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2008 ; Charlier et al.
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( Philpotts  1982; Jakobsen et al. 2005 2011;
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(Roedder and Weiblen 1970a b 1971; Jakobsen et
al. 2005 2011; Charlier et al. 2011 2013;
Charlier and Grove 2012)

Skaergaard

(Wager and Brown 1968; Brooks and Nielsen
1978 1990; Hunter and Sparks 1987; Hanghgj et
al.  1995; McBirmey and Naslund 1990; Toplis and
Carroll 1995; Tegner 1997; Ariskin 1999; Jang et
al.  2001; Nielsen 2004).

(Philpotts  2008) ;

(Holness et al. 2011; Kamenetsky et al. 2013;

Charlier et al. 2013).

(Veksler et al. 2007 ; Jakobsen et al.
Hou Tong and Veksler 2015) .

2011;

Fe. Si
(Roedder and Weiblen 1971; De 1974 ; Philpotts.
1976 1982)
o Fe.
Si
(Jakobsen et al.
al.  2011; Fischer et al. 2016).

2005 ; Charlier et

19 20

( Scrope  1825; Loewinson—
Lessing 1884; Daly 1914). 20 20

( FeO—
Si0,+ Mn0O—Si0, . Mg0—Si0,. Ca0—Si0,+ TiO,—
Si0,) (
)
(Greig 1927a b).
o 20 50 — —
(Roedder 1951)
. 20
70 11,12
( lad a=2)(Roedder and

Weiblen 1970a b 1971).
(De 1974; Sato 1978; Philpotts 1979
1982) ( McBirney and

Nakamura 1974; McBimey 1975)

( Philpotts 1976  1982; Roedder

1979)

( 1l¢)
(Charlier and Grove 2012; Charlier
2013 ; Sensarma and Palme 2013).

( 1b)

et al.

( 1.
2005

VanTongeren and

d) (Zhou Meifu et al. 2005; Jakobsen et al.
2011; Charlier et al. 2011;
Mathez 2012; Wang Christina Yan and Zhou Meifu
2013 ; Dong Huan et al. 2013; 2013; Liu

2014a)
(Veksler et al.
Veksler 2015)

Pingping et al.
2007 ; Hou Tong and

2

: AG = AH -
TAS T Te ( )
(TAS) <AH G
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20pm
e,

1
Fig. 1 Micrographs of the appearance of silicate liquid immiscibility
(a) :(ad) Fe . Si R (a2)
Si (Roedder and Weiblen 1970b) ; (b)
Si (Charlier et al. 2013) ;(c) Sept lles
Fe Si (Charlier and Grove 2012) ;(d) Sept Iles
Fe. Si (Charlier et al. 2011) . :Lig Fe—  Fe ;Lig Si—  Si
;Op— ;Pl— ;Aug— s Mi— JAp—

(a) Wedgedike inclusion in plagioclase of the lunar basalt: (a-) The inclusion consists of Ferich glass Sirich glass blebs

Fe

V—

coarse augite and

shrinkage bubble (a2) The inclusion is composed of coarse pyroxene opaque mineral and teethdike row of Si-rich glass blebs (Roedder and

Weiblen 1970b). (b) Olivine basalt from Deccan large igneous province: immiscible Fe-rich glass spheres are dispersed in interstitial Si—rich glass

(Charlier et al. 2013). (c¢) Experiment on the composition of fine-grained monzonite dyke cross-cutting the Sept Iles layered intrusion showing

Fe-rich immiscible globules in Sirich liquid (Charlier and Grove 2012). (d) Homogenized melt inclusion in apatite from Sept lles layered

intrusion containing immiscible Fe-rich Sirich liquids and some bubbles (Charlier et al. 2011). Abbreviations in this figure: Liq Fe— Fe-rich

melt; Liq Si— Si—rich melt; V— shrinkage bubble; Op— opaque mineral; Pl— plagioclase; Aug— augite; Mt— magnetite; Ap— apatite

( ) (Naslund
AH AG 1987; 1997) .

