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Petrogenesis of slab-derived trondhjemite-tonalite-dacite/
adakite magmas

M. S. Drummond, M. J. Defant and P. K. Kepezhinskas

ABSTRACT: The prospect of partial melting of the subducted oceanic crust to produce arc
magmatism has been debated for over 30 years. Debate has centred on the physical conditions of
slab melting and the lack of a definitive, unambiguous geochemical signature and petrogenetic
process. Experimental partial melting data for basalt over a wide range of pressures (1-32 kbar)
and temperatures (700-1150=C) have shown that melt compositions are primarily trondhjemite-
tonalite-dacite (TTD). High-Al (> 15% A12O3 at the 70% SiO2 level) TTD melts are produced by
high-pressure 0 1 5 kbar) partial melting of basalt, leaving a restite assemblage of
garnet + clinopyroxe'ne ± hornblende. A specific Cenozoic high-Al TTD (adakite) contains lower Y,
Yb and Sc and higher Sr, Sr/Y, La'/Yb and.Zr/Sm relative to other TTD types and is interpreted
to represent a slab melt under garnet amphibolite to eclogite conditions. High-Al TTD with an
adakite-like geochemical character is prevalent in the Archean as the result of a higher geotherm
that facilitated slab melting. Cenozoic adakite localities are commonly associated with the subduction
of young (<25Ma), hot oceanic crust, which may provide a slab geotherm (*9-10=C km"1)
conducive for slab dehydration melting. Viable alternative or supporting tectonic effects that may
enhance slab melting include highly oblique convergence and resultant high shear stresses and
incipient subduction into a pristine hot mantle wedge. The minimum P-T conditions for slab
melting are interpreted to be 22-26 kbar (75-85 km depth) and 75O-8OO=C. This P-T regime is
framed by the hornblende dehydration, 10=C/km, and wet basalt melting curves and coincides with
numerous potential slab dehydration reactions, such as tremolite, biotite + quartz, serpentine, talc,
Mg-chloritoid, paragonite, clinohumite and talc + phengite. Involvement of overthickened (>50 km)
lower continental crust either via direct partial melting or as a contaminant in typical mantle
wedge-derived arc magmas has been presented as an alternative to slab melting. However, the
intermediate to felsic volcanic and plutonic rocks that involve the lower crust are more highly
potassic, enriched in large ion lithophile elements and elevated in Sr isotopic values relative to
Cenozoic adakites. Slab-derived adakites, on the other hand, ascend into and react with the mantle
wedge and become progressively enriched in MgO, Cr and Ni while retaining their slab melt
geochemical signature. Our studies in northern Kamchatka, Russia provide an excellent case
example for adakite-mantle interaction and a rare glimpse of trapped slab melt veinlets in
Na-metasomatised mantle xenoliths.

KEY WORDS: adakite, trondhjemite, tonalite, dacite, slab melting, Archean, tectonics, mantle
metasomatism, Kamchatka.

The focus of granitic rock petrology has leaned towards the
study of high-K granites and rhyolites and their relevance to
the generation and growth of continental crust through time.
This pursuit has allowed us to find that a significant proportion
of the granites represent recycling of continental crustal
components and contribute sparingly to new net addition for
continental crustal growth. To understand the birth of
continental crust and its subsequent growth, we should refocus
our studies towards the sodic end of the 'granite' family, the
trondhjemite-tonalite-dacite group (TTD). Many continental
growth models indicate that over 70% of the present day
continental crust was produced by the end of the Archean
(Armstrong 1981; Dewey & Windley 1981; McLennan &
Taylor 1982; Reymer & Schubert 1984), with tonalite-
trondhjemite suites constituting 60-70% (Condie 1981) of the
preserved Archean crust. Wedepohl (1995) has suggested a
tonalitic composition for the bulk continental crust. This may
have resulted from ridge subduction, concomitant slab melting
and associated TTD generation in the Archean (Martin 1986,
1993; Nelson & Forsythe 1989; Drummond & Defant 1990).

Numerous petrogenetic models, experimental studies and

thermomechanical calculations have sought to explain the role
of the subducted oceanic lithosphere in arc magma genesis.
Early studies (Green & Ringwood 1968; Marsh & Carmichael
1974) postulated a role for slab melting in the genesis of arc
magmatism. More recently it has been argued that, in general,
the slab does not melt, but dehydrates, contributing fluids to
and enhancing melting conditions in the overlying mantle
wedge (e.g. Gill 1981; Mysen 1982; Arculus & Powell 1986;
Tatsumi et al. 1986; Ellam & Hawkesworth 1988; Kushiro
1990). However, slab and mantle wedge sources need not be
mutually exclusive or individually the sole source for arc
magmatism.

