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The Deddick Granodiorite, a mafic S-type pluton in the Lachlan
Fold Belt, contains abundant enclaves. Most are derved from
high-grade metasediments of pelitic—psammatic composition, and
migmatites are common. Among these, discrete fragments of
melanosomes rich in cordierite and garnet are restites from partial
melting. However, compositional and Nd—Sr isotopic data indicate
they are not restite in equilibrium with the melt component of the
host magma, but may have formed part of a spectrum of diverse
magma source lthologies. Alternatively, they may be accidental
xenoliths. Regardless of their origin, data for these enclaves suggest
their precursors could represent deeply buried age equivalents of the
ubiquitous Ordovician turbidites of the Lachlan Fold Belt. Three
lypes of microgranular enclaves with 1gneous lextures are dis-
tinguished. The most common type are small and rounded mafic
enclaves of tonalitic composition. They carry xenocrysts derived from
the host magma, and some contain high-Mg pyroxene derived from
a mafic magma. Isotopic data form an array with &y, from —6 to
—12, and 7 Sr/*Sr from 0-7130 to 07167 (host rock —10 and
0-715, respectively). These enclaves formed as globules of hybrid
mafic magma commingled with, and contaminated by, the more
Jelsic host magma. Other enclave types were derived from disrupted
syn-plutonic dykes having a distinct isotopic composition, and from
a cogenetic mayginal facies of the host.
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INTRODUCTION

Enclaves in granites and volcanic rocks can provide
petrogenetic information not readily available from their
host rocks (Didier, 1973; Didier & Barbarin, 1991). For
example, metasedimentary enclaves can place constraints
on the age, composition and deformational history of
magma source regions within continental crust (Fleming,
1991; Steele et al, 1991). Enclaves formed by ac-
cumulation of early phenocrysts (‘autoliths’) document
the early evolution of the host magma, whereas others
may represent commingled magmas and illustrate the
possible role of hybridization (Didier, 1987).

Enclave suites in the relatively mafic S-type granitoids
of SE Australia are often diverse, including abundant
enclaves of metasedimentary origin and microgranular
enclaves (Phillips et al., 1981; Price, 1983; Chen et al.,
1989; Wyborn ¢t al., 1991). The metasedimentary en-
claves are lithologically diverse, including gneissic—
migmatitic types and biotite-rich ‘surmicaceous’ types.
Apart from their potential as indicators of crustal structure
and composition, they are of interest as possible fragments
of source material and/or refractory residue from which
peraluminous melts were generated and extracted. By
contrast, the microgranular enclaves often have igneous
microstructures and generally show strong affinities with
their host rocks in terms of mineralogy, mineral com-
position and bulk chemistry (Didier, 1973; Vernon, 1983).
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Microgranular enclaves in granitoids have been in-
terpreted as (1) ‘cognate’ fragments of cumulates or wall-
rock facies closely related to host magma (e.g. Wall et al.,
1987), (2) globules of more mafic, typically hybrid magma
commingled with more felsic host magma (Didier, 1973;
Vernon, 1984, 1990; Reid & Hamilton, 1987), and (3)
fragments of melt residues or of recrystallized, refractory
metamorphic rocks from the granite source (Chappell et
al., 1987; White et al., 1991). Occasionally, igneous rocks
entrained as xenoliths have been reported (see Maury &
Didier, 1991). These genetic types may vary between
occurrences and conceivably several types could occur
in the same pluton, but original distinctions are often
destroyed through protracted equilibration of enclaves
with felsic host magma (Debon, 1991; Holden et al.,
1991). The contrasting interpretations of microgranular
enclaves obviously bear on the origin of chemical and
isotopic heterogeneities observed within and between
many S-type granites and granite suites, as well as in
peraluminous volcanics. Such heterogeneities have been
attributed to partial melting of mixed sources (McCulloch
& Chappell, 1982; Juteau et al., 1986), to magma hy-
bridization (Feldstein et al., 1994; Moreno-Ventas et al.,
1995) or to wall-rock assimilation (Lee & Christiansen,
1983).

This study describes a diverse suite of metasedimentary
and microgranular enclaves in a particularly enclave-rich
S-type granite of the Lachlan Fold Belt, SE Australia,
and attempts to identify their origin and their significance
in the evolution of the host pluton. In earlier enclave
studies in the Lachlan Fold Belt, all enclaves (including
microgranular types) present in S-type granitoids have
been interpreted as metamorphic rocks derived from the
granite source (Chen et al, 1989; White et al., 1991).
Other workers, however, have reported evidence for
magma mixing in microgranular enclaves in S-type gran-
itoids consistent with an origin as commingled mafic
magma globules (Vernon, 1983; Elburg & Nicholls, 1995;
Elburg, 19964). The microgranular enclaves described
here appear to be only mildly affected by equilibration
with the host magma, and preserve compelling min-
eralogical and isotopic evidence to support the latter
studies.

GEOLOGICAL SETTING

The Silurian Deddick Granodiorite (syn. McKillops
Bridge Granodiorite, White & Chappell, 1988) is a cor-
dierite-bearing, mafic peraluminous (S-type) pluton in
the southern Lachlan Fold Belt, SE Australia. It covers
~100 km” in the southermost part of the Kosciusko
Batholith in eastern Victoria (Fig. 1) and was emplaced
into folded Ordovician to Early Silurian shales and
turbidites. The sediments form part of the Yalmy fold
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and thrust belt in the Canberra—Buchan zone (Glen,
1992). Deformation and metamorphism in the sediments
predate the pluton, which is unfoliated [although strongly
fractured in places (Ringwood, 1955)] and surrounded
by a contact aureole which overprints earlier very low
grade greenschist-facies assemblages in the Early Silurian
turbidites (Glen & Vandenberg, 1987; Gray, 1988). Sev-
eral other, similar intrusions occur nearby (e.g. Amboyne,
Suggan Buggan, Nunniong Granodiorites) but their oc-
currence is abruptly terminated to the east at the Yalmy
Fault Zone, which in this area is coincident with the I-S
line of White & Chappell (1983), thought to mark the
eastern termination of thick continental basement. Coeval
intrusions of I-type character or more mafic rocks such
as gabbros or mafic dykes are not known in the immediate
area. The Deddick Granodiorite and its host sediments
are unconformably overlain by the Early Devonian ande-
sitic-rhyolitic Snowy River Volcanics which have been
gently folded and fractured in the Mid-Devonian (Gray,
1988). Tectonic reconstructions (e.g. Powell, 1984) for
the Silurian suggest that the area formed part of a
complex back-arc region developed on a fragment of
old, rigid continental crust (Chappell ez al., 1988; Glen,
1992).

The geochronology of the area is currently being
revised, with new SHRIMP U-Pb zircon ages indicating
granite ages older than the ~410-415 Ma K-Ar and
Rb—Sr mica ages summarized by Richards & Singleton
(1981). SHRIMP U-Pb zircon ages around 425-430 Ma
have been reported for S-type granitoids in the Kosciusko
and Berridale Batholiths (Chappell ¢t al., 1991; Williams,
1992). These ages agree with conventional monazite
U-Pb ages reported by Williams et al. (1983), who sug-
gested that widespread 410415 Ma resetting of mica
K-Ar and Rb—Sr ages for S-types could be related to I-
type magmatism around that time. We have obtained a
42542 Ma Rb-Sr isochron age from a leaching ex-
periment on biotite from the Deddick Granodiorite (see
Table 5, below), consistent with SHRIMP zircon ages for
this (new unpublished data) and other S-type granitoids.

The Deddick Granodiorite (see Fig. 1) is representative
of numerous strongly peraluminous, cordierite-bearing
mafic granitoids of similar age (Chappell & White, 1992)
in the Lachlan Fold Belt, e.g. the neighbouring Amboyne
and Suggan Buggan Granodiorites (Fig. 1; see also White
& Chappell, 1988), the Jillamatong Granodiorite, or the
Cowra Granodiorite (Vernon, 1983, 1990; Chen et al.,
1989; Wyborn et al., 1991). Like other mafic S-types,
the Deddick Granodiorite contains abundant enclaves
ranging in size from <2 cm to 1 m. Because of poor
outcrop and weathering, detailed observation of enclaves
and their distribution is restricted to fresh exposures
along the Snowy and Deddick Rivers (Fig. 1). In this
area, enclaves make up 4-7 vol. % of the exposure and
are more or less uniformly distributed, with the exception
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Fig. 1. Simplified geological map of the southern Kosciusko Batholith showing Deddick Granodiorite and sampling area along the Snowy and

Deddick Rivers near McKillops Bridge. Geological boundary between the Deddick and Amboyne Granodiorites is poorly known and schematic.

