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Abstract Study of sapphirine and related mineral association in the high-grade re-
gion of the Larsemann Hills, East Antarctica, shows that sapphirine of the area is
characterized by its magnesio-, iron- and aluminum-rich, but silica-poor feature, and
the obvious intra- and intergrain changes in compositions. The change is mainly mani-
fested as the Tschermark substitution (Mg, Fe) + Si =2Al. In the high-grade meta-
morphism and anatexis process the multistage crystallization of minerals occurred and
resulted in the complexity of the mineral association, such as the differentiation of
leuco- and melano-components. Among them, the mafic-rich minerals formed earlier,
and the differentiation of magnesio- and iron-components is responsible for the earlier
presence of iron-rich minerals and later crystallization of magnesio-rich minerals, thus
the successive associations of multistage occurred. The rock composition is an impor-
tant but not critical factor to the occurrence of sapphirine. It is the mobilization of
components that accounts for the formation of sapphirine. The multistage evolution of
mineral association to some degree reflects the changing composition and opening of
the setting. It is therefore deduced that the protolith from which sapphirine is derived
is not necessarily magnesio-rich pelite. The heterogeneity of sapphirine composition is
resulted from the various media, not the PT changes. Sapphirine formed at
840 ~ 880 T ,not the so-called ultrahigh temperature candition( > 1000 C). lts for-
mation is related to both the filtration and diffusion processes in high-grade metamor-
phism and anatexis.

Key words sapphirine, component mobilization, formation condition, Larsemann
Hills.

1 Introduction

Sapphirine is a aluminum-rich and silica-deficient mafic mineral. It generally occurs
in the granulite-facies rocks, especially in the Precambrian metamorphic rocks!'). The
mineral can be found both in the low-pressure granulites and some high-pressure rocks, like
its occurrence in the metamorphic rocks of the collisional HP/HT orogeny in the Paleozoie,
in the magmatic rocks Occasionally[z]. The ultrahigh temperature sapphirine + quartz as-
semblage was firstly reported in the Napier Complex, East Antarctical®] . The association of

sapphirine with other minerals usually reflects the special metamorphic setting. To date, the
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mineral in China has been reported from the low-preesure granulite-facies quartzofeldspathic
gneiss in the Paleoproterozoic in the Dagingshan Mountains, Inner Mongolial*! and high-
pressure basic granulites in the Altyn Mountains, Xinjiang!].

The occurrence of sapphirine was first reported by Tong et all®7] in the high-grade qu-
artzofeldspathic gneiss of the Neoproterozoic mobile belt in the Larsemann Hills, East Ant-
arctica. Now it is generally known that the major event of the region occurred c. 550 Ma
ago!810] . According to the petrographic and PT estimates evidence, Ren et al. (1992) (]
pointed out that some high-grade metamorphic relics of relatively earlier( like the 1000Ma)
event might be preserved in some rocks, and Tong et al. (%] correlated the formation of sap-
phirine to the possible earlier event on the basis of the mineral sequence and PT calcula-
tion. But detailed metamorphic texture analysis shows that sapphirine and related minerals
may also form in the major Pan-African event in the region, reflecting special metamorphic
process.

2 Geological occurrence

The high-grade area of the Larsemann Hills is dominated by the high amphibolite facies
to granulite facies quartzofeldspathic gneisses and interlayered with minor mafic granulites
(9-11] ' The sapphirine-bearing rock crops out at the Stornes Peninsu-
la, Larsemann Hills( see the Fig. 1 of Tong et al. [6]). The rock is deep grey in color and
interleaved with the biotie plagiogneiss, sillimanite gneiss and the biotite-, prismatine- and
opaque minerals-rich gneisses('2],

and granite intrusions
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Fig.1 Lithological map of the Larsemann Hills.

3 Petrography

According to the field and microscope observations, most quartzofeldspathic gneisses
have the initial assemblage of Bt + Pl + Qtz. With or without the presence of sillimanite, the
gneisses evolved to different directions( details in separate paper). In the sil-absent rock,
the minerals garnet, K-feldspar or orthopyroxene are formed, which is the most general ex-
istence of the high-grade quartzofeldspathic gneisses. While in the Sil-present metamorphic
rocks, the assemblages show great diversities and complexity. The formation of sapphirine
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is simply related with the case.

