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4.21.1 Introduction 1. We review evidence in favor of the existence of andesitic, as

This chapter has four main aims.We wish to provide a compre-
hensive picture of the composition of volcanic rocks from
subduction-related magmatic arcs. There are several recent re-
views of the geochemistry of arc basalts. This chapter differs
in including andesites as well as basalts, in focusing on major
elements, as well as trace elements and isotopes, and in
using elemental abundance in ‘primitive’ lavas, rather than
trace-element ratios, to investigate enrichments of incompati-
ble elements in arc magmas relative to primitive mid-ocean
ridge basalts (MORBs).

well as basaltic primary magmas in arcs. While we have
recently reviewed evidence for this in the Aleutian arc, in
this chapter we broaden our data set to arcs worldwide, and
concentrate on whether mixing of lower crustal melts with
primitive basalts offers a viable alternative to the hypothesis
that there are ‘primary’ andesites, i.e., andesites in Fe/Mg
equilibrium with mantle olivine, passing from the mantle
into the crust beneath arcs.

2. We present new data on the composition of arc lower crust,

based mainly on our ongoing work on the Talkeetna arc
section in south-central Alaska. To our knowledge, this is
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the first complete ICP-MS data set on an arc crustal section
extending from the residual mantle to the top of the volca-
nic section.

3. We summarize evidence from arc lower crustal sections that
a substantial proportion of the dense, lower crustal pyrox-
enites and garnet granulites produced by crystal fraction-
ation are missing. These lithologies may have been removed
by diapirs descending into less dense upper mantle.

To achieve these aims and limit the length of the chapter,
we have not provided a detailed review of theories regarding
the origin of primitive arc basalts, the mixing of magmatic
components derived from the upper mantle, aqueous fluids,
and sediment melts, or open-system processes in the crust
including mixing and as similation. For a more complete
view of these theories, we refer the reader to the many excellent
review papers and individual studies that are, all too briefly,
cited below.

4.21.1.1 Definition of Terms Used in This Chapter

The following terms are used extensively throughout this chap-
ter, and/or in the recent arc literature. We have tried to define
each term where it first arises in the text. However, we realize
that not all readers will read every section. Thus, we include the
following brief definitions here.

Accumulated minerals. These are crystals in lavas that are in
excess of the amounts that could crystallize from a melt in a
closed system. Similar to cumulates, some cases of accumu-
lated crystals may be impossible to detect, but others stand out
because they result in rock compositions different from all or
most terrestrial melts.

Adakite. This term is justly popular, but unfortunately it
means many different things to different people, so we try
not to use it. It is generally used for andesites and dacites
with extreme light rare-earth element (REE) enrichment (e.g.,
La/Yb>9), very high Sr/Y ratios (e.g., Sr/Y>50), and low
yttrium and heavy REE concentrations (e.g., Y<20ppm,
Yb <2 ppm).

Andesite. For the purposes of this chapter, andesites are
simply lavas (or bulk compositions) with >54 wt% SiO,. For
brevity, we have not subdivided relatively SiO,-rich magmas
into dacite, rhyodacite, etc.

Basalt. In this chapter, basalt means lavas or bulk composi-
tions with <54 wt% SiO,. Note that we have eliminated alka-
line lavas (nepheline or kalsilite normative) from the data
compilation. In a few places, we use terms picrite and koma-
tiite to refer to basaltic melts with more than 15 and 18 wt%
MgO, respectively.

Boninite. By boninites, we mean andesites with
TiO, < 0.5 wt%, plus lavas identified as boninites in the origi-
nal papers presenting geochemical data (includes some
basalts).

Calc-alkaline. These are magmas having both high Na+ K at
high Mg# (Irvine and Baragar, 1971) and high SiO, at high
Mg# (i.e., high SiO, at low Fe/Mg; Miyashiro, 1974); ‘tholeiitic
magmas’ have lower SiO, and Na+K at the same Mg#, when
compared with calc-alkaline magmas.

Compatible element. An element with equilibrium solid/melt
partition coefficient >1. In garnet (and zircon), heavy REE,

scandium, vanadium, and yttrium are compatible. These ele-
ments are incompatible in all other rock-forming minerals
involved in igneous fractionation processes discussed in this
chapter.

Cumulate. A rock formed by partial crystallization of a melt,
after which the remaining melt is removed. While some cumu-
lates may be difficult to recognize, others are evident because
the cumulate mineral assemblage has major and/or trace-
element contents distinct from all or most terrestrial melts,
easily understood as the result of crystal/melt partitioning.

Eclogite facies. This term represents high-pressure and
relatively low-temperature, metamorphic parageneses with
omphacitic clinopyroxene and pyrope-rich garnet.

EPR. East Pacific Rise.