Small map shows large-scale geological features of SE Australia, small rectangle is area covered by large map. B, Bega Batholith; Be, Berridale
Batholith; IF, Indi Fault; K, Kosciusko Batholith; NSW, New South Wales; VIC, Victoria; YF, Yalmy Fault.

of one of the microgranular types which occurs in rare
zones intruded by narrow dykes of granitoid composition
(Legg, 1988). The majority of the enclaves have gneissic
to migmatitic textures and are rich in biotite and Al-rich
minerals, suggestive of a metasedimentary origin. By far
the most common type amongst these enclaves are
discrete fragments of melanosome material composed of
cordierite and garnet, with minor spinel and al-
uminosilicates. To distinguish them from the gneissic and
migmatitic types, they will be referred to as cordierite—

garnet enclaves. Other enclave types are subordinate in
abundance and include small but ubiquitous quartz—
cordierite enclaves, quartz lumps, microgranular en-
claves, and hornfelsic xenoliths.

Field relationships and mineralogy
Host granodiorite

The Deddick Granodiorite host phase has a strongly
peraluminous mineral assemblage (biotite + cordierite +
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Fig. 2. Compositional ranges in rock-foming minerals in the Deddick granodiorite and its major enclave types. The x-axis gives per cent
anorthite (pg), per cent orthoclase (af), or 100Mg/Mg +Fe, (opx, bt, gt, cd). (For abbreviations, see Table 1.)

garnet) and high normative corundum (2:4-4-7% C). It
is often slightly porphyritic, with rare coarse plagioclase,
cordierite and reaction-rimmed garnets (to 20 mm) set
in a groundmass of medium (3-5 mm) grainsize. Quartz
is the major felsic mineral, followed by plagioclase and
subordinate alkali feldspar. Biotite and cordierite typically
occur in centimetre-sized clots and are often partially
converted to chlorite, muscovite or a mixture of the two
(‘pinite’ after cordierite). Rare orthopyroxene is frequently
partially replaced by biotite and quartz.

Gneissic, migmatitic and cordierite—garnet enclaves;
el >
quartz—cordierite enclaves

These types make up 80-95% of all observed enclaves
and are uniformly distributed over the outcrop area.
They vary widely in size (<1 to 50 cm), shape (rounded
to angular and irregular), lithology and structure. All
have coarse-grained, high-grade metamorphic mineral
assemblages, rich in sillimanite, corundum and Zn-rich

hercynitic spinel, but lacking orthopyroxene, that dis-
tinguish them from superficially similar enclaves with
hornfelsic textures (see below).

In the gneissic enclaves, pelitic layers rich in biotite
with subordinate cordierite, fibrous sillimanite and rare
coarse garnet, alternate with psammitic layers rich in
quartz but with lower, highly variable proportions of
plagioclase and alkali feldspar. In the migmatitic enclaves,
lenticular and patchy leucosomes (< 10 mm in width) are
developed mainly within biotite-rich layers. Leucosomes
may be folded, with axial planes parallel to gneissic
layering. Melanosomes are rich in cordierite, garnet and
biotite. Discrete cordierite-garnet enclaves are similar to
the melanosomes in migmatitic types, typically <10 cm
in size and are often found in various stages of dis-
aggregation. Mineral assemblages are dominated by
porphyroblastic cordierite (up to 80 vol. %) with abundant
inclusions of sillimanite, spinel and corundum, variable
proportions of garnet (0-20%), and some examples carry
coarse andalusite, in addition to prismatic sillimanite.
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Ubiquitous, discrete quartz—cordierite enclaves are
small (<10 cm), irregular or rounded, and consist of sub-
equal proportions of quartz and cordierite with minor
biotite, sillimanite and zircon. The smallest (<1 ¢cm) may
have the external form of single cuhedral cordierite
crystals. Similar material occurs as rinds on some meta-
sedimentary enclaves, suggesting an origin by reaction
between these and the host magma.

Hornfels xenoliths

Irregular blocks of quartzofeldspathic and pelitic material
occur near the pluton margins and many are clearly
derived from the local wall rocks. Most are undeformed
and show characteristic fine equigranular (~0-1 mm)
mosaic textures, with quartz, cordierite and biotite dom-
mant in both quartzofeldspathic and pelitic examples.
Cordierite is intergrown with variable proportions of
alkali feldspar and plagioclase. Orthopyroxene in addition
to biotite is present in the margins of some specimens.
Others have weak schistosity and appear transitional to
the gneissic-migmatitic enclaves, suggesting derivation
from metasedimentary precursors over a range of depths.

Microgranular enclaves

Three types of microgranular enclaves could be dis-
tinguished. The micro-granodioritic enclaves (~1% of all
enclaves) form large blocks from 20 cm to >100 c¢cm in
largest dimension, and have angular to slightly rounded
outlines. Contacts with the host granodiorite are often
slightly crenulated but always sharp. They resemble the
host granodiorite mineralogically but have much finer
grainsize, slightly more modal plagioclase and biotite
but less quartz and alkali feldspar. Rare plagioclase
phenocrysts, plagioclase laths, biotite plates, quartz and
alkali feldspar occur in weakly poikilitic igneous micro-
structures. Several examples contain small hyper-
sthene phenocrysts, one has euhedral cordierite and two
others have rare coarse garnet, identical to that in the
host granodiorite. Occasionally, as near the junction of
the Deddick and Snowy Rivers, enclaves of this type can
be traced to dismembered, >1 m wide synplutonic dykes.

The micro-tonalitic enclaves are mostly small (<10 cm)
and have ovoid to sub-spherical shapes. They make up
1-3% of all enclaves but occasionally occur in greater
abundance within polygenetic swarms surrounded by
unusually leucocratic host granite. The enclaves are typ-
ically homogeneous, fine grained and have equigranular,
weakly poikilitic igneous microstructures. One important
example carries phenocrysts of plagioclase and hy-
persthene. Most are dominated by the assemblage
plagioclase + biotite + hypersthene + quartz, with two ex-
amples containing relatively abundant cordierite and
one containing salitic clinopyroxene and garnet. Two
examples are zoned, with cores that contain hypersthene

IGNEOUS AND METAMORPHIC ENCLAVES

and actinolite (presumably after Ca-clinopyroxene), but
no biotite. The rims resemble other, unzoned enclaves,
containing hypersthene, biotite, plagioclase and quartz
in roughly equal proportions.

The rare porphyritic granodiorite enclaves consist of
phenocrysts of plagioclase, cordierite, quartz and biotite,
almost identical in size, habit and composition to the
same minerals in the host, set in a fine-grained (<0-5
mm) groundmass. Apatites occurring in the groundmass
have an acicular habit. The enclaves strongly resemble
thick (10 cm) rinds of weakly porphyritic granodiorite
developed on some hornfelsic xenoliths.

Petrography and mineral chemistry

Petrographic and mineral chemical data for the Deddick
Granodiorite and its enclaves are compiled in Table 1,
and representative mineral compositions are listed in
Tables 2 and 3. The following sections describe some of
the key features of these rocks.

Deddick Granodiorite

Plagioclase typically consists of broad, often altered cores
showing oscillatory and patchy zoning over a small range
of compositions (Ans;, 45), surrounded by narrow rims,
strongly zoned to Any, (for abbreviations refer to Table
1). Biotite occurs as red-brown, cuhedral-subhedral
plates up to 3 mm or, more commonly, in clots up to
15 mm in size, and typically has high TiO, contents.
Plagioclase and biotite crystals similar to those described
here are common in S-type granitoids (e.g. Hine et al.,
1978). Cordierite forms coarse euhedral crystals with few
inclusions and resembles the magmatic cordierite found
in other S-type granitoids (Chappell & White, 1992). A
second distinct type of cordierite of similar composition
forms anhedral grains rich in inclusions of hercynite and
fibrous sillimanite. Inclusion-rich cordierite of this type
is commonly overgrown by euhedral, clear, magmatic
cordierite. The inclusion-rich cordierite strongly re-
sembles the less magnesian cordierite typical of the meta-
sedimentary enclaves (see below) and may be xenocrystic.
Garnet also occurs in two distinct types. The more
common garnet type forms coarse (1-20 mm) euhedral,
almandine-rich grains with relatively few inclusions, uni-
form in composition apart from narrow peripheral zones
of high spessartine-almandine and lower pyrope com-
ponent. A second type of almandine-rich garnet occurs
as coarse, anhedral grains often containing a core
crowded with tiny mineral and fluid inclusions, and
showing complex zoning. Inclusion-rich garnet of this
type is sometimes rimmed by clear, euhedral (magmatic)
garnet of the first type. Very similar inclusion-rich garnets
occur in the high-grade metasedimentary enclaves and
their counterparts in the host granodiorite may therefore
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be xenocrystic. Both magmatic and xenocrystic garnet
were unstable under the conditions of final emplacement
and cooling and have developed reaction coronas (cd—
bt-opx). The compositions of the four coexisting fer-
romagnesian phases (Table 1) form a trend
(Mgeordierite™ Mhiotite ™ MZorthopyroxenc ™ MZgamer) also noted in
S-type volcanics of the Lachlan Fold Belt (Wyborn et al.,
1981; Clemens & Wall, 1984); this trend is considered
to be typical of metamorphic equilibrium assemblages
(e.g. Hoffer & Grant, 1980).

