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Abstract Subduction-related Mesozoic to Cainozoic
granites s.l. in western Palmer Land, Antarctic Penin-
sula, have similar chemical compositions to Archean
tonalite-trondhjemite-granodiorite (TTG) suites, Pha-
nerozoic slab-melts (adakites), and to experimental
partial melts of basaltic material in equilibrium with
amphibole�pyroxene�garnet. They are predomi-
nantly sodic, metaluminous and most have Al2O3 > 15
wt% and Y < 18 ppm. All are light rare earth element
(LREE)-enriched (2 < La/Ybn <30) and most have
small Eu anomalies. They have a wide range of initial
eNd(t) ()6.8 to +4.5) and eSr(t) (+293.4 to )3.7), but
most Pb isotope compositions deviate by < 0.3% from
their mean. The Pb isotope data indicate a crustal com-
ponent to all the granites, which Sr and Nd
isotope variations suggest is pre-Triassic±Triassic. The
207Pb/204Pb(t) range from 15.602 to 15.666 and appear
to preclude a signi®cant Proterozoic, or older, crustal
component. The granites have chemical and isotopic
compositions that suggest they are not partial melts of
subducted oceanic lithosphere, as has been suggested for
some Archean and Phanerozoic TTG magmas. We
conclude that they were produced by mixing between
basaltic-andesitic arc magmas, partial melts of juvenile
basaltic lower crust and pre-Triassic crust. The low
H(heavy)REE+Y content of some of the granites re-
quires that garnet was a residual phase in the crust
during partial melting, indicating a crustal thickness of
>36 km. Between Triassic and Tertiary times the initial
eNd(t) of the magmatism increased and eSr(t) decreased,
suggesting that new continental crust was produced

during this period. Underplating by ma®c magma was
an important crustal growth mechanism in the arc:
the generation of abnormally thick crust, and its subse-
quent fusion, is considered to be a consequence of ca. ³
180 Ma of subduction and associated magmatism in the
region. An implication of the model is that dense garnet-
amphibolite and eclogite residues from partial melting of
the lower crust will accumulate. In theory, the setting
was appropriate for such residues to detach from the
base of the crust and to sink into the convecting mantle.
Such a process would leave the rest of the crust enriched
in large ion lithophile elements/LREE, but depleted in
HREE+Y.

Introduction

The origin of sodic Phanerozoic arc magmas charac-
terised by unusually low Y (<18 ppm) and heavy rare
earth element [HREE (Ybn < 8.5)] contents, negligible
or positive Eu anomalies, and high Al2O3 (>15 wt%)
contents has been the subject of much discussion
(Drummond and Defant 1990; Atherton and Petford
1993; Sen and Dunn 1994; Feeley and Hacker 1995;
Barnes et al. 1996). Many Paci®c margin plutons have
these chemical characteristics, including those in the
Antarctic Peninsula (Hole 1986; Harrison and Piercy
1990; Wever et al. 1995), Chile (Pichowiak et al. 1990;
Weaver et al. 1990), and North America (Miller and
Barton 1990; Hawkesworth and Clarke 1994; Barnes
et al. 1996). They are also characteristic of Archean
tonalite-trondhjemite-granodiorite (TTG) suites, many
of which are considered to be melts of subducted oceanic
lithosphere, leaving a garnet-bearing residuum (Arth
1979; Martin 1986, 1987). However, widespread melting
of subducted oceanic lithosphere is only considered to
have been possible in Archean subduction zones because
asthenosphere temperatures were hotter then than in the
Phanerozoic (Richter 1988). Subducting lithosphere
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generally dehydrates in Phanerozoic subduction zones
before it melts, thereby rehydrating the overlying mantle
wedge which subsequently melts to produce calc-alkaline
magmas: in the absence of a hydrous component, sub-
ducting oceanic lithosphere cannot melt in arc settings
(Martin 1986). Oceanic lithosphere can only melt in
Phanerozoic subduction zones if it, or the surrounding
mantle, is anomalously warm (Peacock et al. 1994).
Archean TTG-like volcanic rocks are prominent in
Phanerozoic arcs where oceanic lithosphere being sub-
ducted at the trench is <25 Ma old (Drummond and
Defant 1990; Defant and Drummond 1990). By analogy
with Archean TTG magmas, such volcanic rocks are
believed to be partial melts of young, therefore relatively
warm, subducted oceanic lithosphere, leaving a garnet-
bearing residuum (Defant and Drummond 1990). Def-
ant and Drummond (1990) called these rocks adakites,
after Adak Island where Kay (1978) ®rst described them.

Despite the association between the subduction of
young oceanic lithosphere and the occurrence of Arch-
ean TTG-like volcanic rocks, experimental studies sug-
gest that only some of their characteristics can be
acquired by magmas produced during melting of a
NMORB (``normal'' mid-ocean ridge basalt) protolith
(Rapp et al. 1991; Rushmer 1991; Sen and Dunn 1994;
Rapp and Watson 1995). Moreover, thermal modelling
suggests that these magmas can only be generated from
subducted oceanic lithosphere that is younger than ca. 5
Ma old at the trench (Peacock et al. 1994; Molner and
England 1995), not ca. 25 Ma old as suggested by
Drummond and Defant (1990). Uncertainty regarding
the origin of Archean TTG-like magmas is further
compounded by the presence of adakites in the Andean
volcanic chain, where the subducted slab was substan-
tially older than 25 Ma at the time of magmatism. For
example, Miocene±Pliocene volcanic rocks of the Cor-
dillera Blanca (Peru) were produced above ca. 60 Ma old
subducted oceanic lithosphere and are considered to be
partial melts of recently accreted (i.e. warm) garnet-
bearing basaltic lower crust (Atherton and Petford
1993). Elsewhere in the Andes, adakitic volcanic rocks
were produced when mantle wedge magmas assimilated
garnet-bearing lower crustal gneisses (Hildreth and
Moorbath 1988; Feeley and Davidson 1994; Feeley and
Hacker 1995).