This paper will evaluate the derivation of sodic, intermediate
to felsic igneous rocks from a subducted slab (MORB) source.
Although the process of slab melting has persisted through
time (Defant & Drummond 1990; Drummond & Defant 1990),
the rate of slab melting has slowed dramatically since the
Archean. It is the goal of this study to further refine the
geochemical characteristics of slab melts and to delimit the
physical conditions of slab melting. The geochemical discrimi-
nation of slab melts (adakites) from mafic lower crustal melts
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is presented to more fully distinguish adakites as a recognisable
lithology with important tectonic implications. A mantle
geochemical component is recorded in numerous adakite
localities due to reaction between adakite melt and sub-arc
mantle on ascent. Mantle xenoliths from northern Kamchatka
will be used for the analysis of slab melt-mantle interaction.
Metasomatism of the mantle wedge by adakite melts presents
fundamental information on source heterogeneity for
mantle-derived arc magmas.

1. Methods of TTD generation

Models for TTD genesis have been summarised in previous
studies (Arth 1979; Barker 1979; Drummond & Defant 1990)
and commonly involve either the partial melting of a basaltic
source or fractional crystallisation of basaltic parental magma.
Partial melting processes are considered to be a more efficient
mechanism for TTD production as 80-90% fractional crystal-
lisation is required to produce residual TTD liquids from
basaltic (Spulber & Rutherford 1983) or boninitic (Meijer
1983) mantle-derived parental magmas. Many TTD localities
lack high proportions of mafic to intermediate igneous rocks,
which argues against the fractional crystallisation process as
the dominant TTD petrogenetic model.

Experimental studies have shown that partial melting of a
basaltic source over a wide range of temperature (700-1150cC)
and pressure (1-32 kbar) results in a TTD melt product.
Figure 1 shows the distribution of the available basalt partial
melt experimental data (170 samples) with respect to the
granitic rock subdivision of Barker (1979). Those experimental
glasses containing <56% SiO2 (30 samples, not shown) or
>50% normative An proportion (28 samples, Fig. 1) are
unlike natural TTD compositions and will not be considered
further. Most experimental melt compositions are tonalite
(60%), trondhjemite (23%) and granodiorite (12%), with a
minor (5%) granite melt representative. Thus the dominant
product from partial melting of a low-K20 basaltic source is
represented by the Ab-rich end of the granitic rock spectrum.
A first-order screen of the samples under consideration for
low-K2O basalt partial melt genesis should be that the
Ab-An-Or data reside primarily in the tonalite-trondhjemite
fields.

Drummond and Defant (1990) and Defant and Drummond
(1990) defined a specific subtype of Cenozoic TTD (adakite)
similar geochemically to Archean high-Al (>15% A12O3 at
70% SiO2 level) TTD gneisses. Table 1 summarises over 2000
published analyses of continental and island arc andesite-
dacite-rhyolite (ADR) suites, low-Al TTD (<15% A12O3 at
70% SiO2 level), ophiolitic plagiogranites, boninites and the
adakite/high-Al TTD group. The low-Al TTD group represents
non-ophiolitic, low pressure partial melts of a basaltic source
without accompanying mafic to intermediate fractionation
products (Barker et al. 1976; Drummond & Defant 1990).
Qualitative comparison of the Table 1 data indicates that the
adakite/high-Al TTD group has elevated Sr, La/Sm, Sr/Y and
Zr/Y and depleted Y, Sc and Yb values. This geochemical
signature for the adakite/high-Al TTD group is interpreted to
be due to high-pressure partial melting of a basaltic source
leaving a garnet amphibolite to eclogite restite assemblage, as
discussed in Section 1.2. Mesozoic, Palaeozoic and Proterozoic
TTD samples are also included as part of the cumulative
adakite/high-Al TTD database (394 total samples). Adakite/
high-Al TTD rocks range in age from the 1980 Mount St
Helens dacitic volcanics (Defant & Drummond 1993) to the
3-96 Ga Acasta gneiss (Bowring et al. 1990).

The 13 localities used to define the Cenozoic adakite
lithology (Defant & Drummond 1990) are associated with the

Ab Or

Figure 1 CIPW normative Ab-An-Or granitic rock classification
after Barker (1979). TR, Trondhjemite; TO, tonalite; GD, granodiorite;
and G, granite, (a) Experimental basalt partial melting data from:
Holloway and Burnham (1972), closed triangle; Helz (1976), open
triangle; Hacker (1990), open diamond; Rapp (1990) and Rapp et al.
(1991), open circle; Beard & Lofgren (1991, dehydration melting only),
closed circles; Rushmer (1991), closed square; Winther & Newton
(1991), half-closed circle; Wolf & Wyllie (1991, 1994), open square;
and Sen & Dunn (1994), closed diamond, (b) Cenozoic adakite (open
circle) and CVZ/CBB (closed circle) data, (c) Archean high-Al
TTD data.

subduction of oceanic lithosphere younger than 25 Ma.
Parsons and Sclater (1977) found that oceanic crust younger
than 25 Ma has a heat flow in the range 2-8-8-0 HFU (heat
flow units), whereas older crust has a relatively constant heat
flow of 1-0-2-5 HFU. We have proposed that in orogenic
terranes where young, hot oceanic crust subducts, the slab has
the ability to melt, producing adakite under garnet amphibolite
to eclogite conditions. Numerous petrogenetic studies of
Archean high-Al TTD have proposed that these magmas were
also produced by high-pressure partial melting of the subducted
oceanic crust (Jahn et al. 1981, 1984; Martin 1986, 1987, 1993;
Nisbet 1987; Luais & Hawkesworth 1994). High heat flow,
rapid convection and subduction of hotter, smaller oceanic
plates are thought to be unique tectonic elements in the
Archean which optimized conditions for the transformation of
subducted oceanic crust into sial via partial melting (Abbott
& Hoffman 1984; Martin 1986, 1993; Drummond & Defant
1990).

