF KA S P R B D e A VRO R P B,
T BURE R+ A -SRI XS o BT DL AR IX
AT DU R i — SE 2 KA TOA BT IR ) IE
R, AERATY SR TC I FH K fift R 0 R i RNl Ay 1) ) 25
&4, TSR BE El Laco HURBEERAT 0 A R 0] 2R 11
Wiz R 197 H (Mungall et al., 2018) .

3 BHAE A B J A SE e B i

PR A N RERRER 2R W), B A2 a2 N A h A B
T 2% LA g T Bk B M s T, T LA L
NA &R, WRENARI PR —5 . BEAERN
T0A B PR i S0 0 A 0 W) A L — , B PR X
) B A B A S I R G AR, 3o
FARZ WA H BRI b % B AR A S AR e
ARFE) Y R E TR B B AY R A B BOE iU
PR A7, T BRIN B AT R S AE AT ), I H
KT IOA U™ R N B s A . SR, EAR 2 41 vk
S LG B PR A A A AE A 1Y, B R A LA A
RIMRECE AP 4Rk SRR Mgt A 2k 7ERA]
1) — 2L TOA B4 PRI B XY [ A, B0 8 1 K Ly &
FVRE T S mT LAR 31 3B 0 B A B A 0 4R G A
(Lledo et al., 2008) , X LEIEHE R W], DA —H45
PR A7, JCH R PR A7 b 5 BE R T K A7 He A=
AR —7 43 AR AT BB M I T B 435 i Ok Y

PRI , L 4F R [ b2 38 X8 AN [6] ol 0 18 37 TR A -
BH i A 2R 9 I e 3k — &R 9 0 AR 8 P FR Cupper
thermal stability ) i30S2 50 , LW HRE A5 76 2 0 R
TAREATE TG H R B A IR 2 A . AR
T L 246 PR (14 S50 G ) S A 1 s s e 1 3%
[N £ (Jenkins et al., 1990; 1991; Welch et al., 1991;
Chernosky et al., 1998) , 5l & A 3k 19 5 2K FH S A i
5 il 47 (Ernst, 1966; Hellner et al., 1966; Jenkins et al.,
2003). HHTHA Lledo %(2008) (554 i ¥ 5 (Fe
{li=n(Fe)/(n(Fe)+n(Mg))=0.5 ) H T IOA ™ K [
B P AR B BH R A i Ak 27 153 (Fe fH=0~0.4;
Verkouteren et al., 2000) . 32553, 7£ 750~900°C 1
HIEIE T, 100~400 MPa 1 £ 170 BP9, AR & 8%
AR PP B A 2 T LARS E AEAE A, ATTTHIESE T TOA 4
PRAPTEIZ L5330 BN B BHE A a K g i ). {8
PR I A, Q& 4 R, B A B9 R 8 B (stability
field) 5w 7K 2 LU BT 5 3% 1) 1 s 25 A7 (T AR 2 FBCAR
2k Z [a] 0 5 Stern et al., 1975) fFAAE ] B E S

X 2L R BT TOA BUA PR i DL A B A7 2 AT LA
B K I e P B R o BRI DAL,
Ui A AR KA L i S AN TR A
T IRERAT SR AR , 300 T AAR A e igp o T R -0 K A -
FHA A7 R A2 2 TOA TG PRAY S IE A B 21 5

4 FFAE AR AR AT 5T e B

L B PTR A OGS 86 S W 5T B AR IOA W IR E
IR S A e A R A B SR R IS R, R )
RUPEIK SRR, s B2 RS AR A KR
EEME X I0OA B PRIGIE B G H 2L SR T
FIMAUA B 52 5 AP R IR, 27— PR O 7
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TESRIIEAT R WA ML, Z AR T i B ) SRR Bk
INAT) o AKAAIZEAE T e 2 N KA B AR FIRAR 2R 5] A
Stern %% (1975). %X Fe PHAL A Ao 8 3045 28 1L 7 il Xk
FAERIEH ES
Fig. 4 p-t diagram showing calculated isopleths of constant
Fe-number in actinolite coexisting with clinopyroxene, ortho-
pyroxene, quartz, and water (ignoring the probable appearance
of cummingtonite at lower temperatures) compared with the
water-saturated solidus and liquidus of tonalite (andesite) re-
ported by Stern et al., 1975. The large extent of overlap in the
upper thermal stability of Fe-poor actinolite and the onset of

melting in an andesite should be noted
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S ML A A R . PR, A DG S IR AR A7 A — 2B
7] L, AT 8R T B — 2 sk TAE

(1) 7 TOA B 14 Z il Bk — 2D s oAb #4 &
SVEFRRIRIRST A B A IR 3K B B A 52,
FAR-FRAY B R B SR 2 Flan , A uEdE %
A 25 9 TR A G 0 R 3 ) D A — s S e R
I ARSI TE AR, i AT ZEE— 25 i S 560k
[, SRR R REGTE SR RNREER R Rl 2rs
" Fe-P-O Fll Fe-Ca-P-O IR ? AR SURELA LA
IREVE B 2B S BT R Ll Ca FIP 943
Bl B7 BEAS P2 A AT 7% Ca FI P (IR SR A4
MHESARIRAER A E SRR L K i A
(45 f = R AT ARE R RE IR 7 E SR AL B M S &
e s A AR 537 Fe AEIBAAR-TRAAR Z I 43
i B HeE i PR 2 A S B B AT AR A 2 55 1

(2) 7€ I0A JW™ 1 2 h il Bk — 25 il 1A 2R 51
SRS, A B AR (25 <VE A ; magma de-
gassing) I ELIARSE I . T TOA BUH IR 208 B A v
- R VR I IR R T BRI ASAE A e
o, TN R R A 2 A ) A 2 e o A
EM] B AR B A A A S H 23 5 e S TR VAR A
% A= (Naslund, 1983) , th 23 52 W #% 8k & (1 45
(Botcharnikov et al., 2008) . ItAh, SN FH X -
RERRE B IP B B AT AT M B e NIk, A3
SAEH ST B S A R E S A S A okt B R
B A R R R AR — (R BAS fRER  A
WA I S AAVER R AR A I B

(3) Br/D a7 IR AL, 46 K EB45 IOA B4 JRAR
S R, F AR SRS PR rPOR] DU B ST Y
o P, 28 A R 0T JOA T TR 1 IR 1 2% 16 10 1%
JBCAE— B8 R 562 138 DR 5 8, B AT A mE Bk
FIBE A 3X 2 Fh % B R TR B 5 1) 40 40 e e 7
HTE— 7 AELEIOA B K, 78 5 RH SRR
5 B4Rk 5 JK & (nelsonite ; Chen et al., 2013) , £ 5
WP A A B A 2K BB (I JE AL L ; Hou et al.,
2015) , B WM AR AT, ZHE 0
RIS R B TS IRIEVER T LR & 4
WG R FE I A7 LAAD , Tollari 25 (2006) iy 52 56 25 B
IR AT FIRE RRA 1  fiAf E  1E R S 1),
e UL —FP Y 0 45 2 SRR AR 53— ) ) e
(o BT LAARIEERE B X TOA BIH™ TR 4 B, AR A —
Fofr i A5 2 0 488 S, #0200 ST 3 A 0] 2 R
FEPI SR b, AR A AAE IR

ES R 1 BTN S5 9 U W =5 g s B
WIS FE A B T SRR SR AR AR SE R kR
2% Roman Botcharnikov Z{(#Z [ 15 Bl F1 i 18 DL K2 7 467
V& 24 T e NG e R PO PE o 78 b — R
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