Evolved. Lavas, melts, and liquids with Mg# < 50.

JDF. Juan de Fuca Ridge.

High Mg#. Lavas, melts, liquids with Mg# from 50 to 60.

Incompatible element. Equilibrium solid/melt partition coef-
ficient <1.

LILEs. Large ion lithophile elements, rubidium, radium,
barium, potassium (and cesium - but we do not use cesium
data in this chapter). Although they are not, strictly speaking,
LILE, we sometimes group thorium and uranium with the LILE
when referring to elements that are highly incompatible.

Mantle wedge. ‘Triangular’ region underlying arc crust,
overlying a subduction zone, extending to perhaps 400 km
depth.

Mg#. 100 x molar MgO/(MgO +FeO), where all iron is
treated as FeO.

MORB. Mid-ocean ridge basalt.

Primary. Lavas, melts, and liquids derived solely via melting
of a specificc homogeneous source. In practice, it is hard to
recognize or even conceive of a truly primary melt. Strictly
speaking, even mantle-derived MORBs may be mixtures of
primary melts derived from a variety of sources, including
polybaric melts of variably depleted peridotites and/or ‘basaltic
veins.” For brevity, we have used the term ‘primary’ in a few
cases in this chapter. Where it is used without qualification, we
refer to melts that are, or could be, in equilibrium with mantle
olivine with Mg# of 90-93.

Primitive. Lavas, melts, and liquids with Mg# > 60. Primitive
cumulates have Mg# > 85.

REE groups. Light - lanthanum to samarium; middle -
europium to dysprosium; heavy — holmium to lutetium.

Subduction-related magmatic arc (or simply, arc). Chains of
volcanoes on the overthrust plate parallel to, and~100-
200 km horizontally away from, the surface expression of a
subduction zone, together with coeval, underlying plutonic
rocks.

4.21.2 Arc Lava Compilation

Data in this and subsequent sections are from the Georoc
database (2006) (arcs worldwide), our Aleutian arc compila-
tion, including all data available from the database compiled
by James Myers and Travis McElfrish and available at the
Aleutian arc website (2006), supplemented by additional
data cited in Kelemen et al. (2003b), a new Costa Rica and
Panama compilation (Abratis and Worner, 2001; Carr et al.,
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1990; Cigolini et al., 1992; de Boer et al., 1991, 1988, 1995;
Defant et al., 1991a,b, 1992; Drummond et al., 1995; Hauff
et al., 2000; Herrstrom et al., 1995; Patino et al., 2000; Reagan
and Gill, 1989; Tomascak et al., 2000), and Central American
data compiled by Mike Carr and available at http://www.rci.
rutgers.edu/carr/index. We also included a very complete data
set on lavas from Mt. Shasta in the southern Cascades (Baker
et al., 1994; Grove et al., 2001). We compare compositions of
arc lavas to data on MORB glasses downloaded from the PetDB
website (2006).

Lava data come from intra-oceanic arcs (Tonga, n=704;
Kermadec, 189; Bismark/New Britain, 165; New Hebrides,
252; Marianas, 834; Izu-Bonin, 878; oceanic Aleutians, 1082;
South Sandwich, 328; Lesser Antilles, 356) and arcs that are, or
may be, emplaced within older continental material or thick
sequences of continentally derived sediment (Philippines,
221; Indonesia, 380; Papua New Guinea, 78; SW Japan, 92;
NW Japan, 2314; Kuriles, 721; Kamchatka, 447; Cascades, 202;
Central America, 857; the Andes, 1156; Greater Antilles, 175).
Notably missing are data from New Zealand, the Alaska Pen-
insula, and Mexico. We apologize to authors whose work is not
cited here, but whose analyses we compiled using large, online
databases. It is simply not practical to cite the sources of all the
data compiled for this chapter. We urge readers to contact us,
and to visit the online databases, to check on the provenance of
specific data.

In comparing arc lavas to MORB glasses, it is important to
keep in mind that none of our arc data sets discriminates
between true liquid compositions, and compositions of lavas
potentially including abundant, accumulated phenocrysts.
Many of the lavas in our complete compilation had MgO
contents >20 wt% at 100 MgO/(MgO +FeOt), or Mg# > 65.
Samples with more than 20 wt% MgO have been eliminated
from all our plots; we believe these, and possibly many other
lavas with 10-20 wt% MgO, reflect the effect of accumulated
olivine. In addition, many high-Mg# lavas with lower MgO
contents contain abundant phenocrysts of clinopyroxene and/
or olivine. The high Mg# of such samples could be due to
accumulated clinopyroxene or olivine, at least in part. High-
Mg# andesites play a large role in the interpretive sections of
this chapter, and thus this problem should be kept in mind.
With this said, the high SiO, and alkali contents and the low
MgO and CaO contents of these samples, and the similarity of
nearly aphyric primitive andesites from Mt. Shasta (Baker et al.,
1994; Grove et al., 2001) to other similar compositions
worldwide does not allow for much accumulated olivine and
clinopyroxene. Finally, abundant accumulated plagioclase
probably accounts for some lava compositions with very high
Al,O5 contents (e.g., Brophy, 1989; Crawford et al., 1987).
However, because this may remain controversial, we did not
eliminate lavas on the basis of Al,O3 content.