High-grade metasedimentary enclaves

Plagioclase is common only in the gneissic enclaves,
where it forms unzoned to weakly zoned xenomorphic
crystals with occasional inclusions of fibrous sillimanite.
Xenomorphic cordierite is abundant in pelitic portions
of the gneissic enclaves and may form 80% of the
mode in migmatite melanosomes and cordierite—garnet
enclaves. Common inclusions in cordierite are green
hercynitic spinel, folded bundles of fibrous sillimanite,
occasional biotite, and—in the cordierite—garnet in-
clusions and in migmatite melanosomes—corundum.
Relict biotite and sillimanite may derive from the cordi-
erite-forming reaction bt+sill+qz = cord +kf+ H,O.
Garnet forms idiomorphic to xenomorphic grains of 1-10
mm, often comprising a large core riddled with mineral
(ilmenite, quartz) and fluid inclusions, and rims without
fluid inclusions but containing biotite and sillimanite.
The garnets are almandine rich and exhibit complex
bell-shaped Mg-Fe-Mn-Ca zoning patterns related to
their metamorphic growth history (Legg, 1988). Garnets
in the gneissic enclaves are usually unreacted whereas
similar garnets in migmatitic melanosomes and in cor-
dierite-garnet enclaves have symplectitic reaction co-
ronas (bt—cd—hc—cor). Other minerals in the cordierite—
garnet enclaves include rare quartz, K-feldspar and
plagioclase; the last of these is never in contact with other
felsic minerals. Sillimanite occurs chiefly as inclusions in
cordierite but is coarse grained and prismatic in those
cordierite—garnet enclaves that carry andalusite. The
latter is restricted to the most aluminous enclaves, is
coarse grained, idioblastic and inclusion free, but often
reacted to cordierite + spinel 4+ corundum. Biotite is far
less abundant in the cordierite-garnet enclaves than in
the gneissic enclaves, reflecting breakdown of biotite to
yield felsic leucosome melt.

Mineral compositions are similar throughout the range
of enclave types described above. Relative to their
counterparts in the host granodiorite, plagioclase in the
enclaves is less calcic (Any; 4) and mafic minerals are
commonly more Fe rich (primary biotite Mgsg 475 cor-
dierite Mgs; 40). A similar relationship was noted for
metasedimentary enclaves in other peraluminous gran-
itoids in SE Australia and in the Massif Central (Chen
et al., 1989; Montel et al., 1991).
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Microgranular enclaves

The micro-granodioritic enclaves contain the same type
of TiOy-rich biotite as the host granodiorite but com-
positions vary more widely, from Mg, in the most mafic
sample (B22) to Mgy 5 in the least mafic sample (F12).
Rare euhedral orthopyroxene is partially replaced by
chlorite or fine clays, shows normal zonation and has
higher mg-number (Mg, 3;) than coexisting biotite. This
differs from the equilibrium situation (Mg, >Mg,,)
observed in the host granodiorite and in the porphyritic
granodiorite enclaves (Table 1). Cordierite has only been
observed in enclave B15, where it forms euhedral, un-
reacted magmatic crystals. Garnet is absent except for
single garnet crystals rich in mineral inclusions found in
enclaves B15 and K2. They carry reaction coronas of
(pg—opx) or (pg-bt), respectively, but otherwise resemble
garnets in the host rock and in the metasedimentary
enclaves and are probably xenocrysts.

The micro-tonalitic enclaves show considerable min-
eralogical variability and evidence of disequilibrium. Pla-
gioclase phenocrysts have cores similar in size and
composition (~An;;) to plagioclase in the host gran-
odiorite, rimmed by more calcic plagioclase (Ang g;).
Some grains have core—rim transition zones zones riddled
with melt inclusions, of the type produced by Tsuchiyama
(1985) by reacting sodic plagioclase with calcic melt.
Fine-grained plagioclase in the groundmass is also anor-
thite rich (Ang, 5). Quartz occurs largely in the ground-
mass, where it poikilitically encloses all other minerals.
However, corroded quartz grains up to 5 mm in diameter,
with prominent (pg-opx) reaction rims, occur in most
samples. They resemble the quartz ‘ocelli’ described from
many mafic micro-granular enclave suites (e.g. Vernon,
1990). Biotite shows broad ranges in mg-number (Mgg; 5)
and TiO, content (3:6-56%), even within a single en-
clave, and is considerably more magnesian than biotite
in the host rock or in other enclave types. Orthopyroxene
forms euhedral phenocrysts which may occur in glo-
meroporphyritic clots, and as tiny (<0'5 mm) perfect
prisms in the groundmass. Phenocrysts may be strongly
optically zoned with very magnesian cores. For example,
enclave 60540A has bronzite (Mgg; g) cores surrounded
by narrow rims of hypersthene (Mgg 55). Groundmass
hypersthene prisms in 60540A are highly variable in
composition (Mgy 51). In enclave ]2, orthopyroxene com-
positions show a smaller range (Mgs; 40). In this sample,
a small crystal clot (<1 mm) has been found, consisting of
hypersthene, normally zoned Ca-clinopyroxene (Mggq 50),
plagioclase and quartz, with clinopyroxene forming thin
mantles on hypersthene prism faces. Similar features are
common in natural and experimental andesitic as-
semblages; however, only one example has been found in
this study. Relatively coarse-grained (to 5 mm) cordierite
occurs in several samples. Enclave 60540A carries rare
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inclusion-free cordierite showing reverse zoning, from
Mg, cores to Mg, rims. The cores of these grains are
compositionally similar to the magmatic cordierite from
the host granodiorite (Mgg 55), whereas the rim com-
positions match those of fine-grained cordierite (Mgg)
elsewhere in the enclave. Coarse cordierites in enclaves
8499B and D1 are relatively magnesian (Mgg), and often
carry sillimanite needles. They may represent adjusted
xenocrystic cordierite ultimately derived from the meta-
sedimentary enclaves. Rim and groundmass cordierites
in these two enclaves are again more magnesian (Mg;, 4)
and in textural equilibrium with quartz, suggestive of
a magmatic origin. Almost all cordierites are strongly
corroded and variably replaced by plagioclase + green
biotite; clots of plagioclase + green biotite in apparently
cordierite-free micro-tonalite enclaves may represent
cordierite pseudomorphs. A single garnet with a (pg—opx)
reaction rim occurs in enclave J2; the grain strongly
resembles the magmatic almandine in the host. Acicular
apatites are common in the groundmass.

CONDITIONS OF CRYSTALLIZATION
AND EMPLACEMENT

Pressure—temperature estimates for the early stages of
crystallization of the host magma were derived from
Fe-Mg exchange equilibria in coexisting orthopyroxene
and garnet, using the calibrations of (for temperature)
Harley (1984), Sen & Bhattacharya (1984) and Lee &
Ganguly (1988), and (for pressure) Bohlen et al. (1983),
Perkins & Chipera (1985), Powell & Holland (1987) and
Moecher et al. (1988). A rare magmatic intergrowth of
orthopyroxene and garnet in sample I7 (mineral data
Tables 2 and 3) yields 840 +60°C and 0-55+0-1 GPa.
Uncertainties reflect the dispersion between different
calibrations but do not reflect the much greater un-
certainties from other sources (Spear, 1993). However,
the results are consistent with P-7 estimates for other
Lachlan Fold Belt peraluminous felsic complexes
(Wyborn et al., 1981; Clemens, 1988) and suggest depths
of source melting and early magmatic crystallization of
~20 km. Final emplacement of the host granodiorite
probably occurred at depths of <10 km (<0-25 GPa),
based on coexisting cordierite + orthopyroxene in
hornfels xenoliths.

Inclusion relationships for major minerals of the host
granodiorite  suggest the crystallization sequence
quartz~orthopyroxene—biotite~plagioclase~cordierite —
alkali feldspar. If the magma carried minimal restite
or xenocrysts, this sequence may be compared with
experimental sequences for the compositionally similar
Lake Mountain Rhyodacite (Clemens, 1981). In the latter,
quartz begins to crystallize at about the same time as
orthopyroxene and before plagioclase at 0-5 GPa, but

IGNEOUS AND METAMORPHIC ENCLAVES

not at 0-2 GPa, and then only at low water activities
(an,0<0-2). The experimental sequence at 0-:5 GPa, at
an,0~0-2, is quartz~orthopyroxene (960°C)-garnet
(920°C)—plagioclase (910°C)-biotite (880°C), with or-
thopyroxene stable to near-solidus temperatures (830°C).
These experimental data support the pressure estimate
of 0-:55 GPa for early crystallization in the granodiorite
magma, but suggest temperatures 50—100°C higher than
those indicated by mineral geothermometry, presumably
because of near-solidus re-equilibration of early-formed
minerals.