In this paper, we discuss the genesis of subduction-
related granites s.l. along the south-western margin of
the Antarctic Peninsula, in western Palmer Land
(Fig. 1). One hundred and ®fty-six samples were col-
lected from 34 intrusive centres in an area of ca. 15000
km2. Much of the magmatism is Cretaceous in age, al-
though Triassic, Jurassic and Tertiary intrusions are
present (Leat et al. 1995; I.L. Millar unpublished data).
Over half of the intrusions sampled have chemical
characteristics typical of adakite and Archean TTG
suites, with Al2O3 > 15 wt%, Y < 18 ppm, and Sr/Y >
40 (Drummond and Defant 1990). These data are dis-
cussed within the context of models for the generation of
Archean TTG and adakite melts.

Geological background

The Antarctic Peninsula (Fig. 2) was a site of subduction-related
magmatism for much of the Mesozoic and Cainozoic (SuaÂ rez 1976;
Saunders et al. 1980). Subduction along the proto-Paci®c margin of
Gondwana occurred from at least the Middle Triassic (Pankhurst
1990; Storey et al. 1992) and locally there is evidence for Paleozoic
subduction (Pankhurst 1982; Milne and Millar 1989). Subduction
ceased along much of the Antarctic Peninsula between ca. 50 Ma
and the present, following a series of northwards younging ridge-
trench collisions (Barker 1982; Larter and Barker 1991). There is no
unequivocal evidence to suggest that Mesozoic subduction was
continuous. The occurrence of Middle Jurassic high-MgO andesites
in the northern Antarctic Peninsula led Alabaster and Storey (1990)
to conclude that a mid-ocean ridge system was present near the

Fig. 1 Distribution of ``adakites'' and ``non-adakites'' (as de®ned byY
and Sr/Y) in western Palmer Land. Symbols indicate the approximate
volumetric proportions of both magma types. (Black ®ll adakite; grey
®ll non-adakite). Inset shows location of the study area
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peninsula during the Jurassic and that young, warm, ocean ¯oor
was being subducted. It is conceivable that these andesites were
formed prior to, or during, ridge-trench collision. Late Cretaceous
high-MgO andesites in the fore-arc may have a similar origin
(McCarron 1995).

Granite s.l. magmas were emplaced in western Palmer Land
(Fig. 1) from Late Triassic times through to the earliest Tertiary,
when subduction stopped in the area (Barker 1982; Harrison and
Piercy 1990; I.L. Millar unpublished data). Plutons that have not
been dated directly have their emplacement ages constrained by
®eld relationships with dated intrusions and tectonic events. The
most reliable intrusion ages are U-Pb zircon ages (Vaughan and
Millar 1996; I.L. Millar unpublished data), although Rb-Sr whole
rock (Harrison 1989; I.L. Millar unpublished data) and mineral K-
Ar (Rex 1976; C.D. Wareham unpublished data) ages have been
determined. As in eastern Palmer Land (Wever et al. 1994), the
western Palmer Land granites s.l. (WPLG) locally intruded pre-
Late Triassic paragneisses of unknown protolith age. The oldest
known basement in the Antarctic Peninsula is Silurian (Milne and
Millar 1989), although intrusions with Proterozoic Nd model ages
(Table 1) and zircons with inherited cores (Loske and Miller 1991;
I.L. Millar unpublished data) suggest that some may be older.

The WPLG are predominantly ®ne to medium grained quartz-
diorites, tonalites and granodiorites, although quartz-monzodio-
rites and monzogranites (Le Maitre 1989) are present. Albite
generally occurs in the groundmass and is present as anhedral±
subhedral crystals up to 5 mm across. Multiple twinning is com-
mon. Arcuate twins, undulose extinction and dislocations across
twin-planes suggest that some twinning is strain-induced. Oligo-
cene±andesine (An26±49) commonly forms 1 to 5 mm, anhedral±
subhedral, phenocrysts with zoning and twinning textures that
suggest complex crystallisation histories. These phenocrysts have
normal and reverse zoning and some are mantled composites of
crystal fragments. Some have corroded rims. Lamellar and peric-
line twinning is common and in places is discontinuous with the
zoning. The proportion of albite to oligocene±andesine is variable
throughout the suite. Micro-perthitic potassium feldspar is a minor
component and generally comprises <10 modal%, where it occurs
as a sub-mm interstitial phase. In the few samples where potassium
feldspar content exceeds 20%, it also occurs as subhedral pheno-
crysts up to 5 mm across.

Hornblende and biotite are the dominant ma®c silicates.
Hornblende forms 1 to 4 mm subhedral phenocrysts and rarely
comprises more than ca. 25% of any sample. Some hornblende is
poikilitic and contains partially resorbed clinopyroxene cores, sug-
gesting that it only became a liquidus phase late in the crystallisation

sequence. Biotite appears to have replaced hornblende where they
occur together. In sections where biotite is the only ma®c silicate, it
comprises <15% of the rock and forms 1 to 3 mm anhedral crys-
tals. Accessory minerals include apatite, titanite, magnetite and
zircon. Titanite is particularly conspicuous and subhedral±anhedral
crystals are up to 5 mm long in some intrusions.

Many WPLG contain ma®c inclusions up to ca. 1 m in size.
These are sub-spherical to extremely elongate and asymmetric and
in some cases are contiguous with disrupted, syn-plutonic, ma®c
dykes. Textures suggestive of magma mingling and magma mixing
between inclusions and their hosts are abundant, particularly where
gabbro and granite occur in close association. Inclusions with
chilled and irregular margins have an origin that is consistent with
magma mingling (cf. Moyes 1986; Vaughan et al. 1995; Vaughan
and Millar 1996). Ghost-like inclusions and those with di�use
margins or schlieren textures appear to have been incompletely
mixed with their host magma.

Major crustal shear zones controlled the emplacement of many
WPLG, which are consequently variably deformed (e.g. Vaughan
andMillar 1996). Deformation textures range from strongly aligned,
``tiled'' (Paterson et al. 1989) feldspar and hornblende phenocrysts,
to protomylonite with ductile deformation of hornblende grains.
Some plutons were deformed syn-magmatically in coeval mylonite
zones and grain-scale structures and deformed ma®c inclusions
suggest dextral or normal simple shear during pluton emplacement
(Vaughan and Millar 1996). Subtle deformation features include
strain-induced twinning of albite, and strained quartz.

