
American Mineralogist, Volume 73, pages 281-296, 1988

Opaque mineralogy and mafic mineral chemistry of I- and S-type granites of the
Lachlan fold belt. southeast Australia*

Josnpn B. Wrrer,nN
Geological Survey of Canada,60l Booth Street, Ottawa, Ontario KIA 0E8, Canada

Bnucn W. Crrappnr,r,
Department of Geology, The Australian National University, P.O. Box 4, Canberra, A.C.T. 2600, Australia

Anstnacr

About one-quarter or 44000 km'z of the Lachlan fold belt of southeast Australia is
underlain by granite batholiths of Silurian-Devonian age. Recent work has recognized a
major distinction between granites formed from igneous sources (I-type) and those formed
from sedimentary sources (S-type). Lachlan I- and S-type granites are generally character-
ized by the opaque mineral assemblages magnetite + ilmenite f minor sulfide (pyrite >
chalcopyrite > pyrrhotite) and ilmenite * sulfide (pyrrhotite > pyrite > chalcopyrite),
respectively. There are, however, magnetite-free I-type and magrretite-bearing S-type gran-
ites. Texturally earlier opaque phases are generally magnetite + ilmenite in I-type and
ilmenite + sulfides in S-type granites. Sulfide minerals, even when abundant (rarely) in
I-type granites, are texturally late phases. On the basis of rock chemistry, opaque mineral
assemblages, and mafic mineral chemistry, most Lachlan S-type granites formed at lower
,fo, conditions than most Lachlan I-type granites. The higher sulfide content of S-type
granites and their reduced nature may reflect the sulfur and carbon content oftheir sedi-
mentary source rocks. The plutonic opaque mineral assemblage is another useful I- and
S-type discriminator; however, the Fe-Ti oxide assemblage alone is not.

Application of the magnetite- and ilmenite-series classification, developed from work
on Japanese granites, has shown that I- and S-type granites may belong to either the
magnetite or ilmenite series. However, the bulk of I-type granites are magnetite series,
and the bulk of S-type granites are ilmenite series. The fo, in a granitic magma may be
more important than the nature of the granitic source rocks in controlling the type of
associated mineral deposits.

INrnonucrron

Over the past 20 years, large-scale surveys of opaque
minerals in granites have been mainly limited to the work
on Japanese granites by Ishihara and coworkers (Tsusue
and Ishihara,19741, Ishihara, 1977, I98l), from which
the descriptive magnetite- and ilmenite-series granite
classification developed. Concurrently, during work on
granites of the Lachlan fold belt, Chappell, White, and
coworkers (Chappell and White, 1974; White etal.,1977b;
Griffin etaI.,1978 White and Chappell, 1983) developed
the petrogenetic I- and S-type granite classification. The
relationship between these two granite classifications has
been a subject ofsome interest and speculation (Ishihara,
1978, l98l;Takahashi et al., 1980). This sysrematic sur-
vey of opaque mineral assemblages and mafic mineral
chemistry, in the same specimens from which the I- and
S-type granite classification was developed, was under-
taken to clarify this situation. In addition, such a study
of mafic silicates and opaque minerals can indicate rela-
tive oxidation states within granitic plutons (e.g., Cza-
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manske and Wones, 1973; Mason, 1978) or between
granite types (e.g., Czamanske et al., 198 l; Wones, 1981).
This study of 23 I carefully selected granite and xenolith
samples (see Fig. I and Table l) was greatly facilitated
by an extensive pre-existing body ofgeologic, petrologic,
modal, and chemical data.

B,q,crcnouNo

That portion of the Tasman fold belt in southeastern
Australia bounded by the flat-lying Mesozoic and Ceno-
zoic strala of the Murray, Great Artesian, and Sydney
basins is known as the Lachlan fold belt. Paleozoic sed-
imentary rocks in the belt are intruded by Silurian to
Devonian granite batholiths that occupy about one-quar-
ter (44000 km,) of the belr (White et al., 1974). Felsic
volcanic rocks, presumably the extrusive equivalents of
the granites, are an important component in the Silurian-
Devonian sequences. Chappell and White (1974; White
and Chappell, 1977,1983; Chappell, 1978) have pro-
posed a genetic subdivision of the granites-based on
many geologic, mineralogic, chemical, and isotopic cri-
teria-into those derived from igneous source rocks (I-
type) and those derived from sedimentary source rocks
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Fig. l. Location ofdiferent I- and S-type granitoid suites and opaque mineral samples (I-type : filled triangles; S-type : filled

circles) in part of the l,achlan fold belt. The main batholiths are numbered in the insert on the upper right: (1) Moruya, (2)Bega'

(3) Berridale, (4) Murrumbidgee, (5) Kosciusko, (6) Maragle. The

shown with different patterns and numbered in circles: (l) Bingi

Brogo (I), (6) Kameruka (I), (7) Bemboka (I), (8) Candelo (I), (9)

(13) Glenbog (I), (14) Clear Range (I), (15) Shannons Flat (S)' (l

Finister (I), (20) Currowong (I), (21) Bullenbulong (S), (22) The C
(l), (26) Green Hills (S), (2i)'(]rancoban (I). (Based on sources given in Table I and unpublished data of B. W. Chappell')

Moruya, Bega, Berridale, Murrumbidgee, Kosciusko, and

Maragle batholiths (Fig. I and Table 1). The granitoids

have been subdivided, on the basis of geochemical and
geologic data, into intrusive suites, the differences be-

tween which are thought to reflect differences in their

respective source materials.
The restite model of White and Chappell (1977) has

been central to various studies on the Lachlan I- and

S-t1pe granites (e.g., Compston and Chappell, 1979). Most
granites are interpreted to be mixtures of crystallized melt

and recrystallized refractory material (restite) that was

not melted when the magma formed by partial melting.

Most inclusions (microgranitoid enclaves), anhedral maf-

ic mineral aggregates (microxenoliths), and the cores of

mantled plagioclase crystals are interpreted as recogniz-

able restite components of granites' An alternative inter-

(S-type). A few pertinent features are that amphibole and
accessory primary titanite are restricted to I-type granites.
Cordierite, often altered, is ofwidespread occurrence in
S-type granites. Apatite occurs as small acicular crystals
in the mafic minerals of I-type granites and as discrete
prismatic crystals in S-type granites. The oxidation state
of Fe is relatively low in S-type granites (Flood and Shaw,
1975; Whire et al., 1977b).

