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Immiscibility of sulfate and basic silicate melt under atmospheric pressure
and distribution behavior of REEs in immiscible phase

WANG Dao-bo, XIE Yu-ling and CHEN Huan
(Civil and Resource Engineering School, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: The immiscibility between silicate melt and sulfate melt widely exists in the nature, which is closely
related to the enrichment of metalic elements and mineralization. Currently, the experimental study on the immisci-
bility process between basic silicate and sulfate melt is still weak, as well as the partition behavior of elements in
such process. In this study, we designed a geochemical simulation experiment, which is kept normal pressure and
1 200°C for 12 hours, and then cooled to room temperature within 5 minutes. Cooled samples were analyzed in
detail by micrography, EPMA and in-situ LA-ICP-MS. The results show that sulfate can be miscible with basic

silicate melt in a certain proportion at 1 200°C, and cooling will cause immiscibility between them. After cooling,
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the sample forms two distinct layers. The upper layer is mainly sulfate phase and contains magnesioferrite and for-
sterite crystals. The lower layer is mainly silicate glass phase, and contains sulfate globes and mineral crystals such
as magnesioferrite, hauyne and hematite. The crystallization separation of hauyne caused by cooling and the immis-
cibility between sulfate melt and silicate melt may be the reason for the low S content and relative reduction of sul-
fur rich and relatively oxidized mantle derived basic shallow intrusive and volcanic rocks. The analysis results of
major and trace elements show that Na, Ca, K and REEs tend to enter the sulfate melt in the immiscibility process.
The content of rare earth elements in early immiscible sulfate melt is not high, which has little effect on the content
of rare earth elements in silicate melt. However, the content of rare earth elements in the immiscible sulfate melt
formed in the late stage and low relative temperature is significantly higher than that in the early exsolved sulfate
melt and residual silicate melt. The partition behavior of metalic elements in sulfate melt has a certain correlation
with electronegativity, and the partition coefficient increases with the decrease of electronegativity. The partition

behavior of rare earth elements shows that sulfate melt plays an important role in the enrichment of rare earth

elements, but it can not cause the strong differentiation of light and heavy rare earth elements.
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Si0, 50. 84 Ba 499. 40
Al, O, 15.78 La 30. 14
Fe, 04 12.36 Ce 60. 12
MgO 6.28 Pr 8.21
Ca0 3.49 Nd 35.08
Na, O 3.82 Sm 6.78
K,0 1.36 Eu 2.12
MnO 0.20 Gd 5.71
TiO, 1.33 Th 0.94
ek i 3.68 Dy 4.76
total 99. 14 Ho 0.88
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Be 0.99 Tm 0.35
Sc 20.22 Yb 2.15
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Zn 1731.20 Pb 7.65
Ga 18.30 Bi 0.32
Rb 48.98 Th 4.44
Sr 414.40 U 11.37
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Nb 5.54 Hf 5.55
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1 BRERER i R BRI R B T IR
Fig. 1 Micrographs of sulfate-silicate melt immiscibility
a— PR ERERAN (S1) 1T 2 RERRERBUHAN(C) 5 b—C THIARFRIRAL(S2) 5 c—G PIET A1 ; d—S1 HAYEERR T PN A ;
e—G WABIMEERKD™; —S2 RIMIEEA™; Hyn—E 5 A1 s ME—BERKT™; Fo—BEBE A
a—the upper microcrystalline sulfate phase (S1) and the lower silicate glass phase (G) ; b—sulfate globes (S2) in G; c—hauynite in G;
d—magnesioferrite and forsterite in S1; e—magnesioferrite in the top of G; f—magnesioferrite around S2; Hyn—hauynite; Mfr—magnesioferrite ;
Fo—forsterite
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Fig. 2 Backscattered electron (BSE) image (a) and X-ray energy spectra (h~d) of sulfate globe in the silicate glass
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Fig. 3 BSE image (a) and X-ray element mappings (b~f) of sulfate globe in silicate glass