( Al A Al
1985; 1997; 2003) .

1983;
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2.1 1976) . P,0.
( (Juster et al.
Fe.Ti.P.Ca.Al.Mg.Na.K) 1989 ; Toplis and Carroll 1995) P
( P Ti) ( Freestone 1978 ; o Fe
Ryerson and Hess 1978; Naslund 1983; P
1987; Bogaerts and Schmidt 2006; Charlier and Fe
Grove 2012). o Ryerson and Hess
Fe'* \Ti*" \P°" (1980) P Si—Al
Mg** .Ca** Si
( 1993; Bogaerts and Schmidt 2006;
Charlier and Grove 2012). Fe** p o P
Mg** . Ca’* Si—0 ( si )
P
o (Hess 1977).
Fe . Tio,
Fe
Fe P, 0, ( Kushiro
Fe (Greig 1927a b; Visser and 1975) . Ti AN
Koster van Groos 1979a; Naslund 1983) .,
Fe (Mysen et al. 1980; Ryerson 1985)., .
(Dixon and Rutherford 1979; Martin and Ti Si—Al—O0
Kushiro  1991; Mcbirney and Naslund  1990; ( ) 6 Ti
Naslund 1983 ; Philipotts and Doly 1983). ( ) (Bogaerts and Schdmit
2006) - Ti Si—Al—O0
Fe
( 10 ~20°C) Ti P
Fe (18% ~ 22% FeO) ( Dixon and (Hess 1991) Ti
Rutherford 1979; Martin and Kushiro 1991) . P (Bogaerts and Schmidt
Fe 2006) .
? Charlier and Grove (2012) KAISi; O;—FeO—Fe, 0,—Si0, ( = CaO. =
Fe Al,0,) Ca0
Fe  .Si 3% n(AD/ n(K) 2
(Fe—Ti ) ; n(Al)/ n(K) 1
Sept Iles CaO 5%
(Naslund  1983). KAISi; O;—FeO—Fe, 0,—
FeO(9.8%) Sio, Si0, + MgO MgO 5%
(60.4%) » Fe ( Naslund 1983). Fe,
. Si0,—KAISi, 0,—Si0,
P MgO FeO
/ MgO 5%
Fe ; MgO CaO

(Bogaerts and Schmidt 2006; Ryerson and Hess

1979b; Watson

1978 ; Visser and Koster van Groos

(Bogaerts and Schmidt 2006) .
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Al Ca. Mg o
(Na.
K) Ca (Naslund

1983; Charlier and Grove 2012).

2.2
(Charlier and Grove 2012). MORB
(10% MgO) 0.1% 5% ~
6% MgO 0. 4% ~ 0. 6%

(Danyushevsky 2001) .

(Lester et al. 2013) .

(Mysen 2007; Mysen and Cody 2004
2005; Lester et al. 2013)
(Berndt et al. 2005;
Botcharnikov et al. 2008; Charlier and Grove
2012)

0—Si
(Hess
1980; Mysen 2007). Lester (2013)  Fe,0,—
Fe,0,—KAISi,0,—Si0,—H,0
«C 2)

o Lester (2013)
Ca0.Na,0.MgO
(10%)

WAL
1150 | /ﬁ B HH }Q
1100t
O 1050} "
;;P/( oK, ANRE Y e
- (Lesteretal.,2013)
%= 1000} N
ok, NRBEBERES
s (Charlier and Grove, 2012)
900} S N
CaO+MgO+FeO $i0,+Na,0
+Ti0,+P.0, +K,0+ALO,

2
Charlier and Grove (2012)
Fig. 2 Potential effect of increasing water content on the
differentiation of basaltic magma after Charlier and Grove

(2012)

N (Charlier and Grove 2012)
N (Lester et al. 2013)
The potential twoiquid field during the evolution of basaltic magma
is confined by binodal curves. The magma goes into two-iquid field
when fractional crystallization trend line intersects the potential
binodal curves. The solid curve displays the twodiquid field under
anhydrous condition. In regard to the potential effect of water content
on immiscibility one point of view is that the critical temperature of
liquid immiscibility would decrease and the twodiquid field would be
narrowed down with increasing water content in the magmatic system
(Charlier and Grove 2012) however another opposing view is
that both critical temperature and twodiquid field increase with

increasing water (Lester et al. 2013)