1.1. Pressure-temperature parameters for slab melting
The question of whether the subducted oceanic lithosphere
directly contributes to magma production in volcanic arc
terranes has provoked considerable debate since the advent of
plate tectonics. One of the key issues is whether the
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thermomechanical conditions of the slab can allow melting to
occur. A number of studies (Wyllie 1984; Peacock 1990a,
1990b; Cloos 1993; Peacock et al. 1994) have shown that slab
melting is possible under a restricted set of conditions: (1) a
young, hot subducting slab; (2) initiation of subduction
providing a pristine, warm mantle wedge setting; or (3) the
presence of high shear stresses in the subduction zone
associated with highly oblique convergence and/or slow
subduction. The original adakite localities of Defant and
Drummond (1990) were attributed to melting young, hot
subducting slab material. Three new adakite localities are
associated with the subduction of young, hot oceanic crust:
Late Miocene Cerro Pampa andesites-dacites, southern
Argentina (Kay et al. 1993), Quaternary volcanic rocks of the
Cordillera de Talamancas, Costa Rica (Drummond et al. 1995)
and Quaternary volcanic rocks of SW Japan (Morris 1995).
On the other hand, the initiation of subduction and high shear
stress are interpreted causes for adakite generation from new
localities in Mindanao, Philippines (Sajona et al. 1993) and
the western Aleutians (Yogodzinski et al. 1995), respectively.

Figure 2 illustrates a slab geotherm of KFCkm"1 which
would correspond to the special conditions required for slab
melting. In addition, a KTCkm"1 geotherm correlates with
many natural P-T estimates from exhumed subduction zone
material, such as: (1) the top of the slab geotherm measured
from the Zagros Mountains (Bird et al. 1975); (2) the P-T
field recorded by subduction-related (type C) eclogites (Raheim
& Green 1975); and (3) the P-T conditions from the Betic
ophiolite, Spain (65O-7OO=C, 20 kbar; Puga et al. 1995), Tauern
window eclogites, Austria (625=C, 20 kbar; Selverstone et al.
1992), Monviso ophiolite, western Alps (500 +50C,
10-11 kbar, Philippot & Selverstone 1991) and the Adula
nappe, central Alps (500-820=C, 17-27 kbar; Droop et al.
1990), among others.

Partial melting of the slab would require a source of water
from dehydration reactions given the unrealistic thermal
requirements for the dry melting of basalt (curve 11, Fig. 2).
Thus the wet basalt solidus (curve 10; Green 1982) provides
the minimum thermal conditions for slab melting. Under
typical arc conditions the slab is thought to dehydrate,
contributing fluids to the overlying mantle wedge that initiates
melting of the mantle and BADR (basalt-andesite-dacite-
rhyolite) arc volcanic production (see Tatsumi & Eggins 1995
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Figure 2 P—T diagram depicting potential slab melt conditions in
concert with dehydration reactions. Pertinent curves include:
(I) hornblende-out' (Wyllie 1982); (2) tremolite-out (Obata &
Thompson 1981); (3) biotite-out (Tatsumi & Eggins 1995); (4) ser-
pentine-out (Tatsumi & Nakamura 1986); (5) talc-out (Wyllie 1982);
(6) Mg-chloritoid-out (Schreyer 1988); (7) paragonite-out (Holland
1979); (8) clinohumite-out (Engi & Lindsley 1980): (9) talc + phengite-
out (Massone & Schreyer 1989); (10) and (11) wet (Green 1982) and
dry (Wyllie 1982) basalt solidus, respectively; Archean geotherm
(Martin 1993): and metamorphic fades fields (Cloos 1993).

and references cited therein). Slab dehydration is a continuous
and progressive process that may be tracked by a series of
dehydration reactions. Figure 2 indicates that numerous
potential dehydration reactions correspond to the P-T
conditions of the wet basalt solidus and the 10'C/km geotherm.
In addition to these potential slab dehydration reactions,
serpentinised subducted oceanic mantle could provide a major
source of water to the subduction system. Ulmer and
Trommsdorff( 1995) have shown experimentally that antigorite
breaks down to forsterite + enstatite + H2O at 25 kbar and
730:C, having the capacity to release up to 13 wt% water. If
these potential dehydration fluids experience significant resi-
dence time in the slab under super-solidus conditions, then
partial melting is an obvious consequence.