L Si b
Al FiJi A1Hyn
| O
I Na
S
<UL
Ca Fe
AL , : e
0 100 200 300 400 500 600 700 800 900 1000
_ fiEdit/ev
Si
L C
fuli i B G2
B Mg
s
d
Ca
Au K Fe
1
o A

0 100 200 300 400 500 600 700 s00

fittit/ev

Bl 4 BERRELDEESAE T G I BSE BIME (a) B X ST BEREEI (b, ¢)
Fig. 4 BSE image (a) and X-ray energy spectra (b, ¢) of hauyne and silicate glass

900 1000



5501

TEIE A . 5 N B ARER 5 BV Rk R ER A AN IR ¥ 1 S R W5 77

HORKEIN G S, W] S TEBLEEAR i & AR, 07
A1 7 B2 i R TR S AL TR B D

MEETT O S BERE B R, W7 A1 45 A A
W TEEA™ (I Sa) o X HURERRER BCHE A o A TR 9

IR BETE M 45 5 (] Sh~5d) AT LG 1, RERRE: Bt
HSHIFEH 0.,Si Al Mg Na Fe Ca 4110, - &4
BT (JE Se) , Ho B BE &4 5 B s (781 Sb)
PRy AEE DT A1 (8] 5d)

- b
o BT M
10 pum i "
0 100 200 300 400 500 600 700 800 900 1000
figlit/eV
Si c Si d
RERGEREEREG2 [ O Al 177 FHyn
o) L
Na
Al I S
Na )\"Ig Ca
Ca ; + Au
A Fe K Ca Fe
D A A o RUWY ) .
0 100 200 300 400 500 600 700 800 900 1oop O 100 200 300 400 500 600 700 800 900 1000
HEht/eV HEht/eV

K5 ERRERE MRS 75 41 1% BSE B1MR (a) S X SFLRREIEIE (b~ d)

Fig. 5 BSE image (a) and X-ray energy spectra (h~d) of silicate glass, magnesite and hauyne
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x2 MEMMBAMARMSIKAERBFFENEETET *3 ANRBMEEREMELEPMA FETHRMRER w,/%
FH(wy/ %) HEBTREAM (w,/107) Table 3 EPMA results of immiscible phases

Table 2 Major (w,/ %) and trace elements results (w,/10°)

of mixed powder and sulfate globe bearing silicate glass R SI-1 S1-2 62-1 622 S2-1 522
x o1 o1 Sio, - - 48.48  51.48 - -
Si0, 24.85 4245 AL 04 - - 17.80  17.54 - -
Al, 0y 7.85 16.08 Fe,0, - 0.02 12.58 11.77 0.0l 0.01
Fe,0; 4.23 10.22 MzO  0.93 1 6.15 569  0.87  0.80
MgO 3.96 5.58
Cal 3 08 9.4 Ca0 6.39  6.86 1.83 1.65 6.55 7.88
Na, 0 22.34 13.13 Na,0  37.78 37.36  8.53 7.63 3574 38.73
K,0 1.54 0.69 K,0 2,62 3.03 0.5 0.48 212  2.40
MnQ 0-07 0-13 MnO 0.01 0.01 0.14 0.11 0.03 0.03
TiO, 0. 44 1.86 " : : : : : :
S0, 23.35 5.43 Tio, 0.19  0.03 1.63 1.65 0.38 0.24
Pk it 5.95 0.18 S0, 51.24 50.67 0.74  0.58  50.65 48.01
total 98.55 98.15