Analytical procedures

Powders for geochemical analysis were prepared from 3±5 kg fresh
rock. Samples were reduced to ca. 3 cm3 chips with a hardened-
steel hydraulic splitter, then crushed using a hardened-steel ¯y
press. A ca. 200 g aliquot of <1200 lm sample was subsequently
powdered using an agate swing mill. The REE plus Sc, Ta, Hf, Th
and U concentrations were determined by INAA at the Open
University (Potts 1987). Most of the remaining trace and major
element concentrations were determined by XRF at Keele Uni-
versity (Floyd 1985). Isotope analyses were carried out at
the NERC Isotope Geosciences Laboratory. The Sr, Sm and
Nd isotope compositions, and corresponding Sr, Rb, Sm and Nd
concentrations, were determined using standard techniques (e.g.
Pankhurst and Rapela 1995). Ratios of 87Sr/86Sr are normalised to
86Sr/88Sr � 0.1194. Repeated analyses of NBS987 during the
course of this study gave 87Sr/86Sr � 0.710190. Ratios of
143Nd/144Nd are normalised to 146Nd/144Nd � 0.7219. Repeated
analyses of Johnson-Matthey Nd yielded 143Nd/144Nd � 0.511122,
corresponding to 0.511858 for the La Jolla standard. Multi-stage
(TDM¢) depleted mantle Nd model ages were calculated using the
equation of DePaolo et al. (1991). The Pb isotope ratios were de-
termined on hand-picked plagioclase and potassium feldspar sep-
arates that were leached in concentrated HCl and then 5%HF-HBr
in order to remove as much non-structurally bound Pb as possible
(cf. GarieÂ py and AlleÁ gre 1985). The feldspars were dissolved in HF-
HNO3 and the Pb separated and puri®ed using Dowex 1 ´ 8 200±
400 mesh resin (Hole et al. 1993). The Pb isotope compositions were
analysed on a Finnigan MAT 262 multi-collector mass spectrom-
eter in static mode. Repeated analyses of NBS981 yielded
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb of 16.906, 15.463, 36.559
respectively. Quoted Pb isotope ratios are corrected for mass
fractionation using the preferred values of Catanzaro et al. (1968).
Maximum procedural blanks throughout the course of this study
were <300 pg for Pb, Nd, and Sr.

Compositional characteristics

The following discussion focuses upon a representative
subset of 39 granite samples, including appropriate ones

Fig. 2 Pre-break-up Late Triassic±Early Jurassic Gondwana recon-
struction illustrating the relative positions of the various crustal blocks
and positions of the subduction-related magmatic belt (after Storey
et al. 1992)
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from the study of Harrison and Piercy (1990), for
which REE and isotope compositions were determined
(Table 1).

The WPLG are calcic to alkalic and medium- to high-
K (Fig. 3) with between ca. 55 and 75 wt% SiO2. Most
are metaluminous [0.7 < mol; Al2O3/(Na2O+K2O+
CaO)<1.1] and sodic (Na2O/K2O up to 7). The Al2O3

contents range from ca. 12 to 19 wt%, with an average
of 15.9 wt%. The MgO, Cr, and Ni contents are gen-
erally less than 3 wt%, 40 ppm and 20 ppm respectively.
Elements Rb, K and Th increase with increasing SiO2

from ca. 20 to 180 ppm, ca. 1.5 to 6.8 wt% and ca. 2 to
25 ppm respectively. In contrast, Sr concentrations de-
crease with increasing SiO2 from ca. 1000 to 200 ppm.
The Ba contents vary between ca. 100 and 2000 ppm.
The Ta, Nb and Y contents are generally <1 ppm, <15
ppm and <30 ppm respectively. The TiO2 contents
range from 0.08 to 0.99 wt%. The WPLG are typical
of convergent margin magmas in that they have high
LILE (large ion lithophile element) contents relative to
the HFSE (high ®eld strength elements) (Fig. 4). Most
have relatively smooth, L(light)REE-enriched, chond-
rite-normalised REE pro®les (Fig. 5) with La/Ybn

Fig. 3 Plot of K2O verses SiO2 (values in wt%). Fields are those of
Peccerillo and Taylor (1976)

Fig. 4 NMORB normalised (values from Sun and McDonough
1989) trace element abundances of selected western Palmer Land
granites. The compositions of contemporaneous basaltic dykes in the
region are shown in stipple (C.D. Wareham unpublished data)

Fig. 5 Chondrite normalised
(values from Nakamura 1974)
REE abundances of selected
western Palmer Land granites.
Note the extreme Eu/Eu* of
samples R.2432.1 (stipple) and
R.5280.2 (heavy black line). The
inset contrasts the chondrite-
normalised REE compositions
of all the western Palmer Land
granites with those of early
Archean TTG (Taylor and
McLennan 1985)

Table 2 Partition coe�cients

Hornblende Clinopyroxene Garnet

La 0.2b 0.0515a 0.016d

Yb 1.7b 0.633a 3.88a

Sc 4.2c 0.808a 2.62a

Sr 0.36b 0.157a 0.0099a

Y 1.9b 0.03b 16b

Rb 0.3d 0.001d 0.0007d

K 1d 0.007a 0.0002a

aHauri et al. 1994
bMartin 1987
cHenderson 1982
dGreen 1994
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between 2 and 30. Most Eu anomalies (Eu/Eu*) are
small, normally 1�0.2, although extreme negative and
positive anomalies are present (Fig. 5). There is some
compositional overlap between the WPLG and Archean
TTG suites, although Archean intrusions have a lower
average HREE (Fig. 5 inset) and K2O content.

Initial 87Sr/86Sr(t) and
143Nd/144Nd(t) range from ca.