The distribution of both I- and S-type granites in the
Lachlan fold belt is apparently controlled by a geologic
(lower crustal?) feature fotlowing a line east of Canberra
and Cooma that extends to the south through the Berri-
dale batholith (Fig. l). No S-type granites are known to
the east of this line. S-type granites are dominant to the
west, but I-type granites do occur sporadically. Within
the Lachlan fold belt, samples were examined from the
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Trele 1. Aspects of studied Lachlan fold belt bathotiths

Batholiths Size (km,) Granite type (%) Types of samptes. References

Moruya
Bega
Murrumbidgee
Berridale

Kosciusko

Maragle

100 l-type
100 l-type
99.9 S-type
50 l-type
50 S-type
10 l-type
90 S-type
1 0 l-type
90 S-type

1 8 G ;  1 X
5 5 G ;  3 X
1 9 G

3 6 G ;  6 X
1 8 G ;  6 X
2 5 c
1 7 G

1 4 G
8 G

250
7700
1 400
1 530

4000

3000

Griffen et al. (1978)

Chappell and White (1976); Beams (1979, 1980)
Snelling (1960); Joyce (1973a, 1973b)
Chappell and White (1976); Williams et al. (1976); White el

al. ('l977bl; White and Chappell (1981)
white et al. (1977b); wyborn (1977); Hine et ar. (1978)

Wyborn (1977); Wyborn and Chappell (1979)

t Studied for opaque minerals; G : granite sample, and X = xenolith sample.

pretation, proposed by Vernon (1983, 1984), is that the
microgranitoid enclaves represent globules of more rnafic
magma that have mingled and quenched in the host gran-
rte magma. Vernon (1984) concluded that microstruc-
tural evidence for restite in granites is meager. The sub-
ject continues to be controversial, for unequivocal
evidence for one ofthese interpretations versus the others
is difficult to obtain.

Pnrnocn,lpHrc AND MrNERALocrc DESCRrprroNS oF
THE OPAQUE MINERALS

The textural features ofthe opaque minerals described
in the following section can be generally classed as ..ear-

lier" or "later." Phases that can be identified as being
paragenetically "later" are mainly the products of the su-
perimposed processes of replacement, exsolution, oxida-
tion, silicate mineral reactions, and alteration. '.Earlier"

opaque minerals, which comprise the bulk, by volume,
of the opaque minerals present in granites, may reflect
direct crystallization from a melt, incorporation of restite
or source material, and/or mafic silicate mineral reactions
or compositional changes within a magma. The main tex-
tural features of the opaque minerals are presented in
Figures 2,3, and 4.

Magnetite

Magnetite generally occurs (l) as inclusions in amphi-
bole and biotite aggregates and in plagioclase cores and
(2) as separate grains or aggregates (Fig. 2a). Furthermore,
it commonly is associated with ilmenite grains and con-
tains acicular apatite inclusions. Small magnetite inclu-
sions occurring in quartz and plagioclase rims may rep-
resent a later generation ofmagnetite than that contained
in mafic silicates. In non-minimum melt granites, e.g.,
the Jindabyne suite, magnetite lacks fine apatite inclu-
sions and occurs as euhedral grains included in, and as
anhedral grains between, quartz and plagioclase grains,
rather than in mafic silicate aggregates. In some mafic
I-type granites, magnetite forms fine-grained aggregates
and also symplectitic intergrowths in the centers of large
amphibole clots. Similar magnetite, occurring in amphi-
bole but not in its dendritelike clinopyroxene core, indi-
cates that such magnetite is a product of pyroxene re-
placement by amphibole.

Ilmenite oxyexsolution lamellae in magnetite are com-
mon, and magnetite often has associated grains or partial
rims of ilmenite, a texture termed "external grain exso-
lution" by Buddington and Lindsley (1964). Though il-
menite exsolution lamellae generally occur along mag-
netite { I I I } planes (Fig. 2b), ilmenite exsolved along
{ 100} planes (Fig. 2c) was noted in an S-type granite. In
this instance, that ilmenite originally exsolved as i.ilvo-
spinel. Spinel exsolved on magnetite {100} planes (ob-
served only in a few mafic samples) is generally small,
erratically distributed in the host grain, and associated
with ilmenite exsolution (Fig. 2c).

Magnetite replacement by biotite (Fig. 2d) has been
observed in both I- and S-type granites. The presence of
unaffected ilmenite exsolution lamellae in optically con-
tinuous biotite indicates that the alteration was post-il-
menite oxyexsolution. A second type of alteration, mar-
titization, features irregular hematite lamellae along
magnetite { I I I } planes (Fig. 2e) or alteration rims around
magnetite (Fig. 20. Such alteration occurs mainly in sam-
ples that are quite oxidized, as indicated by hematite
exsolution in, and titanite overgrowth on and replace-
ment of, ilmenite. Therefore, the alteration is a deuteric
process, not a near-surface weathering efect.

Ilmenite

Texturally early ilmenite includes a portion of the il-
menite associated with magnetite grains and ilmenite that
occurs separately as anhedral and subrounded inclusions
in mafic silicates (Fig. 3a). Texturally later ilmenite in-
cludes that formed during oxyexsolution from magnetite
(Figs. 2b, 2c) and ilmenite plus rutile laths along biotite
cleavages or between biotite grains. Ilmenite exsolution
from biotite is more common in S-type granites, fre-
quently being the only opaque mineral present. Later il-
menite is also formed by chlorite or muscovite replace-
ment of biotite. Muscovite alteration has been observed
in foliated S-type granites where a biotite-rich area grades
laterally within 4 mm into an area of fine-grained musco-
vite with interstitial ilmenite. An ilmenite-producing re-
action extensively developed in the Murrumbidgee batho-
lith S-type granites is that ofbiotite apparently breaking
down to produce ilmenite plus albite and minor K-feld-
spar (Fig. 3b). Some mafic samples contain fine-grained,
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Fig. 2. Abbreviations for Figs. 2, 3, and 4: PRL : plane-
polarized reflected light; PTL : plane-polarized transmitted light;
XTL : cross-polarized transmitted lighq XRL: cross-polarized
reflected l ight: OI :  oi l  immersion.

Magnetite features: (a) Aggregate of euhedral to subhedral
magnetite grains surrounded by plagioclase and minor biotite
(within magnetite are apatite inclusions); I-type, KB-49, PRL.
(b) Subhedral magnetite with ilmenite oxyexsolution lamellae
mainly along one { I I 1} plane; some apatite inclusions are pres-

ent in the magnetite, I-type, AB-106, partly XRL, OI. (c) Ilmen-
ite exsolution lamellae oriented on {100} planes of magnetite

indicate that it was exsolved as tilvospinel and subsequently ox-
idized; the fine black granules at the edges of the ilmenite la-
mellae are thought to be spinel; S-type, BB-2, PRL. (d) Ilmenite
lamellae along two presumed { I I I } planes indicate the earlier
presence of a magnetite grain that has been replaced by biotite;
I-type. AB-21. PRL. (e) An aggregate of magneti te grains con-
taining hematite oxidation lamellae that are thicker and more

abundant toward grain edges; the aggregate is bounded by titanite

on one side; I-type, BB-110, PRL, OI. (f) Magnetite grain largely

altered to hematite; the hematite has irregular but sharp contacts

with magnetite; I-type, AB-130, PRL, OI.