In combination with the 10=C/km slab geotherm and wet
basalt solidus, the hornblende dehydration curve (curve 1)
envelops a P-T regime (700-800°C, 22-26 kbar) that would
correspond to slab melting under garnet amphibolite to
hornblende eclogite conditions. At P-T conditions below
minimum basalt partial melting (650=C and 22 kbar), Poli
(1993) experimentally confirmed the presence of hornblende
eclogite as the stable metamorphic lithology. Drummond and
Defant (1990) call on the retention of hornblende at the site
of partial melting to explain many of the adakite geochemical
features (e.g. high A12O3, low K/Rb and Nb). Garnet is a key
restite phase to generate the low HREE, Y and Sc contents of
the adakites (Table 1); thus minimum P-T conditions must
correspond to garnet stability during basalt partial melting.
The present consensus from experimental work has shown
that P-T conditions of ^ 1 5 kbar and ^75O:C are required
to generate TTD with the requisite major and trace element
character of adakite/high-Al TTD in the presence of a garnet
amphibolite to eclogite refractory assemblage (Rapp et al.
1991; Winther & Newton 1991; Rushmer et al. 1994; Sen &
Dunn 1994; Thompson & Ellis 1994). Thompson and Ellis
(1994) favour a P-T regime of 800"C and 26 kbar for partial
dehydration melting of a basaltic source following the reaction:
zoisite + hornblende + quartz = clinopyroxene + pyrope +
high-AI TTD melt.

The question remains, however, whether the dehydration
fluids residence time in the slab is sufficient to initiate partial
melting. Drummond and Defant (1990) speculated that
dehydration fluids associated with slab melting would be
largely retained in the slab and involve intraslab migration.
This problem has been studied in exhumed subduction zone
complexes from the Monviso ophiolite (Philippot &
Selverstone 1991) and Tauern window (Selverstone et al.
1992). These studies have found that during eclogitisation of
the subducted slab only localised, limited fluid flow and
metasomatism occur under subsolidus conditions. Tauern
window eclogites demonstrate that isolated fluid-filled pockets
can exist at 20 kbar, giving rise to clinozoisite-zoisite-
phengite-rutile segregations under transient Pnuid ~ ^totai con*
ditions. Metamorphic fluid studies in the exhumed eclogitic
slabs indicate that at depths of > 50+10 km the slab retains
its dehydration fluid (Selverstone et al. 1992; Philippot 1993),
limiting fluid migration to intraslab fluid flow. In a preserved
subduction complex that has experienced partial melting of
the amphibolitic to eclogitic MORB, such as the Catalina
Schist terrane, pervasive fluid flow involved metasomatism of
the mantle wedge (Serensen 1988; Sorensen & Grossman
1989). This suggests that transfer of fluids from the slab into
the mantle wedge at depths > 50+ 10 km is facilitated by slab
melting. Philipott (1993) further suggests that all deep transfer
of water into the mantle is by a water-rich melt phase.
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1.2. Geochemical parameters for slab melting
Figure lb and lc indicate that the Cenozoic adakites and
Archean high-Al TTD data fall primarily within the trondhjem-
ite, tonalite and granodiorite fields, corresponding to the
compositional spread of experimental melts (Fig. la) from
basaltic sources. Comparison between Cenozoic adakite and
Archean high-Al TTD (Table 1, Fig. lb, lc) indicates that the
Cenozoic adakites are relatively less felsic with a higher An
proportion + ferromagnesian component + trace transition
metal content and lower SiO2. However, both groups exhibit
low Y, Yb and Sc values indicative of a garnet-bearing residue
at the site of basalt partial melting and are considered as a
coherent petrogenetic group, i.e. high-pressure partial melting
of a basaltic source.

Arth (1979) proposed a subdivision of TTD on the basis of
Al2O3-Yb relationship (Fig. 3). Removal of subaluminous
hornblende and garnet either as restite components or early
crystallisation phases under high pressure conditions produces
the low Yb-high AI2O3 character of adakite/high-Al TTD
(Fig. 3). Trace element modelling (Kay 1978; Jahn et al. 1981;
Martin 1986; Drummond & Defant 1990) has shown that the
low YbN and high (La/Yb)N of adakite/high-Al TTD is due to
a garnet amphibolite to eclogite restite assemblage. Low-Al
TTD, island arc ADRs and plagiogranites exhibit a high Yb
content (cumulatively referred to as the high-Yb TTD group)
due to plagioclase + pyroxene extraction on partial melting
and/or differentiation at low pressures (Drummond & Defant
1990; Beard 1995). The low-Al TTD has low A12O3 and Sr
values (Table 1) due to dominant plagioclase removal. Mantle-
derived boninites define their own unique field with low A12O3

and Yb. The overlap between adakite/high-Al TTD and
specific continental ADR samples in Figure 3 is addressed
in Section 2.