The sapphirine-bearing metamorphic rock contemporaneously contains sillimanite, her-
cynite and opaque minerals of Fe-Ti oxides which are usually accompanied by prismatine
and cordierite ( Fig. 2D). So the general association can include biotite, plagioclase,
quartz, corundum, sapphirine, hercynite, tourmaline, prismatine, grandidierite, cordier-
ite, magnetite, ilmenite, hematite and retrograge biotiteand chlorite. Among them, the bio-
tite, plagioclase and prismatine are rock-forming minerals, while hercynite and sapphirine
are minor or trace in amount. The rock Tong et al. (] reported has sapphirine and orthopy-
roxene, but borosilicates are absent. Here two samples ( samples 126-9 and 20202) with
sapphirine are described. The sample 126-9 is biotite plagiogneiss. , Bbesides biotite, pla-
gioclase and quartz, minor prismatine, corundum, hercynite, magnetite, zircon and mona-
zite are present in the sample. While in sample 20202, there are assemblage prismatine,
sillimanite, cordierite as the major phases and accessory minerals hercynite, hematite, il-
menite, quartz, zircon and monazite.

0.2 mm 0.2 mm Op

Fig. 2 Some mineral textures in the Larsemann Hills. A-outcrop scale texture between Sil, Grt, Op and Crd; B-
gamet is substituted by Prs-Pl, plane polarized; C-the association of Prs-Pl and Gdd-Kfs, cross polar-
ized; D- Spr-Prs-Crd-Spl-HIM-Pl assemblage in sample 20202, plane polarized.

Due to the progressive metamorphism, structure effect and local changes in composi-
tions of rock and/or volatiles, the mineral crystallization sequence became rather complicat-
ed, such as acompanying sillimanite( fibrolite and subsequent prismatic sillimanite) in the
biotite plagioclase, some oxides( magnetite, ilmenite, hematite or abbreviated as HIM and
corundum ) may form. After that, thin lensoid hercynite or sapphirine crystallized along the
margin or fractures of magnetite (Fig. 3). In texture relationships, sapphirine and her-
cynite are intimately related to each other, so the two may form at nearly the same stage.
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Tong et al. %) noticed that sometimes hercynite is present as inclusion in sapphirine, but no
reaction relations were observed between them. So hercynite and sapphirine may coexist and
the former began to crystallize earlier, but the latter’ s crystallization ended late. The il-
menite exsolution in hematite is also shown as long lenses in shape, so the formation of both
the Hey and Spr are possiblly postdated the crystallization of the oxides. In addition, Hey-
Spr are noticed to be included in prismatine ( Fig. 2D), Hcy-Spr and Prs are overgrown the
HIM assemblage, so Hey, Spr and Prs may be derived from the Fe-Ti oxides. Grandidierite
and cordierite can be observed along the margin or cleavages of prismatinel'*). Finally, oc-
curred small amount of sillimanite, tourmaline, biotite and chlorite, therefore there may be
the fo[llo}ving crystallization sequence. The minerals abbreviations are mainly after that of
KIB[’.Z 14 .

Btl + Pl + Qtz + Trn + Ap—Fib—Sil-HIM + Crm— Grt-P1-Kfs—Spl-Spr + Crn—Bt2—
Prs-Pl + Qtz + Mna + Xnt, Gdd-Kfs + Qtz—Crd—Trm-Bt-Sil—Phl-Chl
At each stage of the sequence the minerals crystallized nearly contemporaneously.

(B)

Fig.3 BSE images of the assemhlage Spr-Spl-Crn-Bt along the margin of magnetite in sample 126-9. A- Fe im-
age; B-Al image. The sapphirine outline at the top comer of magnetite in Al-image(B) is obvious and
blurred in Fe-image( A). The background is plagioclase( An19.5).

3 Composition feature

The compositions of sapphirine and related minerals are shown in table 1. The analysis
is measured in the Electronic Microprobe Analysis Laboratory of the Institute of Mineral and
Resources, CAGS, by the JEOL JXA8800 microprobe, with the electronic beam accelera-
ting voltage 20KeV , and the current 2 x 102 A.