&.
f,

t

aligned, euhedral ilmenite laths included in the cores of
dark green amphibole (Fie. 3c). Such laths may have
exsolved from a more Ti-rich amphibole or pyroxene.
Hematite exsolution lamellae in ilmenite parallel to {0001 }
(Figs. 3e, 3f) occur only in some I-type granltes.

Alteration of ilmenite includes rimming and replace-
ment by titanite (Figs. 3d, 3e), patches of fine-grained

hematite plus rutile alteration in ilmenite containing he-

matite exsolution lamellae (Fig. 3f), and grain-boundary

and fracture-related rutile alteration. Altered ilmenites are
quite common in I-type granites, whereas in S-type gran-

ites, ilmenite is generally fresh, but, if altered, it is to

rutile without hematite. These ilmenite alterations are

interpreted to result from magmatic or subsolidus pro-
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Fig. 3. Ilmenite features: (a) Anhedral subrounded ilmenite inclusions in biotite, typical mode of occurrence of ilmenite in
S-type granites; KB-45, PRL, OI. (b) Biotite surrounded by abundant ilmenite laths in quartz and feldspar; the biotite is embayed
and corroded; S-type, MB-15, PRL. (c) Amphibole containing fine-grained ilmenite laths in its core; the ilmenites are oriented
parallel to the c axis of the amphibole and may be due to exsolution; I-type, MG-23, PRL, OI. (d) Corroded ilmenite grain with a
radiating rim of titanite, possibly formed by inward replacement of ilmenite rather than as an outward oyergrowth rim; I-type, CB-
61, partly XRL, OI. (e) Ilmenite grains containing hematite exsolution lamellae included in a large grain of titanite; I-type, MG-
23, PRL, OI. (f) Part of a large ilmenite grain containing hematite exsolution lamellae; two twin planes cut across the grain. The
ilmenite contains patches of alteration to hematite and rutile; I-type, KB-28, PRL. For key to abbreviations, see Fig. 2.

cesses, not near-surface weathering. Differences in ilmen-
ite alteration in I- and S-type granites and the association
in I-type granites between alteration and other indica-
tions ofoxidizing conditions support this conclusion.

Sulfide minerals

In I-type granites, sulfide minerals (mainly pyrite and
lesser chalcopyrite) generally make up less than a few
percent of the opaque phases and occur as scattered in-

clusions in mafic silicates and Fe-Ti oxides (Fig. 4a). In
I-type granites, if sulfides are a major phase, they are
texturally late, apparently subsolidus phases that occur as
dendritelike aggregates veining and rimming mafic min-
erals (Fig. 4b) or at grain boundaries of silicate minerals.
In S-type granites, sulfide minerals are texturally early
phases, like ilmenite, and occur as separate grains includ-
ed mainly in biotite (Figs. 4c, 4d, and 4e) and plagioclase
cores. Pyrrhotite, which is more prevalent than pyrite in

- ! ,

rl
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Fig. 4. Sulfide features: (a) A composite magnetite-ilmenite grain; the ilmenite contains both pyrite (p) and chalcopyrite (c)

inclusions; I-type, BB-10, PRL, OL (b) Pyrite rimming magnetite (m) and replacing amphibole in a veining dendritelike form;

I-type, AB-17, PRL. (c) Composite ilmenite-pyrite-chalcopyrite aggregate within a biotite aggregate. Chalcopyrite occurs as an

interstitial filling between pyrite and ilmenite grains; the sulfide does not appear to replace the ilmenite; S-type, BB-83, PRL, OI.
(rl) Pyrite grains in a biotite a1gregate; between some biotite grains there is ilmenite that has exsolved from biotite; 88-36, PRL.

(e) Aggregate of sillimanite and partly interstitial pyrrhotite in a S-type xenolith; 88-146, PRL. (0 Aggegate of pyrrhotite grains

with alteration along cleavage partings; S-type, CB-35, PRL. For key to abbreviations, see Fig. 2.

S-type granites, occurs as monomineralic aggregates with
other sulfides or with ilmenite. In some samples, pyrite
has iron oxide rims and limonite forms pseudomorphs
after pyrite; these alterations are thought to be due to
near-surface weathering. Pyrrhotite has been noted with
a bleaching-type alteration at grain edges and along cleav-
age partings (Fig. a0.

Differences in opaque minerals between I- and
S-type granites

A fundamental difference between I- and S-type gran-
ites is the greater opaque mineral abundance in l-type

granites (Fig. 5). I- and S-type granites are generally char-
acterized by the magnetite + ilmenite * minor sulfide
assemblage and the ilmenite + sulfide assemblage, re-
spectively (Figs. 6 and 7). I-type granites lacking mag-
netite are more common than S-type granites containing
magnetite. In S-type granites, sulfides are texturally early
phases with pyrrhotite being more abundant than pyrite,
whereas in I-type granites, sulfides are texturally late
phases with pyrite being more abundant (Fig. 6). Within
different intrusive suites (for locations, see Fig. 1), there
is a general consistency of opaque mineral assemblages.
The S-type granites that contain magnetite belong to the
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Fig. 5. Histograms of the modal percentage of opaque min-
erals in S- and I-type granites of the Lachlan fold belt. Based on
all available unpublished modal data of B. W. Chappetl.

Shannons Flat and Dalgety suites. I-type granites con-
taining mainly ilmenite and sulfides belong to the Mum-
bulla, Glenbog, Finister, and Gang Gang suites. Most
magnetite-free I-type granites within the Maragle batho-
lith are gneissic granites. Whole-rock Fe ratios [00Fe3*/
(Fe3+ * Fe'?*)] reflect these differences in opaque mineral
assemblages (Fig. 8). Although there is considerable over-
lap, magnetite-bearing S-type granites are more oxidized
than the average S-type granite u00Fe3*/(Fe3+ + Fe2+) :
l6l, and magnetite-poor I-type granites are mainly more
reduced than the average I-type granite [00Fe3*/(Fe3* +

Fe2+) : 301. Within individual suites, the magnetite-poor
samples are more reduced than the magnetite-bearing
samples (Fig. 8), the main exception being the Glenbog
suite. Glenbog samples contain common pseudomorphs
of biotite plus ilmenite after magnetite (see Fig. 2d), so
they were formerly magnetite-bearing.