Y-Sr/Y relationships closely track the influence of garnet
and plagioclase in TTD genesis (Drummond & Defant 1990;
Defant & Drummond 1990). Strontium behaves incompatibly
on high-pressure partial melting of basalt due to the absence
or instability of plagioclase, whereas Y is dominantly controlled
by the garnet fraction in the restite. Cenozoic adakites and
Archean high-Al TTD samples are plotted on Figure 4 with
respect to two partial melting models. The two models involve
two basaltic source compositions, an Archean mafic composite
(AMC; Drummond & Defant 1990) and an average MORB
(Gill 1981), which experience 10-50% partial melting leaving
either 10% garnet amphibolite and eclogite restite assemblages.
The AMC and MORB partial melting models correspond well
with the Archean high-Al TTD and Cenozoic adakite data,
respectively. Independent analyses of Y-Sr/Y relationships
with slab melting corroborate the model of adakite generation
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Island arc ADRs
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Plaglogranite
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AI2O3 (wt.%)

Figure 3 A12O3 (wt%)-Yb (ppm) plot of various TTD types and
boninites with high-Al2O3 and low-Al2O3 TTD subdivision of
Arth(l979).

by 10-50% partial melting of a MORB source under eclogitic
to hornblende eclogitic conditions (Tsuchiya & Kanisawa
1994). The high-Yb TTD group (Fig. 3) display a high Y, low
Sr/Y content (shaded area, Fig. 4) due to the incompatible
and compatible behaviour of Y and Sr, respectively, associated
with a dominant plagioclase-pyroxene extract assemblage.

A plot of La/Sm versus Zr/Sm (Fig. 5) subdivides the
adakite/high-Al TTD group from the high-Yb TTD group
and boninites at a La/Sm ratio of four. The high La/Sm
reflects the strong affinity of garnet and hornblende for Sm
relative to La. Partial melting (1-50%) curves of MORB
leaving a 10% garnet amphibolite (upper curve) and eclogite
(lower curve) are shown on Figure 5. Although the adakite/
high-Al TTD exhibits a range of Zr/Sm, many (40% of the
samples) display elevated values of Zr/Sm > 60. Pearce and
co-workers (Pearce et al. 1992; Pearce & Peate 1995) have
suggested that Zr behaves non-conservatively during slab
melting due to the incompatibility of Zr in residual hornblende,
which may explain the elevated Zr/Sm for some adakite/
high-Al TTD under garnet amphibolitic melting conditions.

Optimum conditions for TTD melt segregation from a
garnet- and hornblende-bearing basaltic protolith occur at
20-30% melting (Rapp 1995); however, above hornblende-out
conditions the melt percentage increases to 50%, producing a

Archean high-Al TTD
Cenozoic adakites

Figure 4 Y (ppm)-Sr/Y diagram with Archean high-Al TTD and
Cenozoic adakites plotted relative to partial melt curves of MORB
(values of Gill 1981) and Archean mafic composite (AMC values of
Drummond & Defant 1990) sources leaving either eclogite (curves 1
and III) or 10% garnet amphibolite (curves II and IV) restite.
Percentage partial melt values are labelled at the X on curve. High-
Yb TTD group field is shaded.

M

N
• Adakite/Hlgh-AI TTD
* Island an: ADRs
o Low-Al TTD
o Plagiogranite
x Boninites

La/Sm

Figure 5 La/Sm-Zr/Sm plot of TTD types and boninites relative to
partial melt curves of MORB (closed square) leaving either a 10%
garnet amphibolite (upper curve) or eclogite (lower curve) restite.
Percentage partial melt values are shown with a cross ( + ) and
represent 1, 10, 30 and 50% melt with decreasing La/Sm. Mantle
value from Hole et al. (1984).
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more metaluminous, intermediate melt composition (Rapp &
Watson 1995). Adakite/high-Al TTD samples that correspond
to %50% partial melting on Figures 4 and 5 may be the
result of hornblende decomposition or the addition of a minor
mantle component (Section 3).

2. Slab melting versus lower crustal melting
comparison

An alternative hypothesis to slab melting for high-Al TTD/
adakite genesis involves the partial melting of overthickened
continental arc crust (Kay & Kay 1991, 1993; Atherton &
Petford 1993). In fact, some continental arc ADR localities,
such as those in the central volcanic zone, Andes (CVZ),
possess high La/Yb and Sr/Y ratios (Kay & Kay 1991, 1993;
Feeley & Hacker 1995). To compare adakite compositions
against ADR from overthickened continental arc terranes, 55
samples from the CVZ (Nevados de Payachata volcanic
region—Davidson et al. 1990; volcan Tata Sabaya—de Silva
et al. 1993; volcan Ollugue—Feeley & Davidson 1994; Feeley
& Hacker 1995) and from the Cordillera Blanca batholith
(CBB), Peru (Atherton & Sanderson 1987) are used (average
shown in Table 1). In addition, partial K2O-Rb-Sr isotopic
data (Harmon et al. 1984) from the CVZ is also used for
comparative purposes. The Quaternary volcanic rocks of the
CVZ and the 5-7 Ma volcanic and plutonic rocks of the CBB
correspond to a crustal thicknesses of 60-70 km and 50 km,
respectively.