Another issue is that when relying on compiled informa-
tion from databases, one has to be aware of the possibility that
data may have been incorrectly entered, transferred, or normal-
ized. Thus, for visual clarity, we eliminated some outliers,
including lavas with more than 80 wt% SiO, and Mg# > 50,
lavas with more than 70 wt.% SiO, and Mg# > 60, lavas with
<10 wt% MgO and Mg# >80, and lavas with <5 wt% MgO
and Mg#>75. We also eliminated alkali basalts (normative
nepheline or kalsilite), especially in data compilations for the

Sunda and Honshu arcs, and placed boninitic lavas (>54 wt%
Si0,, <0.5 wt% TiO,, plus samples described in the original
data sources as boninites) in a group separate from other lavas.

A third issue in using large numbers of compiled data is
quality. Analytical methods have varied over time, and some
labs are more reliable than others. Outliers appear on many of
our plots, particularly those involving trace elements. In some
cases, where outliers are orders of magnitude different from the
bulk of the data, we have adjusted axis limits in plots so that
outliers are no longer visible but the variation in the bulk of the
data is easily seen. However, other than this, we have not made
any attempt in this chapter to discriminate between ‘good’ and
‘bad’ data. This approach is deliberately different from other
recent reviews of arc data (e.g., Elliott, 2003; Plank, 2003). We
are not critical of these other reviews, but we think an alterna-
tive, more inclusive approach may be useful until a truly large
number of high-quality ICP-MS data become available for a
fully representative set of arc magma compositions worldwide.
In particular, a focus of this chapter - on the origin of primitive
andesites and calc-alkaline magma series - would be all but
impossible if we restricted attention to data sets including ICP-
MS analyses. We urge readers to be cautious in interpreting our
data plots, and to check key points for themselves. Also, we
believe this chapter indicates several areas in which additional
data would be very valuable.

Finally, a substantial limitation of our compilation is that it
includes very sparse data on chlorine, fluorine, boron, beryl-
lium, and lithium, and essentially no data on volatile contents
(H,O, CO,, sulfur, and noble gases). While data on H,O in
glass inclusions are beginning to become available, it is not yet
clear, for example, to what extent H,O contents in primitive arc
magmas correlate with other compositional characteristics.
We look forward to learning more about these topics.

4.21.3 Characteristics of Arc magmas
4.21.3.1 Comparison with MORBs

In this section, we compare arc lava compositions (on an an-
hydrous basis) with compositions of MORB glasses; also see
Chapter 4.13. The contrasts are remarkably distinct (Figure 1).
Before we go on to describe these contrasts, it is convenient to
define ‘primitive andesites’ (lavas with SiO,>54 wt% and
Mg# > 60, exclusive of boninites) and “high-Mg# andesites”
(SiO, >54 wt% and Mg# > 50). These classifications include
primitive and high-Mg# lavas that are dacites and even rhyo-
lites, as well as true andesites. However, we group them all
for brevity.

Implicit in our definition of lavas with Mg# > 60 as ‘prim-
itive’ and those with lower Mg# as ‘evolved’ is the assumption
that crystallization processes always produce a lower Mg# in
derivative liquids, as compared with parental liquids. As far as
we know, this assumption is justified on the basis of all avail-
able experimental data on crystallization/melting of igneous
rocks with Mg# higher than 40 (see compilation in Kelemen
1995) at oxygen fugacities within 2 log units of Ni-NiO (typ-
ical for arcs, Blatter and Carmichael 1998; Brandon and
Draper, 1996; Gill, 1981; Parkinson and Arculus, 1999), or
lower. Oxygen fugacity more than 2 log units above Ni-NiO
may facilitate early and abundant crystallization of FeTi oxides,
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and thus nearly constant Mg# with decreasing temperature and
liquid mass (Kawamoto, 1996). However, this is unlikely be-
neath most arcs.