0.704 to 0.723 and ca. 0.5128 to 0.5121 respectively,
equivalent to a range in initial eSr(t) of )3.7 to +293.4
and eNd(t) of +4.5 to )6.8 (Fig. 6). Isotope composi-
tions are independent of Sr and Nd content, but do vary
with pluton age. The youngest WPLG generally have the
lowest 87Sr/86Sr(t) and highest 143Nd/144Nd(t) (Fig. 7).

Decreasing 87Sr/86Sr(t) with decreasing pluton age is a
peninsula-wide phenomenon (Pankhurst 1982). The Sr
and Nd isotope data are consistent with the WPLG
being mixtures of a high-eNd and low-eSr magma

source, such as NMORB, and a low-eNd and high-eSr
component, such as pre-Triassic continental crust
(Fig. 6). Such a mixing origin has been suggested for
other, isotopically comparable, Triassic±Tertiary gran-
ites s.l. in the Antarctic Peninsula (Fig. 6; Pankhurst
1982; Pankhurst et al. 1988; Hole et al. 1991; Wever
et al. 1994; Wever et al. 1995).

The WPLG have a restricted range of Pb isotope
ratios. The 206Pb/204Pb range from 18.635 to 18.793,
207Pb/204Pb from 15.607 to 15.672, and 208Pb/204Pb from
38.451 to 38.641 (Fig. 8). These ratios deviate by
<0.3% from their mean, and analytical reproducibility
is estimated at �0.1%. The data appear to rule out the
involvement of Proterozoic crust, which we would ex-
pect to have low 207Pb/204Pb and 206Pb/204Pb.

Magma sources

Models that have been proposed for the generation
of Phanerozoic arc magmas with adakite characteris-
tics invoke partial melting of subducted oceanic litho-
sphere (Drummond and Defant 1990; Defant et al.
1991; Sajona et al. 1993; Kay et al. 1993), fractionation
and contamination of mantle wedge magmas within
garnet-bearing lower continental crust (Hildreth and

Fig. 6 Initial eSr(t) versus initial eNd(t) for the western Palmer Land
granites. Also shown are the compositions of: eastern Palmer Land
granites and paragneiss (Wever et al. 1994); granite groups I, II, III
and IV from Graham Land, north of Palmer Land, (as de®ned by
Hole et al. 1991); Jurassic Adie Inlet Gneiss, Graham Land (Hole
1986); basaltic dykes in western Palmer Land (C.D. Wareham
unpublished data)

Fig. 7 Pluton emplacement age against initial 143Nd/144Nd(t)

Fig. 8 Pb isotope compositions of the western Palmer Land granites.
Also shown are the compositional ®elds for Antarctic Peninsula
sulphide (Willan and Swainbank 1995), post-subduction alkalic
basalts (Hole et al. 1993), and basaltic dykes in western Palmer Land
(C.D. Wareham unpublished data)
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Moorbath 1988; Feeley and Davidson 1994; Feeley and
Hacker 1995) and partial melting of magmatically
accreted, garnet-bearing, basaltic lower crust (Atherton
and Petford 1993; Muir et al. 1995). The applicability
of these models to the genesis of the WPLG is evalu-
ated below.

Subducted oceanic lithosphere

Experimental studies demonstrate that basaltic crust and
pelagic sediment can be melted at subduction zone
pressures and temperatures (Helz 1976; Rushmer 1991;
Rapp et al. 1991; Nichols et al. 1994; Peacock et al. 1994;
Sen and Dunn 1994; Wolf and Wyllie 1994; Rapp and
Watson 1995; Winther 1996). Studies of mantle xeno-
liths entrained within some Phanerozoic arc basalts
suggest that such melts can be an important metasom-
atising agent within the mantle wedge (Maury et al.
1992; Kepezhinskas et al. 1995; Schiano et al. 1995).
Nevertheless, thermal models of Phanerozoic subduct-
ion zones suggest that arc magmas can be produced
from whole-scale melting of subducted oceanic litho-
sphere only in exceptional circumstances, such as when
the slab is young (Drummond and Defant 1990; Davies
and Stevenson 1992; Peacock et al. 1994; Molner and
England 1995). Inasmuch as it is not known if Mesozoic
subduction along the Antarctic Peninsula was continu-
ous, or if young (<25 Ma; cf. Defant and Drummond
1990) oceanic lithosphere was periodically subducted
(cf. Alabaster and Storey 1990), it is necessary to con-
sider subducted oceanic lithosphere as a potential
magma source.

Melt and residuum compositions generated during
partial melting of a basaltic protolith vary with pressure,
temperature and protolith water content (references
above). For instance, the Al2O3 contents of the expe-
rimental melts increase with pressure. At 8 kbar, melt
Al2O3 is <15 wt%, and the restite comprises amphibole,
plagioclase and orthopyroxene. At >16 kbar, the melts
have >15 wt% Al2O3, and clinopyroxene, amphibole,
plagioclase and garnet are residual phases (Rapp et al.
1991). At 20 to 30 kbar, the melts are in equilibrium with
a plagioclase-poor or -absent, garnet-bearing amphibo-
lite or eclogite residuum (Rapp et al. 1991; Wolf and
Wyllie 1993; Sen and Dunn 1994; Rapp and Watson
1995). The highest pressure partial melts will have the
lowest Y, Sc, and HREE contents, but the highest Sr
contents and Sr/Y (Rapp and Shimizu 1995). These
features are considered to be diagnostic of partial melts
of subducted oceanic lithosphere (Martin 1986; Drum-
mond and Defant 1990; Schiano et al. 1995) and char-
acterise some of the WPLG (e.g. Figs. 9 and 10). An
amphibole-bearing source for the WPLG is consistent
with their low-Ti and -Y contents and low K/Rb, despite
their high absolute K and Rb contents. Those with the
lowest Y and HREE contents and highest Sr/Y generally
have the highest Al2O3 content, the most positive
Eu/Eu* (Fig. 11) and include the most metaluminous

compositions; all these characteristics would be expected
for partial melts of a basaltic protolith at pressues >16
kbar. Nevertheless, although many WPLG have features
that are consistent with them being slab melts (e.g. Figs.
9 and 10), they have isotopic (Fig. 6) and some chemical
(Figs. 10, 12 and 13) compositions that are signi®cantly
di�erent from melts of NMORB-like material. Most
experimental melts produced under water-undersatu-
rated and water-saturated conditions and high P±T ap-
propriate to subduction zones are trondhjemites and
tonalites. These melts are generally richer in Na2O and
poorer in MgO than the WPLG (Figs. 10 and 13).
Quartz-monzonite and granodiorite have been synthe-
sised under water-saturated conditions at lower pres-
sures (5 kbar), but are still much poorer in MgO than the
WPLG (Helz 1976).