Compared with other localities in the world, like that from the Napier complex( Xmg =
0.746) 151 | 2000, Eastern Ghats, India( Xmg =0. 757 ~62) , and Greenland( Xmg =
0.82 ~0.95) (6] the sapphirine( Xmg =0.702 ~0.716) in the study region has relative-
ly high contents of Fe, Al and low Si, Mg(Table 1). Take the first spot as an example, the
formula of sapphirine can be expressed as:

(Mg, 575 Fey 029 Alg. 478 Tig. 003 Cro. 010 Mng, 001 Zng, 002 ) 4. 108 Als. 000 € Siy. 300 Alg 691 ) 2.000

Oy or ( Mgy 575 Fed fo6 Fed 15 Alg 478 Tio.003 Cro.010 Mng_001 21,002 ) 4..000 Als. 000 ( Siy. 300
Alg 601 ) 2.00002 or simplified as: (Mg, Fe, Al)4Alg(Si, Al)Oy.
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3.1 Composition correlation in sapphirine

One of the most prominent feature of sapphirine composition in the samples is that the
major elements of the formula can vary a lot from one grain to another. Tong et al. () also
noticed the phenomenon. This can be described by the correlation among different oxide
compositions.

According to the correlation analysis of the oxide composition in sapphirine( Table 1) ,
it is known that either the components of Al,0;, MgO, FeO, or the correlation between
SiO, and MgO, are positively correlated, but negative correlation between Al,O; and SiO, ,
implying that these components are the major factors in the composition changes of the min-
eral.

In the sapphirine formula, the correlation between Mg-Fe is basically positive, occa-
sionally negative or positive between Si and Fe, Mg + Fe, and the latter two show negative
correlation with Al, suggesting the predominant Tschermark substitution ( Mg,Fe) + Si =
2Al in sapphirine. If Fe is subdivided into Fe?* and Fe?* , there may be positive correla-
tion between Si, Mg and Fe?* | negative correlation between Si and Fe** | Al and Fe?* |
Fe?* and Fe3* | that is,

(Mg,Fe?* ) +Si=2(Al,Fe’*)

Considering the co-existence of Al'"Y and A1"! in sapphirine, we know that positive cor-
relation between Fe** and A1Y!| and negative correlation between Fe? * -Al1V! and Al'Y | Mg
and AlY', demonstrating the substitution of (Mg, Fe?*) by AlY';

(Mg,Fe?*) +Si=(AIV' Fe3+) + AIY

which is identical with the substitution put forward by Higgins et al. {173,

Comparing the Xmg of the mafic minerals in the two samples( Table 1) , it can be seen that
the Xmg of the rock-forming minerals Prs and early Bt; in 20202 is relatively large, but
Xmg of the minerals in 126-9 is small. The contrary situation for the trace amount of Hcy-
Spr-Bt, (late biotite) ; the Xmg is larger in 126-9. Compared with the early Bt,, the late
biotite ( Bt, ) is rich in Mg, Al, Si and Zn, but poor in Na and Fe(Table 1) , which is con-
sistent with the crystallization sequence or the evolving direction of decreasing amount of
(MgO +FeO) and XFe. If the Prs composition is controlled by the bulk chemistry, then
the composition of Spr may be constrained by quite different factors. Of course the co-exist-
ing assemblage Hcy-Spr-Bt, formed in the same stage, and their formation might be related
to the mobility of components ( like the involvement of foreign components ). That is the
bulk chemistry has not the lasting effect on the minerals. It is generally considered that the
protolith of the Spr-bearing rock is the magnesio-rich pelite, but the rock hosting Spr in the
region is quite possible to be derived from the biotite plagioclase, in other words, the proto-
lith composition feature can not de deduced by analyzing the composition of the sapphirine.
Xmg* = Mg/( Mg + Fe?* ), the Fe?*-Fe3* contents are calculated after Droop!!®]
(1987) ; Xmg = Mg/ (Mg + Fe) , the Fe refers to the total(Fe) ; n. d. -not determined.