4.21.3.1.1 Major elements

We first examine major elements as a function of Mg#
(Figure 1). A very small fraction of MORB glasses have
Mg# < 35, whereas lavas with Mg# <35 are common in arcs.
While SiO, in primitive (Mg#>60) MORB is restricted to

(Continued)

48-52 wt%, primitive arc lavas range from 45 wt% to more
than 60 wt% SiO,. The contrast for evolved (Mg# < 60) com-
positions is even more striking. Overall, Mg# versus SiO, for
MORB glasses closely approximates a single liquid line of
descent, involving olivine + plagioclase + clinopyroxene, with
cumulate SiO, ~liquid SiO, (see Chapter 4.13). The arc lavas
show a much broader trend of Mg# versus SiO,, consistent
with crystallization of SiO,-poor assemblages (less plagioclase,
added hornblende and/or FeTi oxides) from a range of parental
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melts with SiO, contents of 45 to>60 wt%. SiO, contents
from 45 to>60 wt% are found in arc lavas with an Mg# of
70 (close to Fe/Mg exchange equilibrium with residual mantle
peridotite having an olivine Mg# of 90-91). This is not the
result of crystal fractionation from basalts with Mg# ~70.
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However, the manner in which these parental melts acquire
their differing SiO, contents is uncertain and controversial (see
Sections 4.21.3.2.4 and 4.21.3.2.5).

TiO, contents of arc magmas are generally lower than in
MORB glasses. TiO, versus Mg# in the entire arc lava
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compilation, and in most individual suites, shows a sharp
transition from increasing TiO, with decreasing Mg#, for
Mg#>~50, to decreasing TiO, with decreasing Mg#, for
Mg# < ~50, which is due to fractionation of FeTi oxides from
evolved melts. It is probably safe to conclude that primitive
arc magmas have not undergone FeTi oxide fractionation, and
thus their low TiO,, compared to MORB, is a primary feature
or the result of magma mixing. Primitive andesites and boni-
nites have the lowest TiO, contents in our compilation.

Al,O5 contents of primitive arc lavas range from 10 to
19 wt%, extending to much lower and higher values than prim-
itive MORB glasses. Al,O3 contents of arc lavas increase with
decreasing Mg#, for lavas with Mg# > ~50, for the entire data
set, and for most individual arc suites. For Mg# < ~55, Al,03
decreases with decreasing Mg#, reflecting plagioclase fraction-
ation. This suggests that plagioclase fractionation may play a
minor role in differentiation of most arc melts from Mg# of 70
or more to Mg# of ~55. Instead, olivine, pyroxene, and/or
hornblende fractionation may predominate. Given that primi-
tive arc lavas are generally H,O-rich compared to anhydrous
mantle melts at arc Moho depths (e.g., Anderson, 1974; Falloon
and Danyushevsky, 2000; Kamenetsky et al., 1997; Macdonald
et al., 2000; Pichavant et al., 2002; Roggensack et al., 1997;
Sisson and Layne, 1993; Sobolev and Chaussidon, 1996),
many primary mantle melts are probably in a reaction relation-
ship with olivine (e.g., Miintener et al., 2001), forming
by reactions such as orthopyroxene + clinopyroxene+
spinel =olivine+ melt. Such melts are in equilibrium with
olivine, but will not crystallize olivine upon isobaric cooling,
and instead will crystallize websterites (two pyroxene pyroxe-
nites). Other primitive, hydrous arc magmas are olivine-
saturated; these commonly produce olivine clinopyroxenite
cumulates (e.g., Conrad and Kay, 1984; Conrad et al., 1983).
In addition, primitive arc magmas probably have temperatures
>1100 °C (e.g., Elkins Tanton et al., 2001; Gill, 1981; Kelemen
et al.,, 2003b), above the thermal stability of hornblende, alth-
ough this might be uncertain for very H,O-rich compositions.
Thus, pyroxenite (clinopyroxenite, websterite) fractionation is
most likely responsible for the increase in Al, O3 with decreasing
Mg#, for liquid Mg# of more than 70 to ~55 (e.g., Conrad and
Kay, 1984; Conrad et al., 1983).

Pyroxenites have seismic velocities similar to or only
slightly less than residual mantle peridotites. The temperature
and melt content of the sub-arc mantle are poorly constrained,
and seismologists commonly report sub-Moho P-wave
velocities < 8kms™' (e.g, Fliedner and Klemperer, 1999;
Holbrook et al., 1999; Suyehiro et al., 1996). Thus, the igneous
crust may extend well below the seismic Moho in arcs. How-
ever, by the same token, seismic data certainly do not require
abundant pyroxenite. Pyroxenites, while well represented
among arc plutonic xenoliths, comprise a very small propor-
tion of exposed arc crustal sections (e.g., DeBari and Coleman,
1989; Miller and Christensen, 1994). Thus, pyroxenites may be
removed by viscous ‘delamination’ during or after arc
magmatism (e.g., Arndt and Goldstein, 1989; DeBari and
Sleep, 1991, 1996; Herzberg et al., 1983; Kay and Kay, 1988,
1991, 1993, 1985; Turcotte, 1989). We will return to this topic
in Sections 4.21.4.2 and 4.21.5.1.