If the Deddick Granodiorite magma carried significant
restite or xenocrysts, a suitable model for crystallization
of the liquid component should be provided by the
peraluminous Strathbogie Granite composition also
studied experimentally by Clemens (1981). In this com-
position, quartz and orthopyroxene again start to crys-
tallize before plagioclase at 0-5 GPa but not at 0-2 GPa,
but to slightly higher ay,o (0-3) than in the case of the
Lake Mountain Rhyodacite. The relevant experimental
crystallization sequence for Strathbogie 1is garnet
(940°C)—quartz~orthopyroxene (930°C)-biotite~plagio-
clase (870°C), with orthopyroxene again stable down to
830°C.

The inferred crystallization sequence for major min-
erals of the micro-granodioritic enclaves is plagioclase—
orthopyroxene-biotite~quartz—alkali feldspar. In enclave
B15, large subhedral cordierites apparently began to
form before biotite and remained stable, but no magmatic
garnet formed. Fe-rich biotite in these enclaves formed
late relative to the more Mg-rich biotite in the Deddick
Granodiorite host. This sequence is comparable with
that determined experimentally for the Lake Mountain
Rhyodacite at 0:-1 GPa and ay,0~0'5 (magma water
content 2-3 wt %). Such a low pressure is consistent
with the field evidence, such as the partial preservation of
original intrusive relationships and the extremely limited
mechanical interaction between either enclaves or dykes
with the host granodiorite. It also indicates that the levels
of the pluton exposed at present may have been as
shallow as 4-5 km at the time of emplacement.

The occurrence of partial melting in the high-grade
metapelitic enclaves suggests a minimum temperature of
750°C (Clemens & Vielzeuf, 1987), or higher where
extensive biotite breakdown to form melt is observed.
Garnet—biotite thermometry for a gneissic enclave
(sample C1C1, mineral data Tables 2 and 3) yields
8204 100°C [(calibrations of Ferry & Spear (1978) with
or without garnet solution model of Berman (1990);
Hodges & Spear (1982); Ganguly & Saxena (1984);
Indares & Martignole (1985)]. This estimate may be
biased to some extent by retrograde diffusion rims in
garnet which prevent determination of true garnet rim
compositions. A pressure of 0-55+1-5 GPa was derived
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from the garnet—plagioclase-Al,Si05—quartz  geo-
barometer, using the same garnet analysis and a pla-
gioclase with Any (Newton & Haselton, 1981; Hodges
& Spear, 1982; Ganguly & Saxena, 1984; Hodges &
Crowley, 1985; Kozial, 1989). Garnet, biotite and pla-
gioclase compositions in the other metasedimentary en-
clave types do not vary greatly from those in C1C1,
suggesting that they record similar P-7 conditions. These
indicate equilibration depths close to those suggested for
carly crystallization of the host magma. However, the
presence of primary andalusite in some cordierite-garnet
enclaves suggests their derivation from slightly shallower
depths (~15 km), with a loose upper limit provided by
the varied estimates of the Al,SiOj; triple point pressure,
taken here as ~0-4 GPa (Holdaway, 1971; Salje &
Wernecke, 1982).

WHOLE-ROCK GEOCHEMISTRY AND
Nd-Sr ISOTOPES

The Deddick Granodiorite shows the high SiO,, total
FeO (FeO,) and MgO, and low Na,O/K,O ratios (Table
4) that are typical of mafic peraluminous granitoids of
the Lachlan Fold Belt (Chappell & White, 1992). Its
enclaves are all peraluminous, have FeO, similar to
(porphyritic granodiorite and micro-granodiorite en-
claves) or higher (all others) than the host granodiorite
and show a wide range in composition (Table 4, Fig. 3).

The three gneissic enclaves analysed have low SiO,
(52-55%) and high ALO; (23-28%), FeO,, K,;O and
MgO, indicative of a pelitic protolith. However, they do
not cover the full range, which extends to quartzo-
feldspathic compositions. Six samples of migmatitic me-
lanosomes (I1R, I2R) and cordierite-garnet enclaves
(B25, C6, 8509, CG29B) have lower SiO, (44-51%) and
higher Al,O; (>30%) than the gneissic enclaves. Four of
these samples (I1R, I2R, G29B, 8509) plot in a distinct
cluster (Fig. 3) characterized by high abundances of Fe,
Mn, Th, Y, La and Ce, as well as moderately high Mg,
Ti, V, Sc, Cr and N1 (i.e. elements controlled largely by
refractory phases such as garnet, biotite, cordierite and
various accessory minerals). One of the cordierite—garnet
enclaves (8509) has a typical upper-crustal REE pattern
similar to that of the host granodiorite (Table 5; Fig. 4),
but absolute abundances, notably of the heavy rare earth
elements (HREE), are considerably higher. The two
subsamples (leucosome—melanosome) of migmatitic en-
clave 12 occupy opposite ends of the compositional range
found in the metasedimentary enclaves (Fig. 3). The K-
and Rb-rich nature of the leucosome is consistent with
petrographic evidence for biotite melting in the mig-
matites.

The single quartz—cordierite enclave analysed is inter-
mediate in Fe between the host granodiorite and the
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metasedimentary enclaves. Elemental concentrations are
strongly controlled by the distinctive mineralogy, with
high Si (quartz) and Mg (cordierite), and low abundances
of alkalis and other feldspar-associated elements.

The four analysed hornfels xenoliths have highly vari-
able compositions. Three samples have pelitic com-
positions but are richer in Ca than the gneissic enclaves.
The fourth hornfels, sample 8503C, also has pelitic
affinities but is unusually rich in Mg and Fe at the
expense of feldspar-associated elements.

Among the microgranular enclaves, the porphyritic—
granodioritic enclaves have compositions closest to the
host granodiorite. Subtle differences include their slightly
higher abundances of Fe, Ti, Th, Zr and Y, and their
more variable alkali abundances. Compositions of the
micro-granodioritic enclaves also resemble those of the
host granodiorite. However, they are less peraluminous,
Na/K ratios are higher and more variable, and abund-
ances of Ti, Zr, Th and Y are higher, whereas those of
Mg and Ni are conspicuously low. Sample F12 represents
one of the granodioritic dykes, which—(on the basis of
field evidence)—are believed to be related to the micro-
granodioritic enclaves. The sample has slightly higher
Si0, than the enclaves but otherwise shares their com-
positional characteristics.

The micro-tonalitic enclaves show substantial chemical
variability, especially for Na, Ca, Mg and N1 (Fig. 3). As
a group, however, they differ from the host granodiorite
and the other microgranular enclave types in their higher
Fe, Ca and Mg, but lower SiO, (5665 %), K and Rb/
Sr. REE patterns in four samples are less fractionated
than those for the host granodiorite, light REE (LREE)
abundances are lower, and Eu anomalies are smaller
(Fig. 4). Two samples have subtle positive Eu anomalies
but there is no consistent correlation between REE and
other compositional characteristics. All analysed ex-
amples are peraluminous (A/CNK=1-01-1-22).

Sm-Nd and Rb-Sr isotopes

An attempt was made to date the emplacement of the
granodiorite more accurately using Rb—Sr analyses of
biotite. Rather than employing the standard method of
pairing the biotite with its parent rock, the biotite was
leached with HCI to generate a greater dispersion in Rb/
Srand ¥’Sr/*Sr (Maas, in preparation). Two separate scts
of unleached biotite, biotite leach and biotite residue
define excellent three-point isochrons (MSWD of 0-076
and 0-043) with identical ages (425 +2 Ma) and initial
¥Sr/®Sr [0-715443; 95% confidence limit (CL)]. The
whole rock (DR2/10) lies slightly above the mineral
isochron. The whole-rock + biotite age is 422+2 Ma
(initial ¥Sr/®Sr=0-7164 +2). Sr isotopic disequilibrium
in this rock may be caused by the presence of small,
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Fig. 3. Selected major and trace element abundances in the Deddick Granodiorite and its enclaves. FeO, rather than SiO, is used as an index
of differentiation in Harker diagrams for peraluminous compositions. leuc (leucosome) and mela (melanosome) from migmatitic enclave 12.

unequilibrated metasedimentary enclaves, which would
raise the bulk ”’Sr/*Sr above the ratio in the melt phase
from which biotite formed. The 425 Ma biotite single-
mineral isochron Rb—Sr age is considerably older than
the average biotite K—Ar age of 412 Ma (Richards &
Singleton, 1981), and is close to the SHRIMP U-Pb age
for melt-precipitated zircon in this sample estimated from
new data. We will use 425 Ma as an estimate of the age
of magma emplacement.