Continental arc ADR data from arcs of normal crustal
thickness (e.g. 30-40 km) exhibit elevated Cs and U values
relative to adakite/high-Al TTD due to the incorporation of
or derivation from continental crust (Table 1). Figure 6
displays the high Y and Cs values of the continental arc ADRs
indicative of a garnet-free crustal signature. However, the
CVZ/CBB and Cenozoic adakite data compositionally overlap
at low Y-Cs values (Fig. 6). The low Y and Yb values of the
CVZ/CBB are attributed to one of the following models:
(1) direct partial melting of a garnet-bearing mafic lower
crustal source in the case of the CBB (Atherton & Petford
1993); (2) AFC of mantle-derived basaltic parental magmas
with garnet-bearing lower crust for volcan Ollugue, CVZ
(Feeley & Hacker 1995); or (3) mixing of mantle-derived
normal arc magmas with lower crustal melts in the Nevados
de Payachata volcanic region, CVZ (Davidson et al. 1990).
Atherton and Petford (1993) and Feeley and Hacker (1995)
further suggest that adakites should be re-evaluated relative
to their petrogenetic models for the CVZ/CBB.
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Adakites have a low Sr isotopic character (Kay 1978; Defant
et al. 1992; Kay et al. 1993). The adakites of Panama and
Costa Rica have some of the lowest radiogenic isotopic ratios
of any Central American arc volcanic rocks (Defant et al.
1992). In the modern central and eastern Aleutians only the
Adak Island adakites contain a MORB-like isotopic signature
(Kay 1978; Yogodzinski et al. 1994). The CVZ volcanic rocks,
on the other hand, are noted for their elevated Sr and O
isotopic signature resulting from a lower continental crustal
component (Harmon et al. 1984). A clean separation exists
between adakite and CVZ/CBB Sr isotopic data at a Sr
isotopic value of 0-7045 (Fig. 7a, 7b). Although some K2O and
Rb overlap occurs between the two data sets, the CVZ/CBB
data are generally more K2O- and Rb-enriched (Fig. 7a, 7b).
Comparison of average K2O, Rb and Na/K between adakite
and CVZ/CBB (Table 1) indicates the more potassic character
of the CVZ/CBB samples. As stated earlier, slab melts should
reside primarily within the trondhjemite-tonalite fields (Fig. 1).
The CVZ/CBB data fall consistently within the granodiorite-
granite fields (Fig. lc), which argues against a MORB source.
Therefore, magmas derived from or mixed with a lower crustal
component in overthickened (> 50 km) arc terranes may
exhibit some adakite-like compositional characteristics due to
the influence of garnet and hornblende stability; however,
close scrutiny of Sr isotopes in combination with the K2O
and Rb content should discriminate between slab melting and
a lower crustal derivation.

3. Adakite-mantle interaction

Emplacement of adakitic magmas from the slab into the
overlying continental or island arc crust requires ascent
through the mantle wedge. The degree to which adakite
magmas and the mantle interact is dependent on many factors,
such as the ascent rate, subduction angle, slab geotherm and

• CVZ-Ancles

Figure 6 Y (ppm)-Cs (ppm) diagram of TTD types, boninites and
CVZ/CBB Andes data.

Figure 7 (a) K2O (wt%)-S7Sr/86Sr plot of Cenozoic adakites versus
CVZ and CBB (shaded field), Andes data. CBB field represents range
of values reported by Atherton & Sanderson (1987) and Atherton &
Petford (1993). (b) Rb (ppm)-87Sr/86Sr plot of Cenozoic adakites
versus CVZ and CBB (shaded field), Andes data.
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depth of melting, thickness of the overriding lithosphere and
the amount of prior adakite-mantle reaction within a ascent
conduit. Beard et al. (1993) state 'that slab melts should show
some evidence of equilibration (or, at least, reaction) with
mantle peridotite during ascent' and chemical quantification
of this process would aid in further defining adakites as a
unique lithology.

Experimental studies of TTD melt-peridotite reactions at
elevated pressures (15-30 kbar) have shown that the melt will
react with peridotite producing orthopyroxene ± gar-
net ± hornblende ± clinopyroxene in the metasomatised peri-
dotite (Carroll & Wyllie 1989; Johnston & Wyllie 1989; Sen
& Dunn 1995). The dominant reaction involves
melt + olivine ± clinopyroxene reacting to orthopyr-
oxene + hornblende. Sen and Dunn (1995) indicate that mantle
metasomatism will initially produce hornblende-bearing harz-
burgite followed by hornblende-bearing orthopyroxenite pro-
duction. The TTD melt would become more CaO- and MgO-
enriched until it becomes saturated with respect to the
metasomatic phases, whereupon further reaction/assimilation
would simply cause additional reactant phase(s) precipitation
and ultimate melt consumption (Carroll & Wyllie 1989;
Johnston & Wyllie 1989).

Recent work by Yogodzinski and co-workers (1994, 1995)
in the western Aleutians has evaluated geochemically the
effects of slab melt-mantle interaction in a volcanic arc setting.
They define two high-Mg andesite (HMA) types: Piip-type
and Adak-type. Piip-type HMA is interpreted to represent
volcanic rocks from a enriched peridotite source that was
generated by mixing depleted MORB mantle with minor
(«4%) adakite melts. The HMAs from the Setouchi belt, SW
Japan (Tatsumi & Ishizaka 1982) were included into the Piip-
type category (Yogodzinski et al. 1994). The Adak-type HMA,
which we refer to as transitional adakites, represent CaO- and
MgO-rich adakites from the western Aleutians, Adak Island-
central Aleutians (Kay 1978), the Austral Andes (Stern et al.
1984) and Baja California (Saunders et al. 1987) and are
produced as slab melts that incompletely interacted with the
mantle wedge on ascent (Kay 1978; Yogodzinski et al. 1995).