Compositional di�erences between the WPLG and
experimental partial melts of basalt could re¯ect the
interaction of slab-derived magmas with mantle wedge
peridotite. For example, Kay et al. (1993) and Hoch-
staedter et al. (1994) argued that this could account
for the ``anomalously'' high MgO, Ni and Cr contents
of proposed slab-derived magmas. However, theoret-
ical (Davies and Stevenson 1992) and xenolith
(Kepezhinskas et al. 1995; Schiano et al. 1995) studies
suggest that low temperature (ca. 900 °C) slab-melts are
likely to ``freeze'' and vein the sub-arc mantle. Ma®c arc
magmas derived from such mantle may inherit a slab-
melt signature (Schiano et al. 1995) and it is possible that
some adakitic magmas are simply fractionates of these
(Stern and Hanson 1990). However, we do not consider
this scenario to apply to the WPLG. There are no

Fig. 9 Plot of Y versus Sr/Y for the western Palmer Land granites
(®lled circles), basaltic dykes (diamonds), average lower crust of
Taylor and McLennan (1995) and Target Hill gneiss (Milne 1990).
AFC trajectories are for clinopyroxene (a) 0.7 clinopyroxene 0.3
garnet (b) hornblende (c), and 0.7 hornblende 0.3 garnet (d). AFC
modelled using an assimilation:crystallisation ratio of 0.7 and an
initial magma composition of R.5717.3 (Table 1). Contaminant has
40 ppm Y and 360 ppm Sr. Partition coe�cients as per Table 2.
``Slab-melt (TTG)'' and ``island arc'' ®elds are taken from Drum-
mond and Defant (1990)
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temporal variations in Sr/Y, which we would expect if
the granite magmas were generated in response to the
subduction of young ocean lithosphere during the Me-
sozoic. Moreover, the P±T model of Drummond and
Defant (1990) suggests that the adakitic arc should lie
outboard of the main calc-alkaline plutonic/volcanic
arc, whereas the generation of both granite types in
western Palmer Land overlaps in space and time. The
primary source for LILE-enriched and HFSE-depleted
arc magmas, such as those in western Palmer Land, is
generally considered to be mantle wedge peridotite that
has been metasomatised by H2O- and/or CO2-rich ¯uids
derived from dehydrating subducting ocean lithosphere
(e.g. Saunders et al. 1980; Tatsumi et al. 1986; McInnes
and Cameron 1994; Stolper and Newman 1994). If ad-
akitic melt was a common, and signi®cant, mantle wedge

component then we would expect Archean TTG-like
magmas to be present in all arcs, which is clearly not the
case (e.g. Martin 1986; Drummond and Defant 1990).
Adakitic melt is possibly only an important mantle
wedge component where the subducting slab at the
trench is young (<25 Ma?) and capable of melting sig-
ni®cantly. We conclude that the WPLG were probably
not generated from melting oceanic lithosphere.

The mantle wedge

Geochemical similarities between basaltic and granitic
intrusions in western Palmer Land (e.g. Figs. 4 and 6)
suggest that the WPLG may be di�erentiates of mantle
wedge magmas. The low MgO, Ni and Cr contents of

Fig. 10 Comparison of experimentally produced melt compositions
(stipple) with those of the western Palmer Land granites (®lled circles),
and suggested adakites. [The experimental data shown are: dark
stipple Rapp et al. (1991) and Sen and Dunn (1994), light stipple
(Rapp and Watson (1995)]. Figure modi®ed after Sen and Dunn
(1994). Suggested adakite compositions are: 1 Mt. St. Helens (Smith
and Leeman 1987), 2 Skagway tonalite (Barker et al. 1986), 3 La
Yeguada Volcanic Complex (Defant et al. 1991), 4 Mindanao,
Philippines (Sajona et al. 1993), 5 Isla Cook, Patagonia (Puig et al.
1984), 6 Baja, California (Rogers et al. 1985)
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the WPLG would require such mantle magmas to have
fractionated olivine and clinopyroxene, whilst their high
and variable Sr/Y and La/Yb, but relatively low Y and
HREE content and K/Rb would require hornblende
fractionation. The trajectory in Fig. 6, particularly the
occurrence of low-eNd(t) and high-eSr(t) plutons, would
also require such mantle melts to have assimilated con-
tinental crust, such as Triassic or older gneiss.

Crustal contamination of mantle melts may occur by
several mechanisms, including assimilation concomitant
with fractional crystallisation (AFC; DePaolo 1981).
Advantageous selection of contaminant and parent
magma compositions, assimilation rates, and bulk dis-
tribution coe�cients allows us to reproduce the Sr and
Nd isotope compositions of the WPLG by AFC.
However, we shall demonstrate that it is di�cult to

reconcile trace element compositions of the WPLG by
AFC alone.

We constructed AFC models to determine whether
the low-Y and -HREE contents and high La/Yb and
Sr/Y of the WPLG could be derived from ma®c dyke
magmas in the region (Table 1). A high assimilation:
crystallisation rate of 0.7, applicable to lower crustal
regions, where the crust is hot and easy to consume,
was used (DePaolo 1981). The initial magma composi-
tion modelled in the calculations was that of a Y-
and HREE-poor, primitive, basaltic dyke (R.5717.3;
Table 1). This composition was chosen to enhance the
generation of low-Y+HREE granite magmas in the
calculations. It has a rather low Y (16 ppm) and Yb (1.6
ppm) content, as the average Y content of 67 ma®c
dykes is ca. 25 ppm and the average Yb content of 33
ma®c dykes is ca. 2.7 ppm (C.D. Wareham unpublished
data). Because there is little exposed basement in the
Antarctic Peninsula for which compositional data is
available, the lower crust compositions of Taylor and
McLennan (1995) were used in Fig. 14, and Target Hill
(Graham Land) gneiss (Milne 1990) in Figs. 9 and 15.