Initial Nd and Sr isotope ratios for the Deddick Gran-
odiorite (Table 6; Fig. 5) are close to those for other
S-type plutons in the Kosciusko Batholith (McCulloch &
Chappell, 1982) and indicate the influence of a mature
crustal magma source. ”Sr/*Sr shows considerable scat-
ter (0-7139-0-7162), consistent with data for other S-
type granitoids (e.g. Roddick & Compston, 1977).

The high-grade metasedimentary enclaves have even
higher ¥Sr/*Sr and systematically lower &y, than their
host. In detail, the two gneissic enclaves analysed have

higher ¥Sr/®Sr than the migmatitic and cordierite—
garnet enclaves (Fig. 5). This may reflect differences
inherited from sedimentary protoliths, or it may be related
to more advanced (Sr isotopic) equilibration of migmatitic
or cordierite—garnet enclaves with the host magma. Equi-
libration of cordierite—garnet enclaves would be facilitated
by their small size and their commonly observed partial
disaggregation. However, the enclaves do not define
Rb-Sr isochrons. Quartz—cordierite enclave C27B has a
low &yqvalue like some of the metasedimentary enclaves;
however, ¥Sr/*Sr cannot be determined accurately
because of the high Rb/Sr ratio of the sample. The two
analysed hornfels xenoliths have *’Sr/®Sr ratios similar
to those of the host granodiorite but sample B29 has a
lower &yy value similar to those found for some of the
high-grade metasedimentary enclaves.

Nd-Sr isotopic ratios for the microgranular enclaves
show a large range, and both the micro-granodioritic
and micro-tonalitic types define near-linear trends. The
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Table 5: Rare earth element concentrations in the Deddick Granodiorite and selected enclaves

Enclaves

host grd m-gran cord-garn micro-tonalitic

B21 B22 8509 D1 J2 8499B 60540A
La 44.10 31-60 64.20 33.20 27-60 21-30 27-80
Ce 89-30 66-20 161-00 67-50 64-90 42.20 54.00
Pr 10-80 894 17-30 820 8.76 5.22 6-62
Nd 40-00 3520 64.60 29.90 35-30 20-40 24.30
Sm 7-84 7-47 13.10 5.95 8-36 4.10 4.90
Eu 1.51 1-48 2.47 1.46 2.00 141 1.70
Gd 771 7-52 13-80 5.90 883 4.85 4.90
Tb 1-08 112 2.32 0-85 1-41 0-71 0-69
Dy 6-00 6-40 15-80 4.65 8-38 4.26 4.02
Ho 1-20 1-31 359 0-96 1.75 0-92 0-83
Er 3.22 3.62 10.10 2.62 4.80 2.66 2.45
Tm 0-49 0-55 1.63 0-40 0-69 0-43 0-37
Yb 313 3.59 9.93 2.70 4.50 2.96 2.52
Lu 0-47 0-52 1-40 0-40 0-69 0-45 0-39
sum REE 216-9 1755 3811 1647 178-0 1119 135-5
(La/Sm), 3.54 2-66 3.08 351 2.07 327 3.57
Eu/Eu* 0-59 0-60 0-56 0-37 0-71 0-97 1.05
(Gd/Lu), 2.05 1-80 1.22 1.84 1.569 1.33 1.56

Chondritic REE concentrations from Taylor & McLennan (1985). Eu/Eu* =2(Eu/0-087)/[(Sm/0-231) + (Gd/0-306)]. REE measured
by inductively coupled plasma mass spectrometry at Monash University. All dissolutions done in Krogh-type high-pressure

vessels. Analytical uncertainties +5% of abundance.

micro-granodioritic enclaves are consistently more prim-
itive (higher &yq, lower ¥’Sr/®Sr) than the host grano-
diorite, in contrast to the petrographic and chemical
similarities between the two rock types. The 1sotopic trend
defined by the four analysed samples is not associated with
systematic major or trace element trends, except for
subtle changes in feldspar-related elements towards the
levels in the host granodiorite. Despite their more mafic
character, the micro-tonalitic enclaves have less primitive
isotopic ratios than the micro-granodioritic enclaves. Two
of the samples have isotope ratios similar to those of the
metasedimentary enclaves and the host granodiorite,
respectively, whereas two others have higher eyy than
the host granodiorite. Again, no consistent correlations
exist between isotopic and chemical or mineralogical
variation.

DISCUSSION

Gneissic, migmatitic and cordierite—garnet
enclaves

A deep-seated origin for these enclaves is implied by
their uniform distribution throughout the outcrop area

of the host intrusion, their gneissic and migmatitic textures
which distinguish them from the hornfels enclaves and
low-grade metasedimentary country rocks, and P-7 es-
timates (0-4—0-6 GPa, ~800°C). These enclaves originate
from mid-crustal levels, within or just above the source
region of the host magma. The different types of enclaves
were probably derived from a range of precursors (pelitic
vs psammitic), but the similarity of mineral compositions,
P-T estimates, garnet zoning and inclusions in garnet in
both gneissic and migmatitic or cordierite—garnet types
suggests they formed part of the same metamorphic
sequence.

Chemical windows to the mid crust

The gneissic enclaves, lacking signs of significant melting,
may be used as chemical ‘windows’ to the mid crust
(~0-4 GPa, or ~15 km) underlying the Kosciusko Batho-
lith during the Silurian. Only the more pelitic examples
of the range of pelitic to psammitic enclave compositions
present have been analysed to date. Nevertheless, the
three analysed gneissic enclaves resemble surmicaceous
metasedimentary enclaves in the nearby Jillamatong
Granodiorite (Chen et al., 1989), and together they plot
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Fig. 4. Chondrite-normalized REE patterns. [Note variable Eu anomalies in the micro-tonalitic enclaves (upper panel).] High Eu/Eu* is
associated with low A/CNK and high Na/K, but otherwise shows little obvious correlation with bulk enclave chemical and isotopic composition.

near the SiOy,-poor end of the compositional trends
established for exposed Ordovician—Silurian sediments
in this part of the Lachlan Fold Belt (Wyborn & Chappell,
1983; Munksgaard, 1988). However, Ca and Na contents
in the enclaves tend to be higher than in the surface
sediments at similar SiO, levels. gyq and *’Sr/%Sr ratios
in the Deddick enclaves are within the range observed
in Cambrian to Devonian sedimentary sequences
throughout the Lachlan Fold Belt (G. O’Halloran &
R. Maas, in preparation). These isotopic and chemical
similarities suggest that the sedimentary precursors of the
enclaves may represent broad age equivalents of the
Palaeozoic sediments, with chemical differences related
to variations in provenance and sedimentary maturity.
Using zircon age distributions, an Ordovician age has
been confirmed for gneissic and cordierite—sillimanite-
rich metasedimentary enclaves in the S-type Koetong
Adamellite, located ~200 km to the NW in the Wagga—
Omeo Metamorphic Zone (Anderson ¢t al., 1996). Con-
firmation of Palaeozoic mid-crust in other enclave suites
would be of significance to models for the tectonic
evolution (Chappell et al., 1988; Gray et al., 1991) and
granite petrogenesis (Rossiter, 1994; Collins, 1996) in the
fold belt. SHRIMP zircon studies of the Deddick gneissic
enclaves are in progress to further address this problem.

Partial melting and the restite problem

With the exception of the gneissic types, partial melting
evidently played a role in the evolution of most of
the metasedimentary enclaves. Many have migmatitic
textures with evidence for biotite breakdown to produce
felsic melt. This is illustrated by the melanosome portion
of metatexite enclave 12, which is rich in cordierite
and contains almost no biotite. Compared with the
neighbouring leucosome, it is low in Si10,, K,O, Ba, Rb,
Sr and K/Rb, and high in Al,O;, MgO, MnO, FeO,
and A/CNK. Elements held largely in refractory ac-
cessories (Zr, U, Th, Y, Nb, Sc, La, Ce) are much more
abundant in the melanosome, as are Ni, Cr and V. These
compositional relationships are common in small-volume
leucosomes (Saywer, 1996) and reflect disequilibrium
melting (Bea, 1996). Disequilibium is also evident in the
isotopic data: ¥Sr/®Sr is higher, and &y, is lower in the
melanosome than in the leucosome.