Differences in opaque mineral assemblages between
I- and S-type granites may, like other characteristics of
these granite types, image their respective source rocks.
Flood and Shaw (1975) have suggested that the reduced
character of S-type granites reflects the presence in their
metasedimentary source rocks of organically derived car-
bonaceous material. Shannons Flat and Dalgety, the most
silicic S-type granite suites, could be magnetite-bearing
because they are restite-deficient suites or because they
were derived from more oxidized, possibly graphite-poor-
er source rocks than the other S-type suites. Similarly, the
sulfide-bearing nature of most S-type granites and their
slightly higher sulfur 6ontent than I-type granites may
reflect higher sulfur content in their sedimentary source
rocks.

M-l,rrc MTNERAL cHEMISTRY

Mafic mineral chemistry was examined to help delin-
eate differences in intensive variables between I- and
S-type granites in a manner similar to other recent studies
on intrusive rocks (Czamanske and Mihelik, 19721, Cza-
manske and Wones, I973; Czamanske et al., 1971, l98l
Mason, 1978; Wones, 198 l). Intrusive suites were select-
ed, on the basis of their opaque mineral assemblages, to
represent the range in oxidation state in Lachlan granites.
Of the I-type suites, Moruya, a minimum melt suite, is
the most oxidized on the basis of hematite exsolution in,
and titanite overgrowth rims on, ilmenite. Jindabyne, a
non-minimum melt suite, is the next most oxidized on

M a g n e t i t e Pyrrhot i te

%  o f  O p a q u e s

Fig. 6. Histograms of the visually estimated percentages (i.e., not point counted) of magnetite, ilmenite, pyrite, and pyrrhotite
in S-type (top histograms) and I-type (lower histograms) granites and xenoliths. Only a portion of the samples plotted in Fig. 5 was
studied.
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Fig.7. Triangular diagrams for opaque mineral assemblages
in I- and S-type granites of different batholiths of the Lachlan
fold belq ilmenite (I), magnetite (M), and total sulfides (S).

the basis of abundant magnetite but lack of other oxi-
dized features, and Finister is the least oxidized, for it is
low in opaque phases and is almost magnetite-free. Of
the S-type suites, the Shannons Flat and Dalgety suites,
which contain magnetite, are thought to be more oxidized
than the Cootralantra and Clear Range suites that lack it.
Data on 125 ilmenite (446 analyses), 75 magnetite (271
analyses), 128 biotite (536 analyses), and 40 amphibole
(206 analyses) grains from 56 samples were obtained by
energy-dispersive methods on the Technische Physische
Dienst (TPD) electron microprobe at the Australian Na-
tional University (ANU) (see Reed and Ware, 1975).
Subsequently, all acceptable analyses on each grain were
averaged and structural formulae calculated. Additional
analyses were also made of some sulfide minerals (68)
and altered Fe-Ti oxide minerals (236). For the sake of
brevity, only average mineral compositions from the most
mafic and felsic granites in each suite are presented in
Tables 2,3, and 4, and mineral compositional variations
with respect to whole-rock silica content for the suites are
summarized in Tables 5 and 6. Descriptions and loca-
tions ofthe studied Lachlan granites and all the individ-
ual microprobe analyses have been placed on deposit.'
For comparison purposes, data from the Finnmarka

rThe deposited data may be ordered as Document AM-88-
367 from the Business Office, Mineralogical Society of America,
1625 I Street, N.W., Suite 414, Washington, D.C. 20006, U.S.A.
Please remit $5.00 in advance for the microfiche.
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Fig. 8. Histograms of whole-rock 100Fe3*/(Fer* * Fe2*) for
studied I- and S-type granite samples. In the upper histogram
for S-type granites, the shaded area is for samples lacking mag-
netite and the unshaded areas are for magnetite-bearing samples.
Above the histogram are plotted samples from the two magne-
tite-bearing S-type suites (Dalgety and Shannons Flat); open and
closed circles represent samples that contain and lack magnetite,
respectively. In the lower histogram for I-type granites, the shad-
ed and unshaded areas represent samples containing less than
and greater than 100/o magnetite, respectively. Plotted above the
histogram are suites with low magnetite contents; filled and open
circles correspond to samples containing less than and greater
than 100/o magnetite, respectively. Magnetite-bearing S-type
granites are more oxidized, and magnetite-poor I-type gnnites

are more reduced, than the mean of their respective groups.

Complex, a suite for which an oxidizing trend has been

documented (Czamanske and Wones, 1973), is included

in Tables 5 and 6. A brief summary of the main mafic

mineral and chemical features is followed by a discussion

of chemical interrelationships between minerals and oth-

er implications of the data.

Opaque minerals

Magnetite. As the analyzed magnetites are almost pure

FerOo, inclusion of representative analyses was consid-

ered unnecessary. They contain only small amounts of

Ti, Al, Mg, and Cr; the highest i.ilvospinel content is 3.25

molo/o with most values being less than I mo10/0. Magne-

tites in S-type granites and the one analysis from the Fi-

nister suite tend to be slightly more enriched in iilvospi-
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TneLe 2. Representative ilmenite compositions from Lachlan fold belt granite suites

lntrusive
suite: Moruya Jindabyne Finister Shannons Flat

20510 20515
71.9 72.3

Cootra-
Dalgety Clear Range lantra

27481 27475 20543 20546 27522
68.2 73.5 66 7 68.9 67.6

Sample no.:
Rock SiO,:

No of
anaryses:

34735 34733
523 74.9

1 3  6

31 863
60.2

3

31860 27519 30213
66.7 64.1 66.5

121 0121 11 512t2

Tio,
FeO
MnO
Mgo

FeTiOg
Fe,O"
MnTi03
MgTiO3

46.52 52.82
50 05 30.84

1 .77 16.1 7
o 12 0.03

84.84 64.93
10.89
3 82 34.48
0  46  0 .11

44.83 50.07
47.64 43.88
5.71 5.22
N.D. 0.03

73.67 84.22
13.99 4.45
12.34 11.22

0 . 1 1

50.75 51.36
44.28 44.77
3.92 3.41
N.D. 0.04

88.76 90.31
2.78 2.23
8 46 7.31

0 .15

49.09 52.17
44.02 42.82
6.18 4.43
0.03 N.D.