1 1 . . .5 ) 11
o W X tota 99.16 98.98 98.39 98.58  96.35 98
Be 0.89 1.84 W S1OHEREREL ; S2 BRIRELBRR ; G2 REIRER IV IEAR, - F R
Se 9.41 16.9 TR
\ 89.4 149
Cr 149 87.8 ~
Co 14.7 25.7 R4 NEBMBEEA LA-ICP-MS TEMXER w,/10°°
Ni 75.2 438.3 Table 4 In situ LA-ICP-MS results of immiscible phases
Cu 20.2 31.1
S1-1 S1-2 G2-1 G2-2 S2-1 S2-2
Zn 38.4 98.9
Ga 6.42 17.5 Na 479000 429200 148000 151900 433 000 443000
Rb 24.2 15.7 Mg 6300 9700 54230 41960 4540 5340
Sr 218 tol Al 2100 2700 29000 32000 - -
Y 7.78 29.8
Mo 0.24 0. 45 Si 4670 5840 467 000 374400 904 1 008
Sh 0.1 0.21 K 54100 33830 5400 6020 56500 57900
Cs 1. 66 2.42 .
Ti 1600 2020 29200 30110 - 46
Ba 180 193
La 787 27 Mn 138 184 3960 2005 121 135
Ce 15.4 54.4 Fe 780 490 328 000 349 100 - 168
Pr 1.98 7.06 Li 232,40 258.00 36.98 63.86 236.42 328.78
Nd 9.17 33.3
Sm 176 6.19 Ba 676.8 649.20 149.33 209.87 401.22 467.98
Eu 0.53 1.46 La 2,34 2.81 22,12 28.04 41.31 54.63
Gd 1.6 5.21 Ce 2.76  3.32  44.02 53.84 96.9  135.5
Th 0.22 0.95
Dy 126 s 0 Pr 0.33 0.38 5.91 7.21  11.02  15.26
Ho 0.26 0.98 Nd 1.37 1.57  27.20 33.74 55.31  77.09
Er 0.69 2.67 Sm 0.20  0.27 4.87 6.10  12.05 17.99
Tm 0.09 0.4 Fu 008  0.08 1.07 1.26  3.40  4.84
Yb 0.66 2.46
- 011 037 Gd 0.15 0.15 4.15  4.69 11.68  16.18
W 0.83 0.75 Th 0.01 0.01 0.84 0.98 1.37 1.97
Pb 2.53 4.06 Dy 0.08  0.08  4.08 4.84 9.62 14.10
Bi 0.03 0.03 Ho 0.01 0.01 0.83 1.01 1.51 2.23
Th 141 2.35 Er 0.03 0.02  2.15 2.62  5.00 7.28
U 0.3 0.87
b 5 3 s Tm - - 0.32 0.4  0.55 0.85
Ta 0.16 141 Yb 0.02 0.0l 1.99  2.49  4.33 6.59
Zr 56.3 368 Lu - - 0.35 0.35 0.54  0.87
Hf 1.45 7.93 LREE  7.23 8.59  109.33 134.89 231.67 321.49
LREE 38.31 134.62 HREE 0.16 0.15 10.57 12.72 22.91  33.90
HREE 3.33 12.85
S REE 53,83 194. 17 SREE  7.39 8.74  119.90 147.61 254.58 355.39

s O MARHR AW A Gl S B Rk BRI AN 05 7 47 (0 Rk £k st TE: S1BURBRAREAR ; S2 BRARERIRAL; G2 JRALREM L BRA; —3
A, AR TR R,
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(ERB A ARELBAE S| B Boynton, 1984)

Fig. 6 Chondrite-normalized REE patterns of immiscible

phases (normalized data after Boynton, 1984)
O1—INIAFHR AR AJ—Z T A K, SRR AR AR ERAH
Gl— B R ER BRI AN EE J7 A7 W IR ER B RS AR SR . S2— Wi EE