The dominant cordierite-garnet enclaves have min-
eralogical and chemical characteristics similar to, and
more extreme than, those of the migmatitic melanosomes
and are therefore considered to represent restites from
partial melting (Barbey, 1991). Because they are not
associated with significant leucosome material, it is in-
ferred that they represent metatexites which have lost melt
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Table 6: Rb-Sr and Sm-Nd isotopic data for the Deddick Granodiorite and its enclaves

Rb Sr “Rb/Sr  ¥Sr/Sr  Sm Nd WSm/"Nd  "Nd/""Nd  TSr/fSr(T)  enol Tom
Deddick Granodiorite
B21 183-0 150-9 3:510 0-73622 6-87 35-22 0-1189 0-511939 0-71497 -9.7 1.96
F7 171.8 1499 3314 0-73399 7-08 35.98 0-1190 0-511954 0-71393 —-9.4 1.94
L1 186-0 142.4 3.778 0-73707 6:46 32.03 0-1219 0-511953 0-71420 —-9.5 2.00
M13 184.5 125.5 4.254 0-73975 633 3114 0-1230 0-511943 0-71400 —-9.8 2.05
DR2/10* 877 1164 4.671 0-74458 5.79 29.41 0-1191 0-511920 0-71621 —10-0 2.00
bt 1* 139-6 16-65 24.568 0-86473 16-42 86-53 0-1147 0-511893 0-7154 —-103 1.95
bt 1 res* 42.83 17-63 7.047 0-74831
bt 1 lea* 310-3 14.89 62459 1.09528
bt 2* 146.7 18-08 23.774 0-85995
bt 2 res* 6-976 0-75787
bt 2 lea* 67-59 1.12655
Metasedimentary enclaves
Gneissic
D6A 220-0 1560 4.083 0-74501 9.60 52.37 0-1108 0-511856 0-72029 —-10-8 1.93
G2 3193  142.2 6-382 0-75768 921 47.70 0-1168 0-511861 0-71905 —111 2.04
Migmatite
12leuc 232.1 23141 2.904 0-73546 251 11.72 0-1294 0-511940 0-71788 —-10-2 221
12mela 141-4 64-9 5-504 0-75177 14.18 78-20 0-1096 0-511832 0-71845 —11-2 194
Cordierite-garnet
B25 223.8 1021 6-353 0-75481 11.68 64-56 0-1096 0-511865 0-71635 —10-6  1.90
8509 198.9 301-6 1.909 0-72982 14.16 72-83 0-1175 0-511879 0-71826 —-10-7  2.03
ITmela 1611 94.7 4.927 0-74584 13.01 68-34 0-1150 0-511782 0-71602 —12.5 213
Cordierite—quartz
C27B 204-9 14-4  42.09 0-96516 8-40 44.02 0-1154 0-511786 0-71038 —12.5 213
Hornfels
B29 365-0 1529 6-831 0-75376 9-09 47-65 0-1154 0-511934 0-71241 —9:6 1.90
B19 217-4 2797 2.246 0-72812 10-23 57-17 0-1082 0-511757 0-71452 —12.6 2.03
Microgranitoid enclaves
Microgranodioritic
B22 1599 195.6 2.362 0-72305 7-84 38-38 0-1235 0-512246 0-70875 -39 1.55
B22* 1569  195.1 2.325 0-72303 7-68 37.72 0-1230 0-512244 0-70896 -39
M1 146.2 1977 2.136 0-72333 8:44 40-84 0-1249 0-512194 0-71040 —5.0 1.66
F12 140-0 1197 3-381 0-73128 8.57 41.61 0-1245 0-512087 0-71081 —71 1-84
B15 1832 1272 4.165 0-73755 8.62 41.09 0-1268 0-512056 0-71234 -7-8 1.94
Microtonalitic
J2 107-7 170-9 1.820 0-72402 7-82 34.46 0-1372 0-512175 0-71300 —6-0 1.97
J2* 106-3 1710 1-801 0-72405 7-563 33.33 0-1365 0-512203 071315 —5.5 1-89
60540A 73.0 226-3 0-933 0-72161 4.24 20.92 0-1229 0-512013 0-71596 -84 1.9
D1 97-4 162-6 1730 0-72484 5.22 25-69 0-1228 0-511963 0-71437 —94 2.01
8499B 1149 1841 1.802 0-72756 4.25 21.34 0-1205 0-511826 0-71665 -11.9 212

Isotope analyses (except where labelled *) were done at the Australian National University (ANU), Canberra, using procedures
described by Maas & McCulloch (1991). Standards (+2 SD): SRM 987 #Sr/¥Sr=0.71020+ 2, La Jolla "*Nd/"**Nd =0-511875 + 10,
BCR-1 "*Nd/"**Nd =0-512650 + 10. Typical internal precisions (26me.n): Sr/fSr<+0.00003; “*Nd/"**Nd< +0-000015. Errors on
8Rb/eSr and "Sm/"*Nd (2 SD): +0-5%, +0-2%. Definitions for gy(T) and Tpy, as given by DePaolo (1981). Present-day '*Nd/
"“Ndcpur=0-51265, "Sm/"*Ndcyur =0-1967. Depleted mantle model ages (Tpy) calculated using '*Nd/**Ndpy=0-513136
(eng=10), "’Sm/"*Ndpy=0-2136. Analyses labelled * were done at La Trobe University, adjusted to be compatible with ANU
values where necessary. lea, leachate; res, residue. Initial isotope ratios calculated at 425 Ma; errors (2 SD): +0-00010 for
87Sr/%Sr (i), +0-5 units for eyq( 7). Rb-Sr isochron ages calculated using ISOPLOT (Ludwig, 1991) with 2c input errors of 0-5%
for ¥Rb/®Sr, and 0-01% for &’Sr/eSr.

before emplacement in the host magma, or, alternatively,
adhering leucosomes may have been dissolved into the
host magma. It is possible that the relationship between
these restitic enclaves and the host magma is genetic,

1e. they represent restite complementary to the melt
component in the host magma (Chappell e al., 1987), or
the enclaves could be accidental restitic xenoliths.
Whereas P-7 estimates do not provide sufficient
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Ordovician-Silurian sediments

leucosome

melanosome

0.708 07

Fig. 5. Initial Nd-Sr isotope ratios for the Deddick Granodiorite and

0.720

0.716
875 r/80sr

12

its enclaves, calculated at 425 Ma. Symbols as in Fig. 3. Leucosome and

melanosome portions of migmatitic enclave 12 connected by tieline. Sr isotope ratio for the single quartz—cordierite enclave (filled circle) has a
large error because of the sample’s high Rb/Sr ratio. Fields for S-type and I-type granitoids in Kosciusko and Berridale Batholiths, SE Australia,
shown for comparison (McCulloch & Chappell, 1982). Field for Lachlan Fold Belt Palacozoic sediments from O’Halloran & Maas (in preparation).

resolution to rule out the first possibility, chemical and
isotopic data do not support an equilibrium residue-melt
relationship as implied by the simple restite unmixing
model (Chappell ez al., 1987). Enclave bulk compositions
do not fall on restite unmixing lines with the host rock
(Fig. 3), and Nd—Sr isotopic compositions of the enclaves
differ significantly from those of the host. Enclave pla-
gioclase has a maximum anorthite content of 40 mol %,
whereas the plagioclase cores in the host [considered to
be part of the melt-complementary restite (Chappell e
al., 1987)] are relatively uniform around 50 mol %
anorthite. Biotite and cordierite compositions in the
enclaves are significantly less magnesian than their mag-
matic counterparts in the host magma, and therefore
also inconsistent with a simple restite—melt relationship.

Lack of chemical complementarity between enclaves
and host, and mineral compositional disequilibria of the
type described here have also been observed in other
studies (Price, 1983; Chen et al, 1989; Montel et al.,
1991). It was suggested that such enclaves were derived
from refractory parts of the magma source where melting
was insufficient to disrupt the metamorphic fabric of the
rocks. Consequently, these lithologies would not be able
to influence the magma composition in the form of melt
and dispersed restite crystals and would be preserved as

enclaves (Chen et al,, 1989). This interpretation cannot
be applicable to the precursors of the restitic Deddick
enclaves, which have undergone extensive partial melting.
Rather, if the enclave precursors did form part of the
magma source, the chemical and isotopic disequilibria
suggest that this material represents only part of a spec-
trum of source materials. The magma source must have
also included more Ca-Na-rich components with lower
¥Sr/*Sr and higher &y, such as feldspathic meta-
sedimentary rocks, or a mafic magma may have mixed
with metasediment-derived magma to form the host
magma. It should be reiterated in this context that crustal
melting in isotopically heterogeneous protoliths need
not lead to establishment of isotopic equilibrium. When
melting and melt segregation are rapid relative to diffusive
re-equilibration, melt may escape with 1sotopic (e.g. Sr,
Pb) and chemical features not representative of the pro-
tolith (Hogan & Sinha, 1991; Barbero et al, 1995;
Pichavant ef al., 1996). The possibility exists, therefore,
that the metasedimentary enclaves represent a major
source component of the host magma, despite the ob-
served Sr isotopic variations. However, this is not sup-
ported by the Nd isotopic and bulk chemical data.