Rare primitive arc lavas, including well-studied composi-
tions that almost certainly represent liquid compositions, have

Al,O3 higher than primitive MORB. These are generally inter-
preted as products of equilibration of nearly anhydrous basal-
tic melts with residual mantle peridotite at 1-1.2 GPa, just
beneath the base of the arc crust in the Cascades and Indonesia
(e.g., Bartels et al., 1991; Elkins Tanton et al., 2001; Sisson and
Bronto, 1998; see also Turner and Foden, 2001). Although
these compositions are not common (Figure 1), they are none-
theless of great importance because wellknown phase equilib-
ria for nearly anhydrous melt/mantle equilibration allows
these lavas to be used to place fairly tight constraints on sub-
arc temperature at specific depths in the mantle wedge (e.g.,
Elkins Tanton et al., 2001).

Al,O3 contents in evolved arc magmas range up to more
than 20 wt%, much higher than in evolved MORB. Interpreta-
tion of Al,O; contents of evolved arc lavas is notoriously
difficult, because of the potential for incorporation of accumu-
lated plagioclase in porphyritic lavas (Brophy, 1989; Crawford
et al., 1987). However, some carefully studied ‘high-alumina
basalts” are probably liquid compositions (Baker and Eggler,
1983, 1987; Sisson and Grove, 1993a,b). In addition, some
authors have maintained that high-Al,O3; arc lavas with
Mg# < 0.5 might represent primary melts from diapirs of sub-
ducted basalt that rise into the mantle wedge, but do not
chemically equilibrate with residual mantle peridotite (e.g.,
Brophy and Marsh, 1986; Johnston and Wyllie, 1988; Marsh,
1976; Myers et al., 1986a,b, 1985). This topic is visited again in
Section 4.21.3.2.3. Alternatively, moderate Mg# lavas may be
derived via crystal fractionation from primitive melts, or may
be partial melts of arc lower crust. From this perspective, Al,O5
increases due to crystallization of plagioclase-free cumulates,
where plagioclase saturation is suppressed by abundant H,O
(greater than ~2 wt% H,O) in primitive arc melts (e.g., Baker
and Eggler, 1983, 1987; Kelemen et al., 1990a; Miintener et al.,
2001, Sisson and Grove, 1993a,b).

In this review, using compiled data on arc lava composi-
tions, it is impossible to improve upon previous estimates of
oxygen fugacity or Fe**/Fe?" in arc magmas (generally close to
Ni-NiO; e.g., Blatter and Carmichael, 1998; Brandon and
Draper, 1996; Gill, 1981; Parkinson and Arculus, 1999).
Thus, here we concentrate on total Fe as FeO (FeOt). Both
primitive and evolved arc magmas extend to FeOt contents
much lower than in MORB glasses. While some of this differ-
ence among evolved compositions results from FeTi oxide
fractionation in relatively oxidizing arc magmas, the differ-
ences between primitive arc lavas and primitive MORB are
clear, and are not attributable to FeTi oxide fractionation be-
cause FeTi oxides are not saturated in primitive arc lavas.
Instead, this reflects a difference in the FeOt content of primary
magmas, and/or the effects of magma mixing.

MgO contents among arc lavas show a much broader range
than in MORB glasses. Arc lava MgO contents higher than
MORB glasses may be due, in part, to incorporation of com-
positions with accumulated clinopyroxene and/or olivine into
our data set. However, boninite suites clearly include high-
MgO liquids (e.g., Falloon and Green, 1986; Sobolev and
Danyushevsky, 1994), and some picritic and ankaramitic arc
lava compositions are also believed to be liquid compositions
(e.g., Eggins, 1993; Nye and Reid, 1986; Ramsay et al., 1984).
Primitive arc lavas also extend to MgO contents much lower
than primitive MORB glasses. These have MgO too low to be
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derived from high-MgO primitive arc lavas via olivine fraction-
ation. Alternatively, primitive andesites could be derived via
olivine fractionation from picritic or komatiitic primary melts.
However, as we will show in Sections 4.21.3.2 and 4.21.3.3,
primitive andesites generally have trace-element characteristics
that are distinct from primitive basalts, so the two cannot be
related by crystal fractionation alone. Instead, similar to low
FeOt, low MgO in primitive arc andesites reflects either low
MgO in primary melts equilibrated with residual mantle peri-
dotite, or the effects of magma mixing.

Similar to FeO and MgO, CaO contents in both primitive
and evolved arc lavas are much lower than in primitive and
evolved MORB glasses, and andesites are the low CaO end-
member among primitive lavas. It is ironic that low CaO is one
of the characteristics of these end-member ‘calc-alkaline’ lavas;
this suggests that the ‘tholeiitic’ versus ‘calc-alkaline’ terminol-
ogy should be changed.