80.09 90.06
6.55 0.42

13.25 9.52
0 1 1

52.18 48 18
41.71 46.19
5.66 4.46
0.05 0.03

87.03 82.38
0.64 7.90

12.14 9.60
0.19  0 .11

52.72 52.90 53.06
42.09 42.'tO 41.57
5.10 4.57 5.60
0.16 0. ' t7 0.06

88.38 88.50 87.12
0.14

10.88 9.73 11.89
0.60 0.64 0.22

Nofe: Al,O3, V,O3, and CaO contents less than O.2wly". Calculations according to Anderson (1968) except mol7" R2O3 end members recalculated

to 100%: N D : not detected.

nel and V * Cr relative to magnetites from the Moruya
and Jindabyne suites (Fig. 9 and Table 5). Magnetite in
symplectitic intergrowths is enriched in Cr and V relative
to other magnetite in the same samples; other magnetite
textural types are not distinguishable. Magnetite altered
to hematite contains slightly higher Si and Al than un-
altered magnetite.

Ilmenite. The composition of ilmenite, the most ubiq-
uitous opaque mineral, varies considerably in the com-

ponents FeTiO., FerO., and MnTiO, (Fig. 9, Tables 2
and 5). Ilmenite in the magnetite-free S-type suites con-
tains little or no FerO, and has relatively low MnTiO.
and high FeTiO. contents, whereas in the magnetite-bear-
ing suites, FerO. and MnTiO, contents are higher and
FeTiO. contents correspondingly lower. Within I-type
suites, average MnTiO. and FerO, contents of ilmenite
decrease and FeTiO. contents increase in the order Mo-
mya ' Jindabyne - Finister. Ilmenite enrichment in

TeeLe 3. Representative electron-microprobe analyses and structural formulae for biotites from Lachlan fold belt granite suites

Intrusive suite: Moruya Jindabyne Finister Shannons Flat. Dalgety Clear Range- Cootralantra

Sample no : 34735 34733
Rock SiO,: 52.3 74.9

No. of analyses: 4 6

31863 31865 27519 30213
60.2 67 2 64.1 66 5

20510 20523 27555 27475
7'l I 73.3 67.8 73.5

20s43 20546 27501 27522
66.7 68.9 65.9 67.6

1 21 612

sio,
Tio,
Al,o3
FerO.
FeO
MnO
Mgo
CaO
KrO
Naro
cl

Total

Si
AI

AI
Ti
Fe3*
Fe2*
Mn
Mg

)(M1 + M')

Ca
Na
K

>(A)

Fel(Fe + Mg)

36.59 33.8s
4.00 3.16

14 .14  17  18

19 16 26.38
N.D. 0.85

12.39 4.60
0.0s 0.o2
9.52 9.44
N.D. 0.08
0.06 0.10

96.57 95.66

5.559 5.374
2.441 2.626

0.090 0.588
0.457 0 377

2.434 3.502
0 .1  14

2.806 1.089
5.787 5.670

0.008 0.003
0.025

1.845 1.912
1 853 1.940

0.465 0.763

36.59 35.84
2.96 2.61

15.01 15 79

17.68 20.62
0.08 0.38

12.85 10.59
0.08 0.04
9 62 9.90
0 03 N.D.
0.08 0.16

94.98 95.93

5.574 5.505
2.426 2.495

0.268 0 363
0.339 0.301

2.252 2.649
0.010 0.049
2.918 2 425
5.787 5.787

0.013 0.007
0.009
1.869 1.940
1 891 1.947

0.436 0.522

36.46 35.52
2.74 2 68

14.4 ' t  14.63
2.25 2.54

18.37 20.68
0.13 0.22

11.29 9.60
o 02 0.0s
9 .71  I 44
N.D. 0.04
0.23 0.34

95.61 95.74

5.587 5.514
2 413 2 486

0 .189  0 .191
0.316 0.313
0.259 0.297
2.354 2.685
0.017 0.029
2.579 2.222
5.714 5.737

0.003 0.008
0.o12

1.898 't 870
1.901 1.890

0.503 0.573

35.35 36.03
3.04 3.76

16.70  15 .18
1.98  1 .86

20.41 20.37
0.28 0.18
8.24 8.76
o02
9 9 0  9 8 1
0.11  0 .03
0.10  0 .1  8

96.13 96.16

5.436 5.536
2.564 2.464

0.462 0.285
0.352 0.434
0.229 0.215
2.625 2.617
0.036 0.023
1.889 2007
5.593 5.581

0.003
0.033 0.009
1.942 1.923
1 .978 1.932

0.602 0.585

35.31 35.76
3.42 3.62

16.22 15.16
2.06 2.36

16.76  1  9 .18
0.25 0.18

10.67 9.21
0.06 0.06
9.44 9.35
0.16 0.20
0.44 0.26

94.79 95.34

5.427 5.518
2.573 2.482

0.365 0.275
0 395 0.420
0.238 0.274
2.154 2.475
0.033 0.024
2.445 2.119
5 630 5.587

0.010 0.01 0
0.048 0.060
1.851 1 .841
1.909 1 .911

0.495 0.565

35.58 35.90
2.48 2.94

16.15 18.20
1.42 2.66

17 .94 17.33
0.20 0j2

10.83 8.81
0 05 N.D
9.82 10.00
N.D. 0.02
0 .10  0 .1  5

94.57 96.13

5.486 5.427
2.514 2.573

0.421 0.670
0.288 0.334
0.165 0.303
2.313 2.191
0.026 0.015
2.489 1.986
5.702 5.499

0.008
0.006

1.932 1.929
1 .940 1.935

0.499 0.557

35.99 35.37
0.88 3.31

18.24 16.99
0.88 0.89

18.34 18.42
0 . 1 6  0  1 2

11.36  9 .88
0.02 N.D.
9.9s 9.90
0.07 0.06
0  1 3  0 . 1 4

96.02 9s 08

5.446 5.428
2.554 2.572

0.699 0.500
0.100 0.382
0.100 0.103
2.321 2.364
0.021 0.016
2.563 2.260
5.804 5.625

0.003
0.021 0.018
1.921 1 .938
1.945 1 .956

0.486 0.522

Note.'N.D. : not detected.
'Proportions of Fe3* vs. Fe2+ based on wet-chemical analyses of mineral separates from Joyce (1973a); other Fe3* data from Tetley (1978)
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Fig. 9. Histograms of some features of Fe-Ti oxide mineral chemistry. S-type granites are shown rn lne top group ot hrstograms;
for ilmenites, shaded portions are from magnetite-bearing S-type granites, cross-hatched portions are from Dalgety and Shannons
Flat samples in which magnetite has not been identified, and unpatterned portions are from magnetite-free S-type granites. I-type
granites are shown in the bottom group of histograms; shaded portions are from the Moruya suite, cross-hatched portions are from
Jindabyne samples, and unpatterned portions are from the Finister suite. N : number of grains.

TABLE 4. Representative electron-microprobe analyses and
structural formulae for amphiboles from Lachlan fold
belt granite suites

lntrusive suite: Moruya

Sample no: 34735 34728
Rock SiOr: 52.3 67 2

No. of analyses: 33 9

< 2 5 8 l l 1 4 r l 7
i\Anf iO.