If the metasedimentary enclaves are in fact accidental
xenoliths, their restitic and migmatitic features may have

834



MAAS et al.

formed during prolonged residence in the host (>800°C)
magma, or they may be relicts from an older melting
event. The first alternative cannot account for the fold
structures in the migmatitic enclaves, which must predate
entrapment in the host magma. The second alternative
can be tested by precise U-Pb dating of leucosome
formation, and this is currently the subject of SHRIMP
U-Pb studies of the enclaves.

Whatever their origin, the cordierite—garnet enclaves
clearly contributed material to the host magma in the
form of garnet and (sillimanite-bearing) cordierite xen-
ocrysts derived from the mechanical disaggregation of
their parent enclaves, and perhaps also in the form of
resorbed leucosomes. Based on the modal abundance of
cordierite in the host granodiorite (Legg, 1988), this
contribution may account for ~5 vol. % of the host
phase, but its effect on the budget of certain trace
elements may be greater if accessory mineral grains
were transferred along with garnet and cordierite. Not
unexpectedly, cordierite xenocrysts appear to have been
chemically adjusted in the host magma (see Table 1),
whereas xenocrystic garnet grains have reaction rims or
are overgrown by magmatic garnet but otherwise resisted
re-equilibration. Mineral grains of this type could be
considered typical restite (Chappell et al., 1987), yet our
results suggest they are derived from rocks that were
xenoliths or, at the very most, represent only part of
the crustal magma source. This illustrates the problems
inherent in attempting to recognize material which is
truly restitic relative to its magmatic host (Wall e al.,
1987; Brown et al., 1995).

Microgranular enclaves
Micro-granodioritic enclaves

These enclaves appear to be related to compositionally
similar granitoid dykes. Field evidence suggests that the
dykes were emplaced into incompletely solidified host
magma, and that near-solid dyke material was disrupted
during late movement of the highly crystalline host (Fer-
nandez & Barbarin, 1991). Dyke disruption in a highly
crystalline host magma can explain the large size (>50
cm) and sharp angular outlines of these enclaves (Pitcher,
1991), and the limited extent of physical interaction with
the host magma (Barbarin, 1991). Igneous micro-
structures throughout the enclaves support a magmatic
origin. However, despite chemical similarities to the host
rock (Figs 3 and 4), a cognate origin is ruled out by the
pronounced isotopic contrast (Fig. 5), the lower Mg—Ni
and higher Ti contents in the enclaves at comparable
FeO,and SiO, levels, and differing compositions of prim-
ary biotite.

IGNEOUS AND METAMORPHIC ENCLAVES

Isotopic disequilibrium in pluton-hosted microgranular
enclaves is rarely as pronounced and consistent as in the
Deddick enclaves (e.g. Eberz et al., 1990; Metcalf et al.,
1995; Moreno-Ventas et al.,, 1995); in many examples,
enclaves and host have similar Sr-isotope (e.g. Holden et
al., 1987) and often also Nd-isotope ratios (Pin et al.,
1990; Fourcade & Javoy, 1991), regardless of enclave
bulk compositions. This is generally thought to reflect
rapid diffusive isotopic equilibration following en-
trainment (e.g. Fourcade & Javoy, 1991) rather than a
primary feature (Chen et al., 1990). The Rb—Sr system is
frequently more thoroughly equilibrated than the Sm-INd
system (e.g. Holden et al., 1991). Rapid diffusive isotopic
exchange, and the greater resilience of the Sm—Nd system,
have been substantiated by diffusion experiments using
1sotopically distinct mafic and felsic compositions (Baker,
1989; Lesher, 1990, 1994).

By contrast, the coherent Sr—Nd isotope variation
shown by the three analysed Deddick enclaves and one
sample (F12) of a related granitoid dyke indicates that
differential diffusive isotopic exchange was not important,
presumably because both dyke and host magma had
largely solidified before enclave formation. The isotope
data indicate that the source of the enclave magma
differed from that of the host magma, at least in age.
The most primitive isotopic composition (for sample B22)
1s the closest estimate for this source. Isotopic variability
within this enclave population probably tracks the pro-
gressive contamination of a homogeneous enclave parent
magma with crustal material, presumably through
magma mixing at depth (Barbarin & Didier, 1992), or
through variable local mixing within individual dykes
(Pitcher, 1991; Fernandez & Barbarin, 1991). For ex-
ample, bulk mixing between an enclave magma (rep-
resented, e.g. by enclave B22) and another magma with
similar Sr/Nd ratio (e.g. the host magma), could produce
the near-linear Nd—Sr isotope trend defined by the en-
claves. Petrographic evidence for mixing exists in the
form of garnet xenocrysts, and mixing could also explain
disequilibrium between orthopyroxene and biotite in
these enclaves. However, unlike their isotopic ratios, bulk
chemical compositions of the enclaves resemble those of
the host rock and show little systematic variation (Figs 3
and 4), presumably because pre-mixing end-member
compositions were already similar. Exceptions are Ca,
Na, Sr and Na/K which decrease, and K and Rb/Sr
which increase towards the levels in the host as *’Sr/*Sr
increases, consistent with bulk mixing. Other elements,
such as Mg, Ni, T1 or Th, remain at levels that are subtly
but consistently different from those in the host. This
suggests buffering of ferromagnesian elements (and high
field strength elements) by a small degree of crystallization
during mixing.

The origin of the dyke—enclave magma is unclear. The
present mineralogy (with primary orthopyroxene) and
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chemistry of the enclaves are common in S-type granitoids
of the Kosciusko Batholith S-types (Hine et al., 1978)
but the evidence reviewed above indicates that these
characteristics were acquired through contamination of
a magma that was i1sotopically, but not necessarily chem-
ically, primitive relative to the Kosciusko Batholith S-
types. Isotopic compositions like those in the least con-
taminated enclave B22 are found for some other S-types,
e.g. in the Dalgety Granodiorite 70 km to the NNE
(McCulloch & Chappell, 1982), and S-types in central
Victoria have even higher gysand lower ¥Sr/*Sr (Elburg
& Nicholls, 1995; Elburg, 19966). Some I-type granites
in the Kosciusko Batholith [e.g. the Jindabyne Tonalite
(McCulloch & Chappell, 1982)] are also isotopically
similar. The original dyke—-enclave magma could there-
fore have been derived from an I-type or from another
S-type magma, followed by contamination during ascent
through, and interaction with, the host magma.

Micro-tonalitic enclaves

Following Didier (1973, 1987), these enclaves are readily
classified as mafic microgranular enclaves. The origin of
such enclaves is controversial (hybrid magma globule,
cognate, restite) but there is good evidence here not only
for an igneous origin, but also for the commingled hybrid
magma globule model. This evidence includes igneous
microstructures throughout the enclaves, highly mag-
nesian and calcic compositions in phenocryst and ground-
mass mafic phases and feldspars, respectively, the
presence of (rare) phenocryst assemblages that are similar
to those of andesitic rocks, and the occurrence of mineral
and isotopic disequilibria typical of magma mixing. For
example, clots of orthopyroxene euhedra with highly
magnesian, bronzitic (Mgg) cores occur in one enclave,
whereas orthopyroxene phenocrysts and groundmass
crystals in the range Mgy 5; are common in other en-
claves. Another enclave contains a small aggregate com-
prising euhedral hypersthene mantled by Ca-
clinopyroxene. Small plagioclase laths in the groundmass
are anorthite rich (Anyqg 5)), as is the plagioclase (Angs g)
which overgrows plagioclase xenocrysts.

The bronzitic orthopyroxene cores rule out a cognate
origin for these enclaves. Crystallization experiments have
established that hypersthene (never >Mgs;) rather than
bronzite is the typical near-liquidus orthopyroxene in
acid-intermediate liquids (Clemens & Wall, 1981; Con-
rad et al., 1988). Bronzite could not have formed if the
original granitic magma was peraluminous, as could be
inferred from the measured bulk chemistry of the en-
claves. Moreover, the presence of igneous hypersthene—
clinopyroxene aggregates, the bronzite cores and the
observed textures are difficult to reconcile with a restitic
origin or derivation from refractory source lithologies,
even if these contained a small amount of trapped granitic
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melt (Chen e al., 1989). On the other hand, bronzite-
phyric, clinopyroxene-free high-Mg andesites have been
reported from Japan (Tatsumi & Ishizaka, 1982), and
clinopyroxene—orthopyroxene aggregates are common in
many natural and experimental andesitic assemblages.
We therefore interpret the pyroxenes and the calcic
plagioclase to have formed in a melt that was andesitic
in composition, and probably unusually magnesian for
such an intermediate composition.