A Cr-Ni plot (Fig. 8) demonstrates the relationship between
adakites, transitional adakites, Piip-type HMAs and boninites.
Partial melting of average mantle (Frey et al. 1978) leaving
either a garnet peridotite or harzburgite residuum generates
model curves that closely coincide with the boninite samples
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• Transitional adakites
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Figure 8 Cr (ppm)-Ni (ppm) diagram with MORB (square with
cross) partial melting curves leaving 10% garnet amphibolite and
eclogite restite. Mantle (Frey et al. 1978) partial melt curves on both
garnet peridotite (olivine60orthopyroxene2oclinopyroxene10garnet10

peridotite of Mysen 1982) and harzburgite (olivine80orthopyroxene2o)
stability fields. Percentage partial melt values are depicted by a cross
(+) on curves and represent 1, 10, 30 and 50% partial melt with
increasing Ni and Cr values. Shaded mantle mix box represents
1-10% mix of mantle component into 1-50% MORB partial melt
component.

and produces a Cr:Ni ratio of 4:1 to 5:1. Melting a MORB
source under eclogitic to garnet amphibolitic conditions
produces model curves with lower Cr:Ni ratios of 1.5:1 to
2:1, which corresponds to the low Cr:Ni ratios of adakite. A
mixture of mantle and modelled slab melt compositions yields
a mantle mix region (1-10% mantle component, Fig. 8) that
coincides with many of the transitional adakite samples. The
low Cr: Ni ratio of adakites and transitional adakites may be
attributed to the strong affinity of restitic garnet-hornblende-
clinopyroxene for Cr relative to Ni. Comparison between
transitional adakites and boninites at comparable Ni values
indicates that the transitional adakites are 100-200 ppm
deficient in Cr, which is partially due to the relatively low Cr
values of the initial slab melt. In addition, the reaction between
adakite and mantle decomposes olivine, liberating Ni and Cr,
with Cr being preferentially accepted in the metasomatic
assemblage of orthopyroxene, hornblende and garnet. Most of
the Piip-type HMAs display higher Cr values than the
transitional adakites, which is consistent with a more dominant
mantle source with minor slab melt component. Type-area
boninites (Chichijima, Bonin Islands) may also have a minor
(2%) slab melt component in the mantle source to explain
their high Zr/Sm ratios («60) (Taylor et al. 1994). The minor
overlap between Piip-type HMAs and some boninites may be
due to a common petrogenesis.

Major element relationships, such as MgO-SiO2 (Fig. 9),
between adakites, transitional adakites, Piip-type HMAs and
boninites supports minor mantle-slab melt interaction for the
transitional adakites and adakite-contaminated mantle source
for the Piip-type HMAs. Transitional adakites fall within the
mantle mix region (1-10% mantle component), whereas the
Piip-type HMAs are generally more enriched in MgO than
the transitional adakites. Kelemen (1995), in a review of HMA
geochemistry, concludes that HMA genesis is best explained
by silicate melt-peridotite reaction. In this study, Kelemen
states that a reaction between felsic slab melt and mantle
peridotite will cause a sharp increase in the MgO and Ni
content of the melt due to olivine dissolution and/or reaction-
out to orthopyroxene. Our observations on Ni (Fig. 8) and
MgO (Fig. 9) behaviour during adakite-mantle reaction agree
with those of Kelemen (1995). An additional lithology shown
on Figure 9 is commonly temporally and spatially related to
adakites, Nb-enriched arc basalts (NEAB) (Defant et al. 1992),
and delineates a continuous trend with the adakites and
transitional adakites. The unusual composition of NEAB is
apparently influenced by slab melting and adakite-mantle
mixing (Section 3.1).

Adakite/Hlgh-AJ TTD
Boninites
Transitional adakltra
Pilp-typ> HMA's
Nb-enrtchx) arc basalts

55 60 65

SiO2

Figure 9 SiO2 (wt%)-MgO (wt%) plot with experimental basalt
partial melts (open field, see Fig. 1 for data sources) and 1-10%
mantle (pyrolite of Ringwood 1975)-slab melt mix region (shaded
field) shown relative to adakite-types, boninites and NEABs.
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3.1. Case example of adakite-mantle interaction:
northern Kamchatka, Russia
Our studies have focused on the northern Kamchatka adakites
(Kepezhinskas 1989; Defant & Drummond 1990; Hochstaedter
et al. 1994) and interaction of the slab melts with the sub-arc
mantle. Adakites are found in two northern Kamchatka
localities, the Tymlat volcanic field (Kepezhinskas 1989; Defant
& Drummond 1990) and the Valovayam volcanic field
(Hochstaedter et al. 1994). Adakite generation is interpreted
to be associated with the subduction of young (< 15 Ma), hot
Komandorsky basin oceanic crust that apparently ceased
about 2 Ma (Kepezhinskas 1989; Hochstaedter et al. 1994).
Contemporaneous Nb-enriched arc basalts (7 Ma) occur with
transitional adakites (6-8 Ma) in Valovayam as interlayered
flows or as individual cinder cones or dykes in the vicinity of
the transitional adakites (Hochstaedter et al. 1994;
Kepezhinskas et al. in press).