A selection of AFC trajectories for hornblende-,
clinopyroxene- and garnet-bearing assemblages are
shown in Figs. 9, 14 and 15. Garnet is included as a
fractionating phase because of its stability at lower
crustal pressures (Huang and Wyllie 1986).

Plagioclase fractionation was not modelled because
its presence would lower the bulk partition coe�cients
of the HREE and Y, and because its removal would
deplete the model magma in Sr.

High degrees of hornblende fractionation could pro-
duce the Sr/Y of the WPLG, although this would be at

Fig. 11 Plot of Eu/Eu* versus Yb for the western Palmer Land
granites

Fig. 12 Normative albite (Ab)- anorthite (An)- orthoclase (Or)
ternary plot contrasting the compositions of the western Palmer
Land granites with those of experimental melts (after Sen and Dunn
1994). Experimental melt compositions (stipple) are from Rapp et al.
(1991), Wolf and Wyllie (1993), Rushmer (1991). Arrow shows
compositional variation with increasing temperature

Fig. 13 Atomic Ca-Na-K ternary plot. TTG ®eld encompasses all
Archean trondhjemites, tonalites and granodiorites believed to be
partial melt products of metabasalt (Drummond and Defant 1990).
Calc-alkaline ®eld and fractionation trend is fromNockolds and Allen
(1953). [Data plotted are: ®lled circles western Palmer Land granites,
stars experimental melt compositions of Rapp et al. (1991) and Rapp
and Watson (1995)]. Figure modi®ed from Defant and Drummond
(1993)
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the expense of little variation in Y content (Fig. 9).
Moreover, this would also produce peraluminous mag-
mas, whereas the WPLG are predominantly metalumi-
nous. In contrast, clinopyroxene fractionation has little
e�ect on Sr/Y but could easily produce a wide range of
Y concentrations. Because garnet fractionation rapidly
depletes magmas in Y without a�ecting their Sr content,
magmas with a range of Y and Sr/Y can result from

fractionation of hornblende + garnet and clinopyroxene
+ garnet (Fig. 9).

It is also di�cult to produce the low-Y WPLG by
AFC processes because potential parent magmas and
crustal contaminants in the region are Y-rich (Fig. 14):
the average Y content of ma®c dyke magmas is ca. 25
ppm, Target Hill gneiss has an average Y content of ca.
30 ppm (Milne 1990) and eastern Palmer Land gneisses
have >40 ppm Y (Wever et al. 1995). Low Y (+HREE)
magmas could in theory be generated if garnet was a
major fractionating phase, although the e�ects of this on
Sc/Yb will be discussed. Moreover, the generation of
high K/Rb granite magmas by reasonable AFC models
is not possible (Fig. 14).

High La/Yb WPLG can be generated from low
La/Yb parental magmas by high degrees of hornblende
and clinopyroxene fractionation, although concomitant
fractionation of garnet would produce high La/Yb re-
sidual magmas more easily (Fig. 15). However, clino-
pyroxene fractionation alone produces little variation in
Sc/Yb, whilst garnet fractionation drives Sc/Yb towards
higher values than those of the WPLG. It is only pos-
sible to generate the high La/Yb and low Sc/Yb granite
magmas from the lowest Sc/Yb ma®c dyke magmas if
they fractionate hornblende.

It is evident that generating the complete range of
Y, Sr/Y, K/Rb, La/Yb, and Sc/Yb compositions of the
WPLG by AFC alone would necessitate the involve-
ment of more than one parent magma and/or multiple
crystallisation and assimilation events involving high
degrees of hornblende and clinopyroxene (� garnet)
fractionation.

An alternative, and perhaps complementary, crustal
contamination scenario to AFC is that of mantle wedge
magmas mixing with partial melts of continental crust.
Hildreth and Moorbath (1988) suggested that volcanic
rocks in Chile with adakitic characteristics were pro-
duced by such a process. They hypothesised the exis-
tence of lower crustal zones of mixing, assimilation,
storage and homogenisation of mantle wedge magmas
and crustal melts. The low Y+HREE content of the
volcanic rocks requires that the crustal melts were
Y+HREE poor, implying that they were generated
within the garnet stability ®eld, at deep crustal levels
>ca. 36 km (Rapp and Watson 1995). The eNd of these
volcanic rocks varies inversely with their La/Yb and
re¯ects the proportion of crustal partial melt present (cf.
Feeley and Davidson 1994; Feeley and Hacker 1995).

The high Y+HREE content of ma®c dyke magmas
in western Palmer Land relative to the WPLG suggests
that the granites would need to contain a signi®cant
component of crustal partial melt. Moreover, the high
Y+HREE content of basement gneiss in the region
would also require the partial melting to occur at depths
appropriate to the garnet stability ®eld (cf. Hildreth and
Moorbath 1988). However, unlike Andean adakitic
volcanic rocks, there is no clear correlation between the
eNd and La/Yb of the WPLG. Thus, the WPLG are
unlikely to be just mixtures of mantle wedge magmas

Fig. 14 Plot of K/Rb versus Y for western Palmer Land granites
(®lled circles), basaltic dykes (diamonds), average lower crust of Taylor
and McLennan (1995) and Target Hill gneiss (Milne 1990). AFC
trajectories are for clinopyroxene (a), 0.7 dinopyroxene 0.3 garnet (b),
hornblende (c) 0.7 hornblende 0.3 garnet (d), garnet (e). AFC
modelled using an assimilation:crystallisation of ratio 0.7 and an
initial magma composition of R.5717.3 (Table 1). Contaminant has
40 ppmY, 180 ppmRb and 32000 ppmK. Partition coe�cients as per
Table 2

Fig. 15 Plot of Sc/Yb versus La/Yb for western Palmer Land granites
(®lled circles) basaltic dykes (diamonds) and average lower crust of
Taylor and McLennan (1995). AFC trajectories are for clinopyroxene
(a), 0.7 clinopyroxene 0.3 garnet (b), hornblende (c) 0.7 hornblende 0.3
garnet (d), garnet (e). AFC modelled using an assimilation:crystalli-
sation ratio of 0.7 and an initial magma composition of R.5717.3
(Table 1). Contaminant has 11 ppm La, 2.2 ppm Yb, and 36 ppm Sc.
Partition coe�cients as per Table 2
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and partial melts of Triassic and older continental crust
(cf. Fig. 6).