( )
( Sisson and Grove 1993;

Botcharnikov et al.  2008)

Fe
(Charlier and Grove 2012).
NaAlSi;O;—Na, CO,
(Koster van Groos
and Wyllie 1968; Lee and Wyllie 1994) .
Charlier and Grove (2012)
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o

(Médard and Grove 2008) Charlier and Grove
(2012)

¢ 2)-
2.3

(Visser and Koster van Groos 1979c; Bogaerts and
Schmidt 2006; Charlier and Grove 2012).
Ca0—Si0, Mg0O—SiO, CaMgSi, 0,—Si0,

(Hudon et al. 2004)
Al Fe.Na.K
0. 1MPa (Dixon and Rutherford 1979;

Philpotts 1979 Philpotts and Doyle 1983 ; Tollari et

al. 2006; Charlier and Grove 2012) 800 ~
2500 MPa (Watson 1980)

(Grove and Baker 1984; Grove et al. 1992;
Villiger et al. 2004 2007)
Fe.Ti

Fe.Ti
( Charlier and Grove 2012).
(Grove and
Baker 1984; Sisson and Grove 1993; Villiger et
al. 2007 ; Botcharnikov et al. 2008)
Fe VAl

(Charlier and Grove 2012; Charlier et al. 2013).

(Lester et al. 2013) .
<2GPa
(Medard and
Grove 2008; Almeev et al. 2007; Gaetani and

Grove 1998)

2.4
KAISi, O,—FeO—Fe, 0,—Si0,
NaAlSi,0;—FeO—Fe,0,—Si0,

( Naslund
1983) .
30°C
Fe (Toplis and Carroll
1995) .
Fe
o Philpotts and Doyle (1983)
—  (FMQ) 1018°C
— (NNO)
Naslund (1983)
Si0,
— — (TFQ) ~ —
—  (FMQ) — —  (MHOQ)
Sio,
— (MFF) — —
(MHF) .
3

(Veksler et al. 2007; McBirney

2008 ; Philpotts 1981 2008; Charlier and Grove
2012)

Si0,—FeO (MnO. MO+



Ca0.TiO,) 1700°C
(Greig 1927a b)
(Philpotts  2008) »

Naslund (1983) KAISi, O;,—FeO —Fe, 0,—

Si0,( = Mg0 + MnO + TiO,) 0.1 MPa—
1465°C
( FeO 30%
) Ca0.Na,O
1040C
90% ~ 95% (Dixon and
Rutherford  1979; Philpotts 1979; Philpotts and

Doyle 1983; Charlier and Grove 2012).
Veksler (2007)

Skaergaard
> 1100°C
Skaergaard
o Veksler (2007)
Visser and Koster van Groos
(1979a)
( Philpotts
2008; McBirney 2008; Morse 2008) .
Veksler (2007)
Khungtukun
Disco (Bird et al. 1981;
Kamenetsky et al. 2013) Karymsky —
(Krasov and Clocchiatti  1979)
MgO
(Veksler et al. 2007) . Philpotts (1981)

Mg

( Charlier and
Grove 2012; Charlier et al. Charlier and

Grove (2012)

2013) .

745
Ang 4 Angg
Fo,; 5 Foy g0
(McBirney 1975) .
Skaergaard

(Jakobsen et al. 2011).

( Charlier et al.

2013) .
( 1991) .
(Schmidt et al. 2006; Veksler
et al. 2007) (
) ( .
\ )
(Jakobsen et al. 2011).

Fe,0,—Fe,0,—KAISi, 0,—Si0,—H, O

1210°C (Lester et al.
Veksler (2007) (2013)
Hou Tong and Veksler (2015)

2013) .

1150+
1200°C 24h

( >1100C) .