BRBL; G2—RERRELBLREA
Ol—mixed powder before heating; AJ—Anji basic dike; S1-—micro-
crystalline sulfate phase; Gl—mixed silicate glass plase with sulfate

spherules and hauynite; S2—sulfate globes; G2—silicate glass phase

MANTRTE . DL 1 200°C Yo Rl B i 92 B0k it 18 )
J& RS L WA 454 B R O S SR i
nm R AR AL JF 2 A BE B PO A Ak . TR AT
DIl 32 2 Ty R IR L BB AR, 5 A B IR R B
B IR T A ST IR, DR ERERERARAR
T 1 200°C 55 T R RIBAGE S RERRER I IR 42 TR
VA R R A A RN IR ) A R AN TR I I I R 4
A H T 2 I T A R A AT [ B SR AR TR A
FERR SR B HSAH P A B ER BROBLAC 2 T AR A i AN TR
HEIP=W) . Veksler 55 (2012) 75 32 56 A [A] £ WL 25 5|
RERRER N Az U TR BROBL A I 42, {2 Veksler 55
(2012) Ay ix e BRI HEAN TR AT B, 2 R o 48
PTG B R, — S YR 4 IR 7 Ak 1R 0 A b i Y
{H Naumov 5 (2008 ) 57 & B, X F 6 R £ 44 1A
EIRERRERIER RIS AEL) 2 s AR PRI o 72
BRI ER A At RT LR PR BRI A rh 43 5 T U2
INRY BTSRRI TE AT 1 300°C 14 A0 B
SRR TEm R AR BRIRER T LA Ak R R J 1A
R ARV, PRI ok TR 56 3 e R v 1 i 2 A ORI
SRR . S35 ASSLg R H ARV A Hoad
FEY 4~5 min, 7] DMEBRFRERIEAARA 7853 1 B 1] ARE
MRl A oy ey, TR A H s e RIZRE,

JETRFR R JE R T B T BEAONS A 1 & L ) EPMA
FHRICEMIAH Ca0 K,0 Fe,0, Fl MgO &1
= TR TR GARE i, R W] LR R IRER IF AR 1A it
PR S A5 Tl %) 7 ), TS A7 5 ek R R 9 A 1) A B A
FH o A PR 6 3 T AH v (%) Rk 35k s 24y g iR o
AR BRI ER A A

AR 55 IR AL A b s A SR A R R 1Y
i IR T R AR A o R A R R e 1
SRERR R AN IR AT DU RO s A S S &
Tt Y AR R FE 8k . W A UL Tk L
E(EATESE, 1982) R AR RIS T R
BRI AT e R R PR ER AR A B L R
TR AR, T A IR R R AR T
RERRER BRI AH D W A TERE M 2R Y R D,
XATRBARER T 2 h R R ER T AN Y ), i E DT A
AR5 53 15 St SR 4 s A v 1 A TR 1Y)
ik, BE IR FME 3B AR 07 2ok A8 Hh B R R 4
VRANTR W K T A 45 73 25 P R SR 1 UK 22 Bk ik
i S SR E AR A A SR B R D
SRERAT A ik R £ IR AR b R RORE H B, A ) R TR
PRERBRORL B T B B v, TBEERAT IR R Y 45 &
TS REURRE T Mg Fe & i B RRAR, 255K m)
RS 575 Ak
3.2 MEBR-ERIABEAERSIERPITENSE

TA

RSB ERER AT R RE IR B AN 1Y 4
T R L], B R R BRR R A Na Ca K
P S TG 25 A Na,SO, , B LR & &
WA TN 2 Rk AR R I A ¢ B 5400 %) it 1Rk 44 1
AR IR U R P e R e &, 1
Bl I E 1 1 — 2D A, 6630 L 2 0 1R R s A A
fUEHE Na Ca K, FLFG +ICE & & 5 TR0
VST IR ER A A RN TR AR Ak R ER A A | 2 T I 30 AR X
TR BRI A5 T IR RRER AR T R TR TR L
BRI ER AT ToC R B4, Wi LIoCR M ERRLRR A
PREfE R (1 6) R LA TR VT8 B i) A R £6
JUER LT R BC 3 2URE 5 W0 A6 S 1 R ) S L
BHA LICHR & s AR T W AR T8
YO HT TR AR A, AR R AR BRORE B R 1 JC R i 42X
SRR B S R i R AR L B ROT R W] B
&V RER TR AU E X5 B R R R &
BRI A AT N & M TR WL —
27 ( Andreeva et al. , 2007 ; Naumov et al. , 2008) ,
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W3 e RS RT3 6,