3.2 The mafic compositions in minerals and their changes

The mafic minerals are noticed to have the decreasing ( MgO + FeO) contents;
Spl(37.78 -40.16) > Bt(26.76 -27.94) =Spr(24.49 -26.75) =Prs(23.58 -24.61)
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>Gdd(16.12) =Crd(15.10) =Tm(13.87), that is:
Spl > Spr=Prs > Gdd=Crd

The sequence is consistent with the formation order in the metamorphic evolution of the
region, suggesting the mafic-rich minerals form relative early in metamorphism.

In addition, the Xmg of the mafic minerals has the similar tendency:

Spl(0.344 -0.456) < Spr(0.681 —0.715) <Tm(0.717) <Prs(0.725 -0.742) < Bt
(0.717 =0.795) < Gdd(0.818) < Crd(0.851). As the Fe?*/Fe’* of Tm, Prs, Gdd
can not be estimated easily, the Fe?* is calculated with the TFe contents.

If the opaque Fe-Ti oxide minerals are included, and biotite and tourmaline( represen-
ting the initial prograde or late retrograde association ) are excluded, it can be seen that the
increasing sequence of the mafic minerals is identical with that of the formation sequence:,
the value of Xmg of them as:

Op < Spl < Spr < Prs < Gdd < Crd

So in the progressive formation of sapphirine and related minerals, the mafic minerals
in early stage are relatively rich in Fe components, while that in late stage rich in Mg com-
positions.

3.3 Other components

Sapphirine is thought to have certain contents of boron. When co-existing with Prs the
B, 0 contents of Spr may exceed 0. 3wt% [1®], The volatile component B, 03 may also have
influence on other major components in contents and mobility, such as in the co-existence
of Fe** and Mg?* , the ( BO3)* " preferentially combines with Fe® *. Only in the situation
when without of or deficient in Fe3* (forming HIM, for example) , does ( B03)3 ~ combine
with Mg?* .

4 Pressure and temperature estimate

As no garnet or orthopyroxene present in the samples, most of the geothermobarometers
can not be used for estimates of the pressure and temperature conditions of metamorphism.
Here only the sapphirine-spinel geothermometer is adopted(®] . T =800 +2281nKd - 273,
where Kd = (Fe/Mg) s,/ (Fe/Mg)g,,. The mean temperature for two samples is 837 C
( sample 126 —9) and 884 °C ( sample 20202 ) , respectively, and the total average 872 C.
With the substitution Mg + Si = Al + Al, the Al-rich Spr tends to be formed in LP/HT con-

dition!'”) | which is consistent with the temperature estimate( Tables 1,2)
Table 2. Temperature estimates from the sapphirine-spinel pair ( °C)
1269 20202
Spotl Spot2 | average | Spotl Spot2 Spot3 Spotd Spot5 Spot6 | average
840 833 837 831 897 904 871 897 906 884

According to the composition of the Mg-cordierite inclusion in hyperthene in the Bt-
Prs-Hy-Crd gneiss interlayered with the Spr-bearing rock, Tong et al. (6] obtained the con-
dition as of 0. 75Gpa and 850°C, on which the possible pressure obtained with the GASP
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barometer(?!] is less than 9.0 kbar{®!. The All theses estimates are lower than the ultra-
high temperature( > 1000 °C), and are consistent with the relative Fe-rich Spr variety of
the area, because only the Mg-rich Spr can be formed in relative high temperature and pres-
sure[22] . In spite of the possible component exchange in the retrograde process, the Spr in
the region is included in the Mg-richer minerals like Prs and Crd( sample 20202, Figure
2D) or contacts Prs and Crd( sample 1269, Figure 3) directly, and the overall lower Xmg
value than that of the high temperature types, implying the retrograde effect is not substan-
tial even it does occur. Furthermore, both the non-co-existence of Spr and Qtz and the ab-
sence of mesoperthite exclude the possibility of ultrahigh temperature in the study area.