Thick (>10 km) sill-like bodies of ma®c magma are
thought to be intruded (underplated) at, or slightly
above, the base of the crust in many arcs (Hamilton 1995;
Suyehiro et al. 1996) and would lead to elevated lower
crustal temperatures and partial melting (cf. Atherton
and Petford 1993). Consequently, juvenile basaltic crust
must be considered as an additional magma source.

Basaltic lower crust

Field and experimental studies indicate that amphibolite
and basaltic-amphibolite can produce signi®cant vol-
umes of partial melt at lower crustal temperatures and
pressures, particularly in arcs where ma®c magmatism
sustains high heat ¯ow (e.g. Rushmer 1991). Atherton
and Petford (1993) suggested that adakitic volcanic
rocks can be produced solely from partial melting of
juvenile (i.e. warm), garnet-bearing, basaltic lower crust.
The main di�erence between partial melting reactions in
basaltic lower crust and subducting oceanic lithosphere
is protolith composition. Ma®c magmas that underplate
arc crust are likely to be equivalents of western Palmer
Land ma®c dykes and gabbro (i.e. predominantly calc-
alkaline basalt and basaltic andesite) not NMORB.
Partial melts of this material will have di�erent com-
positions to low-K tholeiites, the starting compositions
used in most experimental studies (cf. Figs. 10, 12 and
13). For instance, ma®c arc magmas will undoubtedly
produce higher Sr/Y and La/Yb partial melts than
NMORB when fused, as they are relatively enriched in
LILEs and LREEs, but depleted in many HFSEs and
HREEs (e.g. Fig. 4 and Table 1). Moreover, arc crust is
susceptible to ¯uxing by slab-derived ¯uids and this will
also in¯uence the composition any partial melt (Winther
1996). Consequently, the WPLG may have compositions
atypical of partial melts of NMORB, but they may be
typical of melting calc-alkaline basaltic and andesitic
underplate. Nevertheless, as basaltic magmatism in
western Palmer Land has higher Y+HREE contents
than many WPLG, any partial melting of underplate
would need to occur at deep (>36 km) crustal levels,
where garnet is stable.

Discussion

Hildreth and Moorbath (1988) and Atherton and Pet-
ford (1993) concluded that adakitic volcanic rocks were
produced when ma®c arc magmas melted Andean crust.
But, whereas Hildreth and Moorbath invoked mixing
between mantle magmas and crustal melts, Atherton
and Petford suggested that volcanic rocks of the Cor-
dillera Blanca are predominantly (entirely?) crustal
melts. Melting of arc crust is inevitable in subduction
settings, because heat is advected from the mantle to the
crust by ma®c magmas. Both models require crustal

melting to occur at depths ³36 km, such that garnet is
stable. However, extension in the overriding plate is the
norm in arcs (Hamilton 1995) and extensional features
controlled the emplacement of many granite s.l. and
gabbro plutons in western Palmer Land (e.g. Storey
et al. 1996; Vaughan and Millar 1996). Thus, the ex-
tending Palmer Land Crust must have been thicker than
normal arc crust for garnet to have been stable during
crustal melting (cf. Taylor and McLennan 1985).

Crustal thickening

The intrusion of ma®c magmas into the lower crust
(underplating) is a common phenomenon in arcs
(Hamilton 1995). Suyehiro et al. (1996) suggested that
underplating and intraplating of ma®c magma into ex-
tending arc crust compensates for tectonic thinning. We
suggest that underplating of ma®c magmas also resulted
in crustal thickening in Palmer Land. Outcrop of Lower
Cretaceous gabbro in western Palmer Land coincides
with prominent regional magnetic anomalies, part of a
belt of positive magnetic anomalies along the west coast
of the Antarctic Peninsula (Renner et al. 1985; Maslanyj
et al. 1990; Johnson and Smith 1992). This spatial as-
sociation suggests that ma®c additions to the crust may
have been signi®cant during the Cretaceous. The pres-
ence of a ca. 15 km thick section of ¯at-lying to shal-
lowly dipping, high velocity (vp ca. 7.1 km s)1), lower
crustal seismic re¯ectors above the Moho elsewhere in
the Antarctic Peninsula (Conway 1992) is consistent
with basaltic underplating of the arc.

Granite magma sources

Many WPLG have similar chemical compositions to
partial melts of basaltic material at 8 to 30 kbar which,
with their relatively high eNd(t) (Fig. 6) and the evidence
for magmatic crustal thickening, suggests that they may
be partial melts of juvenile basaltic underplate (cf. At-
herton and Petford 1993). Nevertheless, the plutons have
characteristics that suggest additional mantle and crustal
sources were involved in their genesis. Trace element
compositions, evidence of widespread mixing and min-
gling of ma®c and granitic magmas and MgO and Na2O
relationships suggest that many, if not all, WPLG con-
tain a component of mantle melt, in accord with their
generation above a subduction zone producing ma®c
magmas. Conversely, the occurrence of low-eNd(t) and
high-eSr(t) plutons and the trajectory in Fig. 6 suggest
that perhaps all except the highest eNd(t) plutons contain
a component of Pre-Triassic±Triassic crust.