Fe (Liu Pingping et al. 2014a)



746 2017
4 Ca Fe Si
(Naslund 1983).
Ca-Mg.P.Ti.Mn
Fe Si
. :Ti > Mn > P > Mg > Ca (Naslund
Fe.Si 1983) P> Ti > Mn
Fe Si > Ca > Mg (Watson 1976) . . N
Fe.
(Biggar 1983). KAISi,0,—FeO—  Si i Fe

Fe,0,—Si0,( £ Ca0 £ Al,0,) > .
AL, 0, Al Fe Si Si Siv Al (

1 . . (%)

Table 1 Some representative compositions ( %) of immiscible melts from experimental petrology

volcanic rocks and layered intrusions

Si0, | TiO, | AlLO; | FeO' | MnO | MgO | CaO | Na,O | K,0 | P,0s
-10 Fe 43.50 | 3.84 6.07 | 27.60 | 0.33 1.04 10.50 | 0.53 1.10 5.61 | 100.12
Si 76.20 | 0.66 10.60 | 4.27 0.05 0.08 1.58 2.15 4.58 0.23 | 100.40
2@ Fe 49.50 | 2.53 8.70 | 21.80 | 0.29 1.42 8.51 1.57 1.25 2.44 | 98.01
Si 62.40 1.48 10.60 | 12.50 | 0.15 0.76 5.10 2.14 2.66 1.03 98.82
-3® Fe 45.90 | 4.82 7.10 | 20.24 | 0.69 2.40 10.93 1.99 0.23 4.54 | 98.84
Si 66.10 1.47 10.90 | 9.87 0.23 0.97 3.98 3.14 0.96 1.18 | 98.80
-4 Fe 45.10 | 7.56 7.30 | 20.64 | 0.89 1.93 10.74 1.61 0.12 2.87 | 98.76
Si 69.50 | 2.68 10.40 | 7.15 0.15 0.81 4.04 2.15 0.79 0.51 98.18
® Fe 41.50 | 5.80 3.70 | 31.00 | 0.50 0.90 9.40 0.80 0.70 3.50 | 97.80
Si 73.30 | 0.80 12.10 | 3.20 0.00 0.00 1.80 3.10 3.30 0.07 | 97.67
© Fe 37.10 | 8.20 5.10 | 28.90 | 0.50 1.90 8.70 1.10 1.60 3.40 | 97.00
Si 65.40 1.00 13.90 | 4.00 0.00 0.50 2.30 4.00 4.90 0.50 | 96.50
@ Fe 42.40 1.43 8.83 20.50 | 0.50 5.46 16.31 1.11 0.30 1.41 98.24
Si 69.68 | 0.24 14.47 2.76 0.12 0.64 5.14 2.82 2.26 0.25 98.38
Skaergaard® Fe 40.67 1.86 7.87 30.85 0.51 2.35 8.97 1.58 1.03 0.25 95.94
Si 65.58 | 0.22 12.95 8.63 0.13 0.47 2.00 4.33 3.68 0.03 98.03
Sept Tles — 1 Fe 38.51 1.50 12.50 | 15.59 | 0.16 7.39 12.46 | 2.24 1.58 7.11 99.02
Si 68.86 | 0.44 16.40 1.39 0.08 0.43 1.88 4.96 4.93 0.23 99.59
Sept Tles —2® Fe 53.45 3.92 14.58 | 6.71 0.07 2.78 5.25 4.99 2.69 3.49 | 97.94
St 68.38 | 0.53 16.70 1.35 0.02 0.28 1.15 5.15 5.81 0.11 99.49
D ( Thingmuli ) QFM. \0.1 MPa 1120C 1C/h 964°C
(Charlier and Grove 2012)
@) ( Thingmuli ) QFM. ~latm 1130°C 1C/h 1005°C
(Charlier and Grove 2012)
@ ( VG DB) MMO. \latm 1200°C 2
C/h 1006°C (Dixon and Rutherford 1979)
@ ( VG D) NNO. <latm 1210°€C 1C/h
1015°C (Dixon and Rutherford 1979)
® (Philpotts  1982)
© (Philpotts  1982)
@ ( 2013)
® Skaergaard (Jakobsen et al.  2005)
@ Sept lles (~200m )7.3m (Charlier et al. 2011)
a0 Sept Tles (~200m )78.1m (Charlier et al. 2011)
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1) (Watson 1976; Veksler et al. 2006; Bogaerts
and Schmidt 2006) . T
K FE 2R IR - ok E
Charlier (2013) T MR e Fris 4 &
/4% R
A) VJV"E'Il'l
7 AR v I R HE A I 4 i
. Sept Iles ~200m © . %
Fe—Ti—P + Si—Al—Na &
Fe. Si
(Charlier et al. 2011 2013). .
Bushveld 200 ~300m N
Fe. Si 20 30 40 50 60 70 80
( Fischer et al. 2016). $10:(%)
VanTongeren and Mathez (2012)  Bushveld 3.
625m Fig. 3 Schematic liquid line of descent for basaltic
magma passing through two-iquid field
325m Si
300m Fe
( 1998) .
(
F S 1998 ; Charlier et al. 2013)
e N i
(Veksler et al. 2010; Charlier et al. 2013).
Fe v S
( Fe
+ Si )
(
1990b) » Skaergaard
arlier and Grove ; Charlier et al.
(  3) (Charli d G 2012; Charli 1
2013) . 3
(Humphreys 2009 2011).
Si Si
Si
(
1990a b). ’
5
( 1990a b).
Skaergaard .
F ( Charlier et
e N
. al. 2013)
Si
Si )
Fe ’
(Holness et al.
2011) . ’