Na,O, K,O, and, to a lesser extent, P,Os in both primitive
and evolved arc lavas extend to higher and lower concentra-
tions than in primitive and evolved MORB glasses. Again,
primitive andesites stand out, having the highest Na,O, K,O,
and P,0s5 among primitive compositions. As for the other
elements discussed above, these characteristics are not due to
crystal fractionation but must be characteristics of primary
magmas or arise via magma mixing.

4.21.3.1.2 We are cautious about fractionation
correction of major elements
Na,O concentration in basalts, corrected to 6 wt% MgO, has
been used as an indicator of the relative degree of mantle
melting in the arc mantle source (e.g., Plank and Langmuir,
1988, 1993). This method involves two explicit assumptions.
First, it is assumed that primary melts have a common MgO
content. While it is beyond the scope of this chapter to inves-
tigate this assumption on a volcano-by-volcano basis, in
Figure 2, we show that this assumption seems questionable
for Aleutian lavas, which show a wide variation in MgO at high
Mg#. Lavas from the Piip volcano with 6 wt% MgO are prim-
itive, so that their Na,O contents may be close to those of the
‘primary’ magma, whereas lavas from the Okmok and Seguam
volcanoes with 6 wt% MgO are fractionated, with Na,O con-
tents higher than in corresponding primary melts in equilib-
rium with mantle olivine. Since the trends of Na,O versus Mg#
for the Okmok and Seguam volcanoes cross, correction to
6 wt% MgO vyields higher Na,O in Okmok compared to
Seguam, whereas primary Okmok melts (Mg# ~ 70) probably
have lower Na,O compared to primary Seguam melts.
Second, it is assumed that Na,O in arc magmas is derived
primarily from the mantle, without a significant contribution
from subducting sediment and oceanic crust. We think this
also is uncertain, because fluids and melts in equilibrium
with subducting, eclogite facies metasediment and metabasalt
contain abundant dissolved sodium. This dissolved sodium
could be carried into the mantle wedge together with H,O
and other components derived from subducting material (see
Chapter 4.19, and references therein). For example, primitive
andesites in the Aleutians that have exceptionally high Na,O
also have exceptionally high La/Yb, Sr/Nd, Dy/Yb, and
143Nd/'**Nd, and exceptionally low lead and strontium iso-
tope ratios (Kelemen et al.,, 2003b), which likely reflects

Na,O (Wt%)

0 | | | | | | |
14 T T T T T T I
All data ([ ]
12 | o Okmok -
O Seguam
1oL | Piip _

MgO (wt%)

0 10 20 30 40 50 60 70 80
Molar Mg#

Figure 2 Molar Mg# versus wt% Na,O for Aleutian lavas (compiled by
Kelemen et al., 2003b), illustrating that variation trends have different
slopes for different volcanoes, and that these trends cross. As a result, it
would be unwise to infer Na,0 concentrations in primary Aleutian
magmas using an ‘average’ fractionation trend and the compositions of
evolved lavas. Data for Seguam volcano mainly from Singer et al.
(1992a,b) and data compiled by James Myers and Travis McElfrish and
available at the Aleutian arc website (2006). Data for Okmok volcano are
mainly from Class et al. (2000), Miller et al. (1992, 1994), Nye (1983),
and Nye and Reid (1986, 1987). Okmok data with Mg# ~ 80 are omitted.
Data for Piip volcano are from Yogodzinski et al. (1994). Light grey
circles, all Aleutian data (compiled by Kelemen et al., 2003). Other shapes
are for individual volcanoes, as shown in the legend. Darker symbols
used in fits (linear in top panel, exponential in bottom panel); open
symbols omitted from fits.

incorporation of an eclogite melt component. We will return
to this point in Section 4.21.3.2.

If partial melts of eclogite have ~5 wt% Na,O (Rapp et al.,
1999; Rapp and Watson, 1995), addition of 5% eclogite melt
to some part of the mantle wedge adds 0.25 wt% Na,O to that
region. This can be compared to, for example, 0.4 wt% Na,O
in fertile ‘pyrolite’ (Ringwood, 1966) or <0.05 wt% in de-
pleted oceanic peridotites (Dick, 1989). Thus, it is plausible
that a ‘slab melt’ component might add significant and poten-
tially variable amounts of sodium to the mantle ‘source’ of arc
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magmas, particularly if the arc mantle has been previously
depleted by melt extraction beneath a mid-ocean ridge and/
or a back-arc basin.