We prefer a model akin to that of Hildreth and
Moorbath (1988) for generating the granite s.l. magmas
in western Palmer Land. Ma®c arc magmas were pro-
duced following the hydration of mantle wedge perido-
tite by ¯uids from the subducting slab. These magmas
were subsequently contaminated by arc crust, probably
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during deep crustal fractionation of olivine, pyroxene
and amphibole. Slab-melt characteristics, such as low
Y+HREE, were acquired by magmas which mixed with
partial melts of garnet-bearing arc crust. The Nd and Sr
isotope data are consistent with the involvement of ju-
venile basaltic crust (underplate) and Triassic±Pre-Tri-
assic basement. The occurrence of contemporaneous
adakitic and ``normal'' calc-alkaline WPLG suggests
that not all the crust involved in their genesis was garnet
bearing. Isotope and trace element data are compatible
with partial melt of juvenile basaltic underplate being a
dominant component of some WPLG, in keeping with
their overall tectono-magmatic setting (cf. Atherton and
Petford 1993). Assimilation and fractional crystallisa-
tion cannot be ruled out as contributory processes
in generating the trace element compositions of the
WPLG, particularly at shallow crustal levels where
plagioclase was a fractionating phase (cf. Fig. 9).
Nevertheless, because the WPLG have a wide range
of trace element compositions (e.g. Fig. 14), AFC is
considered to be supplementary to magma mixing, as-
similation, storage and homogenisation.

Lower crustal zones of magma mixing, assimilation,
storage and homogenisation are probably common to all
arcs, because ma®c magmatism, such as by underplat-
ing, and high heat ¯ow are inevitable. However, magmas
with Archean TTG and adakite characteristics will only
be generated where the crust is thick enough for garnet
to be stable during crustal melting. The production of
crust that is both thick and warm enough to melt is most
likely in regions that have long histories of subduction
magmatism, where the crust can be thickened magmat-
ically and tectonically and high heat ¯ow sustained for
long periods. Mixing between mantle and crustal melts is
probably the norm in arcs, but in exceptional circum-
stances purely crustal melts may be produced (Atherton
and Petford 1993). The occurrence of adakitic plutonic
and volcanic rocks along the proto-Paci®c margin of
Gondwana, in the Antarctic Peninsula, New Zealand
and South America, is testament to the e�ects that
prolonged subduction can have on the character of the
magmatism.

Crustal growth

The Nd isotope compositions of granite magmas in
western Palmer Land increased by ca. 10 e units between
the Triassic and Tertiary (Fig. 7). Such temporal in-
creases in eNd(t) within a magmatic suite are generally
considered to be indicative of crustal growth (Nelson
and DePaolo 1984; DePaolo et al. 1991; Johnson 1993).
However, partial melts of juvenile basaltic lower crust
are isotopically indistinguishable from mantle wedge
magmas and we are unable to ascertain their relative
roles in producing the eNd(t) variation. All we can say is
that the role of Triassic and older continental crust
waned with time. The slight (just larger than analytical
error) decrease in 207Pb/204Pb(t) with pluton age con-

comitant with increasing eNd(t) and decreasing eSr(t)
supports this. Shifts in Pb isotope composition are
smaller in magnitude than those for Sr and Nd for two
main reasons. Firstly, mantle-derived ma®c magmas are
generally poorer in Pb than average crustal rocks and
their Pb isotope compositions are consequently domi-
nated by that of any crust they assimilate. Secondly, Pb
is more soluble in hydrous ¯uids than Sr and Nd,
making the Pb isotope composition of the crust more
susceptible to homogenisation by hydrothermal circu-
lation (cf. McCulloch and Woodhead 1993). Shifts in the
total crustal Pb isotope composition of arc crust are
most likely to occur by repeated injection of ma®c
magmas, such as by underplating and intraplating.

Ellam and Hawkesworth (1988) noted that the net
¯ux of material into the crust in recent arcs is basaltic,
but that continental crust is broadly andesitic. Partial
melts of garnet- and amphibole-bearing lower crust are
more LREE-enriched than both basaltic melts they may
mix with and basaltic intrusions previously accreted to
the lower crust. Crustal assimilation and magma mixing,
storage and homogenisation processes (Moorbath and
Hildreth 1988) will generate broadly LREE- and LILE-
enriched, andesitic±granitic, continental crust in arc en-
vironments, where the net ¯ux of magma is predomi-
nantly basalitc. The garnet-rich amphibolite and
pyroxenite residues formed by high P±T partial melting
reactions are denser than average plagioclase-bearing
lower continental crust and the underlying mantle and
may detach and sink into the convecting asthenosphere
(Kay and Kay 1991). This process will drive initially
ma®c and HREE-rich arc crustal compositions towards
more andesitic, LREE-enriched compositions. More-
over, little net growth in crustal mass would have re-
sulted, contrary to that indicated by isotopic analysis of
upper crustal granites and volcanic rocks, although
structural data suggest that emplacement of granite re-
sulted in net crustal growth (Vaughan and Millar 1996).

Conclusions

1. Subduction generated basaltic magmas contributed to
crustal thickening by underplating in western Palmer
Land. This aided the production of arc crust that was
thick and hot enough to melt while garnet was stable as
a lower crustal phase.

2. Juvenile basaltic underplate and Triassic±Pre-
Triassic basement was partially melted by subsequent
in¯uxes of basaltic magma. Mixing between these partial
melts and contemporaneous mantle melts in deep crustal
zones of mixing, assimilation, storage and homogenisa-
tion produced granite magmas with compositional
characteristics that are usually associated with Archean
TTG suites.

3. Temporal variations in the Sr, Nd and Pb isotope
compositions of the WPLG are consistent with lower
crustal hybridisation during arc magmatism. The rela-
tionships we observe between eNd and stratigraphic age
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are consistent with the melting of progressively younger
underplate, and/or mixing of an increased component of
basaltic melt. The isotope data re¯ect the addition of
mantle-derived material to the crust. However, if garnet-
bearing lower crust was to delaminate then, contrary to
what the isotope data would lead us to believe, little net
growth in crustal mass would have occurred. Nonethe-
less, partial melts extracted from juvenile underplate and
incorporated at higher crustal levels would have been
removed from the ``delamination zone'' and structural
evidence suggests arc crustal growth by magmatism
during extension.
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