<78 81 90 ,9J
Fe f i  O .

MnTiO. component is greatest (23 to 33 molo/o) for the
most siliceous samples of the Moruya and Shannons Flat
suites. Although there is some variability in composition
between individual ilmenite grains in a sample, no evi-
dence for chemical differences between different textural
types of ilmenite was noted. In the rare instances where
exsolutions were sumciently coarse, exsolutions of ilmen-
ite from biotite and from magnetite were found to be
chemically indistinguishable from earlier ilmenite in the
same samples.

Alteration products of ilmenite are generally so fine-
grained as to be beyond the resolution ofthe microprobe.
Relative to fresh grains, analyses of different points on
I-type ilmenites altered to rutile + hematite (Fig. 3f) in-
dicate a large increase in Si and Al, a decrease of80o/o in
the amount of Mn present, and variation between points
in Ti and Fe concentrations. Alteration of ilmenite to
rutile alone is characterized by almost complete loss of
Fe and Mn, a change that is gradational from unaltered
domains of the ilmenite grain. Ilmenite alteration to ru-
tile in S-type granites is similar, except contacts between
fresh ilmenite and rutile may be sharp.

Sulfide minerals. Sulfide minerals were not extensively
analyzed. For pyrrhotite in S-type granites, the mole frac-
tion ofFeS in the system FeS-S, was found to range from
0.939 to I and minor (<0.50/o) amounts of Ni, Cu, and
Zn arc present. Pyrite in S-type granites was found to
contain traces (<0.570) of Ni, Zn, and greater (0.5 to 2.5olo)

Jindabyne Finister

31863 34366 27519 30213
60.2 6s.4 64.1 66 5

1 3 9 1 1 1 0

sio,
Tio,
Al,o3
FeO
MnO
Mgo
CaO
KrO
Naro
cl

Total

45.39 46.66
2.10 0.88
8.71  7 .18

15.08 18.08
0.26 0.62

12.53 1 1 .30
12.16  11 .56
0.64 0.58

N.D. r  1  .11
0.04 0.06

96.91 98.03
6767 6.984
1 233 1 .016
0.297 0.251
0 235 0.099
2_785 2.521
1.683 2.129
0. r97  0 .134
0.033 0.079
1.770 1.787
0.172 0.067

0.322
0. '122 0 .111
0.294 0.500
0.403 0.473

46.79 47 67
1.00 0.s6
7.98 6.82

15.44 16.26
0.56 0.66

12.99 12.64
1 1 . 1 5  1 1 . 1 5
0.36 0.60
0.86 0.94
0.12  0 .13

97.25 97.43
6.945 7.097
1.055 0.903
0.341 0 294
0.112 0.063
2.874 2.806
1 673 1.838
0244 0.187
0.070 0.083
1 686 1 730
0.087 0.049
0.249 0.271
0.068 0.1 14
0.403 0.434
0.400 0.419

48.49 45.75
0.67 1.02
6.08 7.86

1 6 96 19.68
0.50 0.42

12.22 10.14
1't  .20 10.93
0.44 0.60
0.78 0.97
0.04 0.08

97.38 97.45
7.214 6.928
0.786 1.072
0.280 0.330
0.075 0 1 16
2.7't0 2.289
1.935 2.265
0.175 0.227
0 063 0 054
1 762 1.719
o.o24 0 054
0.225 0 285
0.084 0 .116
0.332 0.455
0.438 0.521

Si
AI
AI
Ti
Mg
Fe2*
Fe2*
Mn

NA
K

r(A)
Fel(Fe + Mg)

S  -  T y p e

I  l m e n i t e s

N = 6 6

|  -  T y p e

l l m e n i l e s

N = 5 9

- N.D. : not detected.
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Fig. 10. Histograms of some features of biotite chemistry. S-type granites are shown in the top grouping of histograms; shading
types for different suites as in Fig. 9. N: number ofgrains.
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c
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amounts of Co. One chalcopyrite grain contained 60/o Zn,
but all others lacked Zn; Ni and Co were not detected.

Mafic silicates

Biotite. A distinctive feature ofbiotites in S-type gran-
ites is their "fo*y" red color, in contrast to the light brown
to dark brown or black color ofbiotite in I-type granites
(White et al., 1977b} Biotites in S-type granites contain

appreciable amounts of vIAl and low Fer* (Tables 3 and
5, Fig. l0), features attributed to their coexistence with
muscovite afld/or other Al-rich minerals (garnet, silli-
manite) and the reduced nature fiow 100(Fe3)/(Fe3* +
Fe'z*)l of the host rock (Chappell, 1966; Joyce, 1973a).
Biotite vIAl content does not correlate well with whether
biotite occurs alone or coexists with amphibole or mus-
covite, and S-type granites have somewhat higher biotite
vrAl/'vAl (Fig. l1). Biotites in S-type granites exhibit a
small range in total Fe calculated as Fe2+ and Fe/(Fe +
Mg) in contrast to the greater range for these values in
I-type granites, even within individual suites. Within the
Moruya, Jindabyne, and Clear Range suites, biotite Fe/
(Fe + Mg) increases with increasing host-rock silica con-
tent, whereas there is little variation in the other suites
(Tables 3 and 5).

Mason (1978) documented two contrasting types of
zoning from core to rim in biotite and amphibole crystals
from intrusive rocks of the Western Highlands of Papua
New Guinea: increasing Fe/(Fe + Mg) with increasing
vIAl and decreasing Fe/(Fe + Mg) with increasing vIAl.

These trends were interpreted as indicating melt evolu-
tion to more reducing conditions and melt evolution to
more oxidizing conditions, respectively. Though most
biotites in the Lachlan granites were found to show some
zoning, zoning in both vIAl and Fe/(Fe + Mg) was de-
tected in only 6 of the l9 samples found to contain zoned
biotites. These 6 samples were from the Shannons Flat
(2), Clear Range (l), Jindabyne (2), and Cootralantra (l)
suites. Consistent differences from core to rim were a
decrease in Ti and in total Fe calculated as Fe2* relative
to Mg [decreasing Fe/(Fe + Mg)] accompanied by an in-
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Fig. 11. Plot of I"Al vs. vrAl for biotites coexisting with (O)
amphibole, (O) amphibole in Finister suite, (O) biotite alone in
I-types, (a) biotite alone in S-types, (f ) muscovite in S{ypes.
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crease in "IAl. Other biotites decreased in vIAl and Ti
from core to rim with only slight irregular variation in
Fe/(Fe + Mg).