X6 TRAZHEHBNIFIEr 82 (w,/10°) 54HH
Table 6 Nd and Er contents (w,/10™®) and partition
coefficients in immiscible phases

S1 Gl S2 G2 S1/G1  S2/G2

Nd 1.47 33.30  66.20  30.47 0.04 2.17
Er 0.03 2.67 6. 14 2.39 0.01 2.57

T SUABRIEREE ; G1 A BREREhBRRL AN HE Jr A A Tk R £ B A0
S2 FRERERERKL ; G2 RERRER BRI,

2G2)

Dys
e

K —> s

1

II.REE' REE IHRIEEI Mg Al Fe
Zir

K7 &JRICRTEMmIRER 5 R ER AR Y 73 i R AL

HETHLRE

Fig. 7 Relationship between partition coefficient of metalic

L
K Na Ca

elements and atomic potential
SO—BRRRAR BRRL ; G2—HEMRER I, Z—ICHA B ;
r—IETFHAR(R) 5 Z/r— T
S2—sulfate globe; G2—silicate glass; Z—effective charge of element;

r—atomic radius( A) ; Z/r—atomic potential

3.3 WHRBRERBLIRTHETR

TS R 00 - B B R 8 15 [ 30 e
BRRER 3L (DOrazio et al. , 1998) , L/ i85
PEX R AT RE R IRIRER AL RE R R AE AR IBAE T
15 —AH F= %) ( Freestone and Hamilton, 1980) . #%
R B E AT R Y R R R Y, B 5

T A UM G, B IR 3 T BETE B IR A AU - IR
(st oc RS E LA PR = AR (Xie et al.
2019) . Xie 55 (2015) X % T ~ 78 E i sy i)
G I A T AT LB R i A e A A A A
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70% ~75% o 151 25 50 A 18" PR f9 3 A1 v % 2R
A ZMABRIR LI R IR (I £ #2855, 2019) 3R
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S HEO U BRI 5 2% 6 M+ 0 3 RV E A
FIT R IR S 0 S AT A AN [ R (H AR R Eh
SipfiERE R Eh 1% & ( Wendlandt and Harrison, 1979)
o} ZHIARIRVE (Zhang et al. , 2017) AT RES2 BT Tk R
FR AL AL, WP Lo R EEM A,
Veksler 55 (2012) B 5256 25 S FE 01 | 70 0k 152 £5 5 Bl 1
RERRER IS RN IR I f v, W O R F kA SR
PRERIAAR , K22 LU R (BRI ~ ik R AR I 1A P iy
SIERBUNT | ABTEREPE AR R L 5 R AL Y IR B
PERERS Eh 5 B R BRI R I AN TR A 2 g b W Lo R
W S ] TR B R AR A A RN AL W R T s 4R
BEM TR T AHE (Veksler et al. , 2012)
ARSCH) SRR 45 Rt — 0 R B Eh 5 HE M kR £h
FEVRBIASTR IS [RIRE 7T DA AR - T R AE B IR Eh 45 4
E2E 5 Veksler 25 (2012) F 4 A AH - i 52 596 25 S
AAARL PRI Bl TR e s A vy O S 4 R 5k 119 A7 7 7T g
T BRI TP LR e AR AR RE IS R
AT IJUR BRI S, BRIRIREL AN, Bk R 4 1A
W AL A AR AR e AR X T R R
R AT ) TR R TR, K R R
Hif oo R R AL R E M s R IR AU S A AR
SRR A I A Th B R SR ALY A 3 [ A T Y
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AR Z TP N R A R (R 4R, 2020)
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