The Valovayam NEABs host a suite of mantle xenoliths
(dunites, websterites, spinel lherzolites, amphibole wehrlites,
spinel pyroxenites, amphibole pyroxenites and garnet pyroxen-
ites) that have experienced various degrees of Na metasomatism
(Kepezhinskas et al. 1995). A metasomatic assemblage of
Cr-poor, Al-Fe-Mg and Al-Ti-Fe spinel, Al-rich (up to
10 wt% A12O3) augite, Cr-diopside, high-Al and Na pargasitic
amphibole and almandine-grossularite garnet is found replac-
ing mantle olivine and pyroxene (Kepezhinskas et al. 1995).
In addition, andesine megacrysts occur in the host NEAB due
to Na-metasomatic effects. The metasomatic assemblage is
similar to that predicted from TTD melt-peridotite reactions
from experimental studies (Carroll & Wyllie 1989; Sen &
Dunn 1995), with the exception of lacking orthopyroxene.

Metasomatism of these mantle xenoliths requires the
addition of Si, Al and Na, which may be introduced from a
adakitic melt phase. Kepezhinskas et al. (1995) have suggested
that trondhjemitic veinlets found in some of the Valovayam
mantle xenoliths are the metasomatising agents. The
trondhjemitic veinlets are comprised of felsic glass (SiO2 =
63-88 wt%) with hornblende+ plagioclase +magnetite. The
glass has high Na/K (5-45), Sr (1736 ppm), La/Sm (8-0),
La/Yb (22-8) and Sr/Y (289) and low Y (6 ppm), which is
characteristic of adakite compositions (Kepezhinskas et al.
1996). However, the high Cr (349 ppm) and Yb (2.92 ppm)
content in the trondhjemitic glass suggests that reaction and
selective contamination with mantle components has occurred
in the veinlets. The trace element chemistry of the mantle
clinopyroxenes indicates an increase in Na and Al with
increasing Sr, La/Yb and Zr/Sm, which is attributed to
reaction with an adakite melt component (Kepezhinskas
et al. 1996).

A model for adakite-transitional adakite-Na metasomatism
of the sub-arc mantle in northern Kamchatka would include:
(1) partial melting of the slab at 75-85 km depth; (2) ascent
of adakite into overlying mantle; (3) adakite-peridotite
interaction; and (4) melting of Na-metasomatised mantle to
produce NEAB magmas that host the cognate mantle xenoliths
(Kepezhinskas et al. 1995, 1996). The lithological association
of adakite-transitional adakite-Piip-type HMA-NEAB is inter-
preted to represent the progressive interaction between slab
melts and sub-arc mantle.

4. Conclusions

Trondhjemite-tonalite-dacite magmas (high-Al TTD/adakite)
with a unique compositional character can be generated by
high-pressure partial melting of a basaltic source under garnet
amphibolite to eclogitic conditions. Under the elevated
geotherms of the Archean, the production of high-Al TTD is

considered to be a major continental crust forming mechanism
(Martin 1993). In Cenozoic tectonic regimes where young, hot
oceanic crust has subducted, melting of the subducted slab
can occur. We consider the approximate upper age limit for
slab melt generation to be 25 Ma, primarily on the basis of
natural occurrences of adakite localities (Drummond & Defant
1990; Defant & Drummond 1990). However, melting of older
oceanic lithosphere is found in tectonic settings associated
with oblique subduction and attendant high shear stresses
(Yogodzinski et al. 1995) and incipient subduction into warm,
pristine mantle wedge material (Sajona et al. 1993). Magnetic
lineation maps of the world's ocean basins (Cande et al. 1989)
indicates that approximately 20% of the ocean floor is
comprised of Miocene or younger crust, which implies that
adakite generation may not be as rare as originally thought.

Intermediate to felsic arc volcanic and plutonic rocks from
an overthickened continental arc (CVZ/CBB, Andes) setting
have some compositional similarities with adakites (e.g. high
Sr/Y and La/Yb) due to plagioclase instability and involvement
of garnet in their petrogenesis. However, adakite compositions
can be differentiated from CVZ/CBB data on the basis of
lower Sr isotopic composition, lower large ion lithophile
element concentrations (Fig. 10), positive Sr anomaly and
common presence of a mantle component (MgO, Cr and Ni)
in the slab melts (Fig. 10). Adakites and transitional adakites
show progressive enrichment in Cr and Ni content due to
mantle contamination. The positive Ni anomaly (Fig. 10) is
interpreted to result from the affinity of Cr for both restite
phases and metasomatic phases at the site of partial melting
and melt-mantle interaction, respectively, relative to Ni.

In conclusion, progress has been made on three fronts:
(1) categorisation of the physical, tectonic and geochemical
parameters of slab melting has been more narrowly defined;
(2) discrimination between lower crustal and slab melt
geochemistries is possible; and (3) the geochemical signature
imparted on a adakite magma by the mantle wedge (and vice
versa) is recognised.
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