Amphibole. Amphibole, which occurs only in relative-
ly mafic I-type granites, was found not to exhibit distinct
chemical differences between different suites (Table 4).
The main variation in amphibole chemistry with increas-
ing rock SiO, (Tables 4 and 6) is an increase in total Fe
calculated as Fe2*, accompanied by a decrease in Mg [in-
creasing Fe/(Fe + Mg)l for all suites. There is also an
increase in I"Al and Mn with increasing rock SiO, for
Moruya amphiboles but the opposite trend for Jindabyne
and Finister amphiboles. The analyses show a decrease
in averagel"Al and Mg and an increase in mean Si, "tAl,
Fe2*, and Fe/(Fe + Mg) of amphiboles in the order Mo-
rula + Jindabyne - Finister (Tables 4 and 6).

Chemical zoning in amphibole, as summarized in the
previous section on biotite, can be related to changes in
the oxidation state of granitic magmas (Mason, 1978).
Such zoning is present in each ofthe I-type suites; how-
ever, it is typically not regular within grains or between
different grains in the same sample. A consistent zoning
feature is decreasing Ti content toward amphibole rims,
but zoning in terms of total Fe calculated as Fe2* and
IVAI, suggested to be important by Mason (1978), is less
common. Some samples from the Moruya suite and a
sample from the Bingie Bingie suite were found to have
zoning trends of decreasing total Fe and vrAl from core
to rim (Fig. l2). Jindabyne amphiboles were found to be
unzoned or irregularly zoned in Fe2* and I"Al. Finister
suite amphiboles varied considerably in core-to-rim zon-
ing trends that include decreasinglVAl and little variation
in Fe2t, decreasing rvAl and increasing Fe2*, and increas-
ingI"Al and Fe2", then decreasing I"AI with constant Fe2*.

,fo, conditions during crystallization of I- and
S-type granites

Unfortunately, although opaque minerals and mafic
silicates in granitic rocks may reflect the original magma

293

15 22  15  "  oL 'on , ' " ' ,3 - l i ,o ,u i '  
' u

Fig. 12. Zoning of I"Al vs. total Fe as Fe'?* in amphibole from
the Moruya (MG-16), Bingie Bingie (MG-23), and Finister (BB-
100, 16'7, 5) suites. Point analysis (O, grain core (C) and rim
(R) positions, and visually estimated trends for the data (dashed
lines) are plotted.

and also the source region, they may also change signifi-
cantly during the history of a given magma. A number of
recentpapers (Burnham and Ohmoto, 1980; Wones, 1981)
have discussed and quantified in general terms the differ-
ences in intensive parameters between I- and S-type gran-
ites. For this reason and as subsolidus recrystallization
makes quantitative reconstruction of intensive parame-
ters difficult, a detailed discussion of this subject is con-
sidered unwarranted. Some features that do indicate the
relative oxidation state ofthese two granite types are as
follows:

1. The oxidation state of Fe is relatively low in S-type
versus I-type granites (Fig. 8) (Flood and Shaw, 1975;
White et al., 1977b, Chappell, 1978), a conclusion that is
substantiated by the opaque mineral assemblages in the
granites (Figs. 6 to 7).

2. Titanite is a relatively common accessory mineral in
I-type granites but absent, except as a subsolidus altera-
tion phase, in S-type granites. Where it has been observed
in studied samples, notably the Moruya suite, it com-
monly forms reaction rims around ilmenites, which con-
tain hematite exsolutions and hematite * rutile altera-
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TeeLe 6. Variations in amphibole chemistry in some Lachlan fold belt l-type granite suites
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Intrusive suite:
No of samples:

Rock SiO, range:

Moruya
o

52.31-67.18

Jindabyne
4

60.1 8-65.43

Finister
5

64.1 1-66.53

Finnmarka'
2

56.92-62.96

r"Al

vrAl

Ti

FC

Mg

M n

100Fe/(Fe + Mg)

1.041 + 0.212
ir inc. tr.

0 116 + 0.065
no tr

0.124 + 0 056
ir. dec. tr.

2.031 + 0.214
ir. inc. tr.

2747 + 0.255
ir dec. tr.

0.055 + 0.016
ir. sl. inc. tr

43.34 + 4.94
ir inc. tr.

0.986 + 0.191
sl ir dec. tr.

0.199 + 0.022
sl. dec tr.

0.066 + 0 030
dec tr.

2.104 + 0.154
ir. inc. tr.

2.799 + 0.220
sl. dec tr.

0 101 + 0.034
ir. dec. tr

42.92 + 3.33
ir. inc. tr.

0.906 + 0.122
dec. tr.

0.240 + 0.041
sl. dec. tr.

0.087 + 0.023
ir inc tr.

2.218 + 0.173
ir. inc. tr

2.612 + 0.201
ir. dec. tr.

0.050 + 0.013
ir. sl. dec. tr.

46.25 + 3.96
ir. inc. tr.

0.894 + 0.282
str. dec. tr.

0.062 + 0.037
inc. tr

0.134 + 0.057
dec. tr.

2.141 + 0.781
str. dec. tr.

2.713 + 0.695
str. inc. tr.

0.037 + 0.042
sl. inc. tr.

41 .74  +  15 .19
str. dec. tr.

A/ote: Given are the mean + 1 standard deviation in atoms and the trend exhibited by the data in relationship to increasing whole-rock SiOr'
Abbreviations: ir : irregular; inc. : increasing; tr : trend; sl : slight; dec. : decreasing; str. : strong.

. From data of Czamanske and Wones (1973)



294 WHALEN AND CHAPPELL: ACCESSORY MINERALS IN I- AND S-TYPE GRANITES

009

c

I  ooo
6
tD

o 2
l l m e n i t e

Fig. 13. Plot of Mn content of biotite vs. Mn content of
ilmenite with calculated regression line; each point represents a
rock sample. Suite symbols: (Q) Moruya; (!) Jindabyne; (v)
Finister; (a) magnetite-bearing S-types; (O) magnetite-free S-types.

tion; these samples also contain magnetite with hematite
alteration. Similar features described from the Finnmar-
ka complex (Czamanske and Wones, 1973) have been
interpreted as indicating relatively oxidized conditions.

3. Based on experimental work of Buddington and
Lindsley (1964), compositions of Fe-Ti oxides have been
widely employed to give a quantitative measure of forand
?". Unfortunately, aralyzed magnetites have re-equili-
brated at low temperatures and are exceptionally low in
iilvospinel. The consistent partitioning of Mn between
ilmenite and biotite (Fig. l3), analogous to that found for
the Pliny Range intrusive complex (Czamanske et al.,
1977), suggests that ilmenite compositions may reflect
magmatic fo2 conditions better than magnetite composi-
tions. With increasing,fo, ilmenite becomes more en-
riched in FerO. component (Buddington and Lindsley,
1964) and may become very enriched in MnTiO, (Cza-
manske and Mih6lik, 1972). Calculation of the mole frac-
tion FerOr/(FerO. + FeTiO.) in ilmenites, assuming
MnTiO. to be inert, indicates that ilmenite ranges from
a more oxidized Ilmr, (Moruya suite), through Ilmro (Jin-
dabyne suite), Ilmnu (Finister suite), and Ilmr, (magnetite-
bearing S-types), to a more reduced Ilmn, (magnetite-free
S-types).