Other mineralogical observations indicate that magma
mixing was involved in producing the enclave magmaf(s).
The most conspicuous of these are the xenocrysts of
plagioclase and cordierite, which appear to have been
derived from the host magma and are associated with
overgrowths that are in equilibrium with a more mafic
(more Mg-Ca-rich) melt. Garnet and quartz (quartz
ocelli) xenocrysts were also derived from the host magma.
Late interstitial quartz pools are crowded with acicular
apatite. All of these observations are typical of systems
for which other evidence for magma mingling—mixing is
strong (Didier, 1973; Vernon, 1984, 1990). The wide
range in the compositions of biotite (Mggs 5;) and other
minerals also illustrates the unequilibrated mineralogy of
the enclaves. We conclude that the enclave magma(s)
formed from basaltic or andesitic magma which under-
went incomplete mixing with the more felsic Deddick
host magma.

Chemically these enclaves differ strongly from the host
granodiorite (Fig. 3). Major element compositions in
some samples have andesitic affinities (T'able 4), and data
for several elements (e.g. Ca, Si, K, Mg, Rb, Ba) plot
roughly between the fields of the host granodiorite and
common basaltic-andesitic compositions, as would be
expected if simple bulk mixing was important. Most trace
elements track the distributions in the host rock, but at
a lower overall level, e.g. on a mid-ocean ridge basalt
(MORB) normalized spidergram (not shown). Again, this
1s an expected result given the evidence for crystal transfer
from the host magma and indirectly from disintegrated,
trace-element-rich metasedimentary enclaves. REE pat-
terns are also similar to those in the host rock but some
features of the original more mafic magma remain, such
as lower total REE and high Eu/Eu* (Fig. 5). Finally,
Sr-INd isotopic data form an extensive array consistent
with bulk mixing. It is noted, however, that trends for
most elements are scattered and data for some elements
(e.g. Na, Al, Ti, Ni, Cr) do not support simple mixing
alone. Furthermore, the isotopic variations are not con-
sistently correlated with other chemical changes. In-
consistencies of this type are common in mafic
microgranular enclaves and are variously ascribed to the
influence of more complex magmatic processes (Koy-
aguchi, 1986; Poli & Tommasini, 1991), interdiffusion
(Debon, 1991) or combinations of these (Eberz & Nicholls,
1990). Some of these processes are inferred to have been
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involved in the evolution of the Deddick enclaves. First,
magma mixing of an inferred basaltic-andesitic magma
with a more felsic host magma would have been possible
only after a considerable reduction in the rheological
contrast between the two magmas. Depending on the
mass fraction of the more mafic magma (Poli ez al., 1996),
this would require a degree of crystallization and/or
diffusive equilibration in the more mafic magma, which
would produce a spectrum of hybrid magmas available
for mixing. This could explain part of the scatter in the
enclave compositions. Second, the felsic host magma was
probably not homogeneous. This is evident from the
Nd-Sr 1sotope data, which extend beyond the ratios of
the host rock (Fig. 5), indicating that material derived
from the metasedimentary enclaves was an additional
important mixing component. Third, evidence for per-
vasive diffusive alteration exists in the form of zoned
enclaves with biotite-free cores rich in orthopyroxene and
secondary actinolite presumably after Ca-clinopyroxene,
and distinct biotite-bearing rims. Both heterogeneous
mixing and diffusive chemical exchange therefore con-
tributed to the compositional scatter (see also Barbarin
& Didier, 1992).

Despite such complications, the micro-tonalitic en-
claves can be clearly identified as the products of arrested
hybridization of a commingled, more mafic magma of
basaltic or andesitic composition. However, the trace
element and isotopic signatures of this magma have
largely been obscured, complicating comparison with the
(rare) mafic complexes in the area, such as the Blind
Gabbro (Hine ¢ al., 1978). It is noted that very similar
microgranular enclaves have been described from the
peraluminous Cowra Granodiorite in central New South
Wales (Wyborn et al., 1991). Like their Deddick counter-
parts, the Cowra enclaves contain quartz ocelli (Vernon,
1983), high-Mg orthopyroxene cores, acicular apatite
and calcic plagioclase (up to Angy). Some samples have
positive Eu anomalies. Wyborn e al. (1991) dismissed
an igneous (basaltic-andesitic) origin for these enclaves
because they are weakly peraluminous and comparatively
low in Na, and interpreted the enclaves as residues from
partial melting of metasedimentary protoliths. Similarly,
White et al. (1991) claimed that most microgranular
enclaves in SE Australian S-type granitoids represent
metamorphic rock fragments from granite source regions.
Based on our observations in the Deddick Granodiorite,
we disagree with these interpretations and concur with
Vernon (1983), who suggested that the Cowra enclaves
represent frozen globules of a more mafic magma that
had undergone mixing with the more felsic host magma.
Recent studies of microgranular enclaves in other S-type
granitoids and volcanics from the Lachlan Fold Belt in
Victoria have reached similar conclusions (Elburg &
Nicholls, 1995; Elburg, 19964,).

IGNEOUS AND METAMORPHIC ENCLAVES

Porphyritic granodioritic enclaves

This group of enclaves is most readily interpreted as
representing fragments eroded from a marginal facies of
the host granodiorite, i.e. these are cognate enclaves [the
‘felsic microgranular enclaves’ of Didier (1973)]. This is
supported by close mineralogical and chemical affinities
with the host, porphyritic textures and higher modal
abundances of the same mafic phases that occur in the
host, and by the presence of similar material as rinds on
hornfels xenoliths in marginal parts of the pluton. The
similarities between this rapidly crystallized material and
its host rock suggest that the host magma underwent
little differentiation after emplacement, consistent with
the consistently mafic nature of the granodiorite.

Pluton-scale mixing in the host
granodiorite?

The interpretation of microgranular enclaves as com-
mingled mafic magma globules implies that mafic
magma(s) acted not only as a heat source to induce
crustal melting, but that some mafic magma mixed
with crustally derived granitic magma to form hybrid
peraluminous magma. The important question is then
the extent of hybridization, i.c. is the process efficient
enough to form large, pluton-size batches of magma?
Evidence for large-scale hybridization as the dominant
process has been reported for some zoned, metaluminous
intrusions where gabbroic and intermediate compositions
are present (e.g. Reid & Hamilton, 1987; Metcalf et
al., 1995), and the concept has also been applied to
peraluminous complexes (Bussy, 1991; Clarke & Chat-
terjee, 1991; Castro et al., 1991; Moreno-Ventas et al.,
1995). The key evidence cited is usually the association
of heterogeneous granitoids, mafic stocks, large numbers
of mafic microgranular enclaves, and hyperbolic Nd—Sr
isotope (mixing) trends.

In the Deddick Granodiorite, hybrid igneous enclaves
are present, and together with the metasedimentary en-
claves they form an extensive Nd—Sr array centred on
the host, which itself shows a degree of isotopic hetero-
geneity (Fig. 5). This trend could be generated by magma
mixing or assimilation of metasediment by basaltic melt
(represented in modified form by hybrid enclaves). Evi-
dence of another form of magma contamination, con-
ceivably with similar isotopic effects, is preserved as
up to 5 vol. % of dispersed xenocrysts derived from
disintegrated residual metasedimentary enclaves. How-
ever, bulk compositions of the host granodiorite are
comparatively homogeneous and cannot readily be ac-
commodated within a pluton-scale mixing model using
the enclave compositions as end members. A number of
reasons could account for this observation. Convective
blending may have erased any hybrid zones in the
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host magma, whereas hybridization is incomplete, and
therefore detectable, only in the small volumes of iso-
topically distinct magma preserved as microgranular en-
claves. At the same time, enclave compositions may be
too strongly modified by interdiffusion to provide useful
mixing constraints. On the other hand, it is equally
possible that the proportion of mafic magma was simply
too small to noticeably affect the composition of the felsic
host magma. This is supported by the small proportion
of micro-tonalitic enclaves («1 vol.%) observed at the
level exposed at present. By contrast, resolvable chemical
variations owing to incomplete hybridization are pre-
served in the host phase of the I-type Swifts Creek Pluton
(Central Victoria), where enclaves form up to 40% of
the outcrop (Eberz et al., 1990). However, the common
(almost ubiquitous) occurrence of mafic microgranular
enclaves in many S-type granitoids, and the isotopic
heterogeneity of the granites on a regional scale, suggests
that interaction of basaltic-andesitic magmas with crustal
magmas is of some, or possibly major, importance in S-
type petrogenesis in general.
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