5 Origin analysis

In the closed system, sapphirine may includes spinel, and Dasgupta and Senguptal !¢}
put forward the reaction Spl + Qtz + Sil = Spr. The Spr enclosing Spl or Cm forms the reac-
tion texture or corona, which was taken as the symbols of disequilibrium!'”). The Spr at
Eastern Ghats, India, demonstrates the similar reaction; spinel is enveloped by Spr or
Crd! %,

In the situation of Laesemann Hills, there is the same relation between Spr and Spl.
Though quartz is present(S] | but no association relation of Spr and Qtz can be observed,
neither the direct contact of Spr with Sil can be seen. Texturally, Spr-Spl is derived from
magnetite( Fig. 3). Of course, in the formation of Spr other components like Mg, Al and
Si may be involved.

5.1 Component activation

For the complicated changes of the sapphirine composition and mineral associations,
some considered that the changes result from the spatial zonations of minerals by the way of
diffusion!?*). 1t is essential in composition exchanges between two or more rocks for this
kind of zoning. But in the Larsemann Hills, the complex associations generally occur in the
same rock, even of the same thin section scale. So the mineral changes must reflect the e-
volving metamorphic stages: the early HIM show the mobility and precipitation of the Fe *
(Fe** ) and Ti elements. In the beginning period of Mg(Fe?* ) and Al activation formed
the Spl-Spr, which may be described in this way: the gradual transition from the Fe-Ti ox-
ides to other minerals under Mg, Al-rich setting, as the following( the bold means the major
components ) ;

Bt—Ilm-Hem exsolution= Spl-Spr= Prs-P1-Gdd—Crd + Gdd-Qtz

Al-Si— Fe— —Al-Fe-Mg-Si—Al-Mg-Fe-Si—Si-Al-Mg-Fe

The above evolution manifests the differential mobility of components: the iron oxides
are immobile, and the activation of Mg, Al is emerging compositions. The sequence is as
the following: opaque minerals —deep dark-colored minerals — dark-colored minerals —
light-colored minerals. The differentiation occurs between the dark and light-colored miner-
als. If the system is closed, both the dark and light-colored associations will be present to-

gether[ 3],
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On the basis of the background assemblage of Bt-Pl-Qtz in the biotite plagiogneiss, the
separation and combination of components intrigued by differential strain finally resulted in
the quite different mineral associations from that of the original gneiss. As the migrating de-
gree and metamorphic stages vary, the following progressive metamorphic assemblages can
be found:

Assemblage 1( Hem, Mt) —Assemblage 2( Spl-Spr + Opx) —Assemblage 3 ( Prs-Gdd—Crd-
Gdd)

The progression reflects the changing compositions in crystallization, and the system is
open at least for the reaction space of sapphirine. Besides, the composition in a single sap-
phirine grain is heterogeneous. It is well known that at the scale of the thin section or smal-
ler grain, the pressure and temperature condition cannot change essentially, that is, the
heterogeneity can not be caused by the spatial change in PT value. The more probable rea-
son is that the media was changing in composition, or some local equilibrium domains may
form.

If enough boron components are involved, there may be the borosilicates Prs and Gdd,
which are the result of the mutual effect of both the mafic and boron components, and final-
ly cordierite crystallizes. The activation of boron component began early and ended late in
the system. When sapphirine-spinel crystallize the Si0, component is unsaturated, the local
setting is basic or silica-deficient. The quartz may be present as relics and the co-existence
of Spr-Qtz is not found. The later occurrence of Prs-Gdd suggests the abundance of B-SiO,
components.

5.2 Possible effect of anatexis

As to the relationship with anatexis, Riesco et al. (6] mentioned two-stage partial
melting mechanism for metapelites, the quartz-rich veins formed in early anatexis migrated
away with the residues deficient in quartz. Further peritectic melting was responsible for the
trace amount of melts that were difficult to escape and some silica-unsaturated minerals,
like corundum and spinel. The melting and crystallization of the anatexis melts are two irre-
versible processes, which result in the difference between the compositions of minerals and
melt, and substantial differentiation among the chemical compositions. More specifically,
the composition coalescence and separating occur:

1) the separation of melanocratic and leucocratic components; Si0,, Al,04, Ca0,
Na,0, K,0=Sil+Pl || FeO, TiO,, MgO =Mt, Hem, Ilm

2) the separation of mafic components: FeO = Hem, Mt || MgO—Spl-Spr—Prs-Gdd
—Crd:

3) the coalescence of components: Bt, Fl, Qtz

In this sense, the so-called protoliths from which the Spr- or borosilicates were derived
are not necessarily the magnesio-rich pelite.[ls]. The formation of the minerals of interest
may involve the migration of components at rather degree, or the open system. This may
correspond to the late stage melting as reported by Riesco et al. (6], | While the general
anatexis association ( Grt-Opx-Pl-Kfs-Qtz) occur at the early stage melting.
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5.3 Sapphirine formation mechanism

As regarding the sapphirine formation mechanism, the mineral sequence is consistent
with the predicted one by the metasomatism theory(?’) | suggesting the mobility of compo-
nents is related to both the diffusion and infiltration processes!?®] | at the beginning the mo-
bile components dominate, and decrease in late stage. For the occurrence of sapphirine,
the role of the MgO component is crucial.

v I I I
T102 -Alz 03 | l-SiOZ -Fe2 03-FBO-M50'C&O[ [-N&Z O-KQOI I-CO'Z -H20
Ilm-Cmn-Sil Mag-Hem Spl-Spr Pl Kfs Bt+Chl

In comparing the mineral assemblages in the spr-bearing rock and the general quar-
tzofeldspathic gneiss, it is noticed that they have both similar and different aspects:

Sil ~ ~ ~ ~ ~ Op— Bt-Pl—+———Grt-Opx-Kfs———Spl-Crd——+——————Bt £ Sil
Structural first hydration dehydration ( peak) second hydration ( retrograde)
Differentiation ;

Sil ~ ~ Cr = Op—Bt-Pl—+——Pl-Kfs——Spr, Spl, Crn—Prs-Gdd—Crd——FI-Bt-Qtz,
Early Al + Fe enriching process late Mg-Al-Fe enriching process

Here the “dehydration( peak ) ” refers to the peak dehydration assemblage in metamor-
phism, “first hydration” means the biotitzation after the sillimanite, and the “second hy-
dration” is the retrograde biotite in Jate metamorphism. The formation of Sil is actually the
Al £ Fe enriching process( Sil + Op). Quartz is present and the Hem-Ilm + Mt synneusis
texture usually occurs. This is also the segregation process of the Al-Si + Fe rich compo-
nents from others( Mg + Fe-Ca-K-Na). In the late Mg-Al-Fe enriching process( Spl + Spr-
Crd) , the system is often deficient in silica and quartz is generally absent, while the assem-
blage Spl + Spr forms.

It can be seen that metasomatism is obvious in the formation of sapphirine and the Spr-
bearing rocks show more stages of mineral evolution than that of the general fluid-absent
melting gneisses, suggesting that the fluid or volatile is another factor in constraining the
metamorphic evolution of minerals.

In summary, the formation of sapphirine and related minerals can be controlled the u-
nited actions of component diffusion and infiltration in high-grade metamorphism and anate-
xis. The system is open in feature. Sapphirine formed in solid state reactions may need the
high or ultrahigh temperature condition. The closed system khondalite with Spr{?®) may be
a different process from the region.

6 Conclusions

The rare sapphirine in the Larsemann Hills is stable with the association of hercynite
and is characterized by the magesio-, iron- and aluminum-rich, but silica-poor feature, the
obvious intra- and intergrain changes in compositions are controlled by the Tschermark sub-
stitution (Mg, Fe) +Si=2Al

The multistage crystallization of minerals and differentiation of leuco- and melano-com-
ponents resulted in the complexity of the mineral association. The mafic-rich minerals
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formed earlier, and the differentiation of magnesio- and iron-components is responsible for
the earlier presence of iron-rich minerals and later magnesio-rich minerals crystallization,
thus the successive multistage associations occurred. The multistage evolution of mineral as-
sociations to some degree reflects the changing composition and open system.

The rock composition is an important but not critical factor for the occurrence of sap-
phirine. The protolith from which sapphirine is derived is not necessarily magnesio-rich

pelite.
Sapphirine formed at 840 ~ 880 C, not the so-called ultrahigh temperature condition

( >1000 C). It is deduced that the heterogeneity of sapphirine composition is related to
the changing media, not to the PT conditions. The occurrence of sapphirine is caused by
both the filtration and diffusion processes in high-grade metamorphism and anatexis.
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