To more quantitatively constrain the relative contributions
of sodium from melt or fluid derived from subducting material
versus the preexisting peridotite in the mantle wedge, it would
be useful to know the degree of depletion of the preexisting
peridotite, due to previous melt extraction events prior to arc
magmatism. One can try to use the concentration of ‘immo-
bile’ elements such as niobium, together with mantle/melt
distribution coefficients, to estimate the degree of depletion
of the mantle ‘source’ of each arc magma, assuming that ‘im-
mobile’ elements are not added by fluids or melts of subduct-
ing material (Langmuir, personal communication, 2003).
However, in addition to sodium, eclogite melts also con-
tain~>5 ppm niobium (Rapp and Watson, 1995), while prim-
itive mantle is estimated to contain<1ppm niobium
(Hofmann, 1988; Sun and McDonough, 1989). Therefore,
determining the extent of prior depletion in the mantle
wedge is also problematic for systems open to eclogite melt.

Third, use of Na,O as an indicator of mantle melting pro-
cesses involves the implicit assumption that Na,O contents in
arc magmas have not been affected by open-system processes
in the crust, such as magma mixing and assimilation. Again,
this assumption is violated in some cases, particularly when
considering evolved rather than primitive lava compositions
(e.g., Grove et al., 1982, 1988; Hildreth and Moorbath, 1988;
McBirney et al., 1987).

4.21.3.1.3 Distinctive, primitive andesites

As will be seen throughout this chapter, despite limited data,
primitive andesites define an end-member on almost all com-
positional variation diagrams. The primitive andesite end-
member is distinct from primitive MORB glasses in ways that
epitomize the overall difference between arc lavas and MORB
(Table 1 and Figure 3).

High-Mg# andesites and their plutonic equivalents are end-
member calc-alkaline lavas, distinct from the tholeiitic magma
series. Here we define calc-alkaline magmas as having both
high Na+K at high Mg# (Irvine and Baragar, 1971) and high
SiO, at high Mg# (i.e., high SiO, at low Fe/Mg, Miyashiro,
1974); tholeiitic magmas have lower SiO, and Na+K at the
same Mg#, when compared with calc-alkaline magmas. (Note
that in this chapter we do not consider alkaline lavas, i.e.,
nepheline or kalsilite normative compositions.) While primi-
tive basalts and evolved tholeiitic lavas are found in a variety of
plate tectonic settings, it is plain that calc-alkaline andesite
lavas are found almost exclusively in arcs (Gill, 1981). Thus,
one could argue that the genesis of primitive andesite is the
defining process of arc magmatism.

While high-Mg# andesites are clearly less voluminous than
tholeiitic lavas in most arcs (Figure 4; see also, e.g., White and
McBirney (1978)), we consider them very important in other
ways. Explaining the difference between calc-alkaline and tho-
leiitic magma series has been one of the central topics of
igneous petrology for almost a century (e.g., Baker et al.,
1994; Bowen, 1928; Brophy, 1987; Fenner, 1929, 1937;
Green, 1976; Grove et al., 1982; Green and Ringwood, 1967,
1966; Grove and Kinzler, 1986, 2001; Kay, 1978, 1980; Kay
and Kay, 1994; Kay et al., 1982; Kelemen, 1986, 1990; Kuno,

1950, 1968; Kushiro, 1969, 1974; Kushiro and Yoder, 1972;
McBirney et al., 1987; Miller et al., 1992; Nicholls and
Ringwood, 1973; Nicholls, 1974; Osborn, 1959; Sisson and
Grove, 1993a,b; Tatsumi, 1981, 1982; Tatsumi and Ishizaka,
1981, 1982; Wilcox, 1944), and there is still no community-
wide consensus on this.

Similarly, the estimated bulk composition of the continen-
tal crust (e.g., Christensen and Mooney, 1995; McLennan and
Taylor, 1985; Rudnick and Fountain, 1995; Weaver and
Tarney, 1984) is almost identical to some high-Mg# andesites
in both major and trace-element concentrations, and some
authors have proposed that the genesis of the continental
crust involved processes similar to the generation of high-
Mg# andesites today (e.g., Defant and Kepezhinskas, 2001;
Drummond and Defant, 1990; Ellam and Hawkesworth,
1988b; Kelemen, 1995; Kelemen et al., 1993, 2003b; Martin,
1986, 1999; Rapp and Watson, 1995; Taylor, 1977). Again,
however, there is no consensus on this.