( Martin and Kushiro
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1991)
0.1MPa, $7JE 2 R A K1k &
40
(Roedder 1979).
( =30
1998) . &
~ 10nm (Burnett and Douglas 1970; ﬁ;j 50
Veksler et al.  2008) » i% n}COZ)/n(HZ):IO.SS
Ostwald - 0
(Veksler et al. 2008) . Ostwald
0 n(CO,)/n(H,)=14
02 04 06 08 10 12 14 16 1.8
NIRRT Y E A (pm)
4
Martin and Kushiro (1991)
Fig. 4 Relationship between the average diameter
° of immiscible globules and cooling rate
Ostwald after Martin and Kushiro (1991)
(Veksler et al. 2008) . n(CO,) /n(H,)
The n(CO,) /n(H,) value is used to
represent magma’ s fugaci
(Martin and Kushiro 1991) . present mag gty
( ( 1986 ; 1994)
1998) . (1998)
2
y, = 20 M
10° 10" . ! ( )
t
o Veksler Ap p
(2008 2010) (9.8 m/sz) n i
Si Fe
Fe Si Si
Si Fe Fe Si
( Veksler et al. 2008). Martin and Kushiro
(1991)
(Sparks et al. 1980) -

\ « 9

( 1989) .
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r( ) ( Si
) (r-
) Si Si
( (Holness et al. 2011)
1989) : Si
* N2
e @
n Si (Chung
) (1 ° Hye-Yoon and Mungall 2009) .
(1998) 2 Fe
(r>r) ° Fe o
6 N
( + .
) Bowen—Fenner + Daly
° N Fe—Ti—P
(Chung Hye-Yoon and Mungall 2009) . .
M o o
« )
(Sparks et al. 1985). 6.1 Bowen—Fenner
Bowen—Fenner
~200m(Tait and Jauppart 1992) Si ( Bowen ) (Bowen
1928) Fe (Fenner )
(Tait et al. 1984 ; Morse (Fenner 1929) .
1986; McBirney 1995 2002; Toplis et al. 2008) N N
Fe Si
(Sparks et al. 1985) . Skaergaard Fe. Si o
Fe Si
(Holness et al. 2007 2011; Tegner et al. 2009) . o
6.2 Daly
(Spaks et al.  1985) .
Daly o
Fe ~Si
Daly
Fe Si . Fe (Daly 1914).
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(Marsh 1981; Mungall and Martin 1995) ;
SiO,
(Grove and Donnelly—

Nolan 1986; Peccerillo et al. 2003) .
Daly

Daly (Charlier et al. 2011
2013) .
6.3

Si0,
65% ~ T75% (Coleman and Peterman 1975;
Miyashiro et al. 1970; Byerly et al. 1976).