4. Particular biotite and amphibole compositional
variations in the Finnmarka complex (Czamanske and
Wones, 1973), in Japanese granitoid rocks (Czamanske
et al., l98l), and within individual grains or samples of
mineralized and unmineralized intrusive suites (Mason,
1978) have been suggested as indictive of suite or magma
evolution to more oxidizing conditions. In a general way,
lower Fe3* content ofbiotite separates from S-type gran-
ites of the Berridale batholith (Tetley, 1978), Murrum-

bidgee batholith (Joyce, 1973a), and the New England
batholith (Chappell, 1966) indicate the more reduced na-
ture of these granites. Biotite microprobe analyses of this
study indicate somewhat higher Fe/(Fe + Mg) values for
S-type versus I-type granites (Fig. l0), but there is con-
siderable overlap. Within studied S- and I-type granite
suites, biotite exhibits a trend of increasing Fe/(Fe + Mg)
with increasing host-rock silica content (Tables 3 and 5).
This trend is considered usual in "calc-alkaline" rock
suites (Nockolds, 1947; Larsen and Draisen, 1950) and
has been suggested to indicate evolution to more reducing
conditions. Consistent trends of increasing vrAl and de-
creasing Fe/(Fe + Mg) from core to rim in biotites from
the Shannons Flat, Clear Range, Cootralantra, and Jin-
dabyne suites are the compositional trends considered by
Mason (1978) as indicative of melt evolution to more
oxidizing conditions. These trends may be subsolidus fea-
tures, possibly indicating biotite re-equilibration with ox-
idized deuteric fluids. Amphibole, though of restricted
distribution in studied samples, exhibits the same reduc-
ing trend as biotite, that is, increasing Fe/(Fe + Mg) with
increasing host-rock silica (Tables 4 and 6). Within in-
dividual samples, zoning of Fe2* and "IAl in amphiboles,
although somewhat irregular, exhibits trends in the Mo-
ruya and Bingie Bingie suites that suggest relatively high
inilial fo, in the melt and evolution to more oxidizing
conditions. Trends in the Jindabyne and Finister suites
suggest relatively low initial f, in the melt. Such an in-
terpretation of the amphibole zoning is consistent with
other features ofthese suites described above.

The data collected in this study are consistent with the
conclusion of Wones (1981) that the quartz-fayalite-mag-
netite (QFM) buffer can probably be taken as the dividing
line between oxidized magnetite-bearing granites and re-
duced ilmenite-bearing granites. Most I-type granites
formed under/o, conditions greater than QFM, though a
wide range off, conditions is indicated by the existence
of magnetite-free I-type granites. Most S-type granites
formed under /o, conditions lower than QFM though
magnetite-bearing S-type probably formed under condi-
tions approximating QFM.

Granite classifications and associated mineral deposits

The magnetite- and ilmenite-series classification of
Japanese granites (Ishihara, 19'77,1978, l98l) is a de-
scriptive twofold division based on the accessory min-
erals magnetite and ilmenite. Recent comparisons of this
petrologic scheme with the genetic I- and S-type granite
classification (Takahashi et al., 1980; Ishihara, l98l) have
concluded that the magnetite series in Japan can be cor-
related with I-type granites and that the ilmenite series
in Japan is composed of both I- and S-type granites. This
study has indicated that in the Lachlan fold belt, how-
ever, I-type granites as well as S-type granites include
both magnetite-series and ilmenite-series granites.
Nevertheless, the majority of S-type granites belong to
the ilmenite series, and the majority of I-type granites
belong to the magnetite series. It should be noted, how-
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ever, that the trends documented in this study for Lach-
lan granites of increasing Fe/(Fe + Mg) with increasing
host-rock silica for both biotite and amphibole are the
same as those documented by Czamanske et al. (1981)
for ilmenite-series suites in Japan. In contrast, magnetite-
series suites in Japan were found to be characterized by
trends of decreasing Fe/(Fe + Mg) with increasing host-
rock silica. This study and also that of Bowden et al.
(1984) indicate that petrologic granite classification
schemes based on specific minerals, such as the magne-
tite- and ilmenite-series scheme of Ishihara (1977) are
less useful than other types of petrologic and chemical
classifications.

The suggestion has been made that particular types of
ore deposits are associated with I- and S-type granites
(Chappell and White, 1974; White etal.,1977a) and with
magnetite- and ilmenite-series granites (Ishihara, 1977,
1978, 1981). Tin deposits are considered to be associated
with S-type and ilmenite-series granites and molybde-
num deposits and porphyry copper deposits with I-type
and magnetite-series granites. The association of tin de-
posits with S-type and ilmenite-series granites has been
attibuted, in part, to the higher Sn content of sedimentary
source rocks. Burnham (1979) has attributed porphyry
copper deposits, in part, to the higher Cu abundance in
I-type sources, such as metamorphosed oceanic basalt or
lower-crustal amphibolites. Because of the potential of Sn
to be accommodated in titanite and magnetite, common
restite phases in I-type granites, White et al. (1977a) sug-
gested that a minimum melt from an igneous source
should be low in Sn. Similarly, Ishihara (1978) recognized
the high Sn content of titanite and magnetite and sug-
gested that Sn in magnetite-series granites is present as
Sna*, which substitutes for Tio* and Fe3* in these min-
erals, whereas in the more reduced ilmenite-series $an-
ites, Sn is present as Sn2*, which is concentrated in the
melt phase. The texturally early (restite?) and ubiquitous
sulfide phases in S-type granites may help explain the less
common occurrence of base-metal deposits with this
granite type. Chalcophile elements (Pb,Zn, Cu, Mo, Co,
Ni) are partitioned into early-formed sulfides and are not
concentrated in the melt or late-stage fluid phases. From
discussions of Ishihara (1981), it is apparent that some
of the Sn-bearing ilmenite-series granites in Japan are
I-type. This and recent summaries of current theories on
the factors controlling origin and concentration of metals
in magmas (Burnham, 1979; Burnham and Ohmoto,
1980) strongly suggest that oxygen fugacity of the magma
may be more important than nature of the source rock
in controlling differences in metal associations between
granites.
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