( Coleman and
1975; Spulber and Rutherford 1983;

1989)

Peterman
Juster et al.

(Beard and Lofgren

1991; Floyd et al. 1998 ; France et al. 2010).
Dixon and Rutherford (1979)
Si
o Charlier
(2013)
6.4 Fe—Ti—P
Fe—Ti—P
( Dymek and
Owens 2001) . s
N N (
2008) . Fe—Ti—P
(Dymek and Owens
2001) (Philpotts 1967 ; Darling and
Florence 1995) o

Fe—Ti—P
. (
2010) . .
Fe—Ti—P (Chen Wei Terry et al.
2013; Wang Meng et al. 2016; He Hailong et al.
2016) Fe—Ti—P
6.5 —
Fe—Ti—V
~ 6500m > 50%
~20.42m(Tegner et al. 2006)
~2000m
~60m ( 1998) .
Fe.Ti
(Ganino et al. 2008 ; Pang
Kwan-Nang et al. 2008a b);
Fe.Ti

(Zhou Meifu et al. 2005
2013; Wang Christina Yan and Zhou
2014a b).

2013;
Meifu 2013; Liu Pingping et al.

Fe.Ti.V
Fe ( 1993 ; Veksler et al.
2006) Fe.Ti.V
Fe. Si (

2013) Fe—Ti—Ca N

Fe. Si (Dong Huan et al. 2013)

Fe (Liu

Pingping et al. 2014b)
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o
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Research Status and Existing Problems of Silicate Liquid
Immiscibility in Intermediate—Basic Magma

WANG Kun' ® DONG Huan” CAO Yonghua' ® WU Xiaoji' ?
1) Key Laboratory of Mineralogy and Metallogeny Guangzhou Institute of Geochemistry
Chinese Academy of Sciences Guangzhou 510640;
2) University of Chinese Academy of Sciences Beijing 100049

Abstract: As an important way of magma evolution silicate liquid immiscibility has been widely reported in
the forming process of lunar and terrestrial samples. During the process of silicate liquid immiscibility a single—
component melt split into Fe—rich and Si—ich two melts with distinct compositions. The contrary evolution paths of
the conjugate immiscible melts may provide good explanations for many key issues on petrology and metallogeny.
However the petrological significance of silicate liquid immiscibility has been debated all the time since its being
put forward at the early stage of modern petrology. In the early days the central point of argument on immiscibility
is whether silicate liquid immiscibility exists in the natural magma. In recent years high-temperature ( >1100°C)
silicate liquid immiscibility has been the bone of contention. In addition some issues including the water’ s effect
on liquid immiscibility phase separation of immiscible melts are also controversial. But now available researches
can explain in large extent the mechanisms of the onset and evolution of silicate liquid immiscibility. In this
paper we review the history of silicate liquid immiscibility and introduce the research progresses on several
aspects including affecting factors on immisciblity the starting temperature of immiscibility compositions and
evolution of immiscible melts generation and mutual separation of immiscible melts. We discuss the significance of
silicate liquid immiscibility on petrology and metallogeny from the perspectives of surveying the roles that silicate
liquid immiscibility may play in some important scientific issues such as Bowen—Fenner controversy Daly gap the
genesis of oceanic plagiogranite Fe—Ti—P ore deposit in massif-type anorthosite and giant Fe—Ti—V oxide
deposit in layered intrusion. At last we conclude the existing problems on silicate liquid immiscibility and think
that further in-depth work are needed in the aspects such as the conditions for the onset of immiscibility isotope
fractionation in unmixing process and dynamic process of phase separation between immiscible melts.

Keywords: magma evolution; liquid—liquid immiscibility; fractional crystallization; petrology; mineral
deposits
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