Finally, plutonic rocks with high-Mg# andesite composi-
tions probably form the bulk of the major calc-alkaline plu-
tons in orogenic belts, such as the Mesozoic batholiths along
the Pacific margins of North and South America. For exam-
ple, the average composition of the Peninsular Ranges bath-
olith in southern California is essentially identical to that of
the continental crust (Gromet and Silver, 1987; Silver and
Chappell, 1988). Similarly, the average composition of ex-
posed Eocene to Miocene plutonic rocks in the Aleutian arc is
that of high-Mg# andesite (Kelemen et al.,, 2003b). Thus,
high-Mg# andesite magmas may be more commonly
emplaced as plutonic rocks in the middle and upper crust
(Kay et al., 1990; Kelemen, 1995), and may be under-
represented among erupted lavas. For these reasons, and
because this topic has not received a recent comprehensive
review, one emphasis in this chapter is documentation of the
difference between primitive arc basalts and andesites, and
evidence bearing on its origin.

4.21.3.1.4 Major elements in calc-alkaline batholiths

. there is no reason to suppose that the relative amounts of
magmas of different compositions erupted on the surface should
be proportional to their amounts ... at depth.

Kuno (1968, p. 168)

This section is based on a limited compilation of plutonic
rock compositions from ‘intermediate, calc-alkaline batho-
liths,” such as are common among Mesozoic and Early Tertiary
exposures associated with circum-Pacific arcs. Section 4.21.4
describes the composition of plutonic rocks from exposed arc
sections that extend into the lower crust, including a much
larger proportion of mafic gabbros.

Our data include the few data available in Georoc, our
previous compilation of Aleutian plutonic rock compositions
(Kelemen et al., 2003b), plutonic rocks from the Tanzawa com-
plex, interpreted as accreted mid-crustal rocks from the Izu-
Bonin arc (Kawate and Arima, 1998), and a compilation of
limited data from highly ‘calc-alkaline’ batholiths such as the
Mt. Stuart and Chilliwack batholiths in the North Cascades
(Erikson, 1977; Kelemen and Ghiorso, 1986; Tepper et al.,



Table 1a Average primitive MORB and arc basalts (molar Mg# > 60)
MORB Average Average Kermadec Lesser Marianas New Scotia Tonga Aleutian Andean Cascades Central Greater Honshu Kamchatka Luzon
oceanic continental Antilles Hebrides America Antilles

N 203 503 497 36 84 168 65 4 70 66 56 60 78 21 137 78 24
Siog 50.51 50.46 51.33 51.12 48.25 51.04 50.26 51.50 50.57 50.50 52.58 51.62 50.27 50.23 51.13 52.22 50.85
Tiop 122 0.91 0.98 0.81 0.85 1.01 0.69 1.06 0.94 0.79 1.03 0.87 1.02 1.04 1.03 0.92 0.78
Al,05 15.97 15.72 15.70 15.65 14.48 16.64 13.67 16.97 15.59 16.51 16.66 16.83 14.60 15.54 16.14 1476 14.20
FeO(T) 8.85 8.52 8.72 8.77 9.17 8.02 8.74 8.05 8.60 8.58 8.11 7.89 9.50 9.20 8.79 8.78 8.92
MnO 0.16 017 0.17 0.16 017 0.15 0.19 0.15 0.17 0.16 0.15 0.15 017 0.20 0.16 0.17 0.18
MgO 8.57 9.84 9.48 9.07 13.69 8.57 11.33 7.74 9.39 9.22 8.28 9.12 10.63 10.57 9.29 9.39 10.86
Ca0 11.85 11.44 9.93 11.50 10.79 1151 11.96 11.34 11.99 11.09 8.80 9.86 1049 9.57 9.68 9.96 10.75
Na,0 2.57 235 261 227 2.01 2.62 2.06 272 2.16 2.39 297 2.93 2.31 250 253 273 224
K20 0.16 0.45 0.88 0.53 0.45 0.31 0.90 0.32 043 0.61 1.19 0.54 0.77 0.91 0.99 0.87 0.99
P,05 0.14 0.15 0.22 0.12 0.15 0.13 0.18 0.15 0.16 0.14 0.21 0.18 0.23 0.23 0.26 0.19 0.22
Molar 63.23 66.29 65.24 64.48 70.97 65.05 69.53 63.06 65.81 64.96 64.12 67.17 64.49 67.64 65.00 65.09 66.05

Mg#

n n n n n n n n n n n n n n n n n

La 413 59 7.01 168 11.85 159 6.69 10 8.72 50 5.00 46 8.38 21 6.49 14 8.95 12 5.98 27 1879 28 1129 24 1475 29 5.60 16 6.92 41 1599 13
Ce 11.46 62 1567 181 2587 157 1527 10 18.94 56 1173 51 1926 20 1519 16 1811 12 1439 27 4123 26 2422 24 3054 29 1406 16 1689 41 3276 13
®n 1.84 6 @m 55 285 65 072 L] 251 21 228 11 221 5 710 10 190 5 135 17 170 6 264 28
Nd 9.30 60 10.14 168 14.88 152 1076 10 10.93 55 910 40 1182 21 988 16 1083 12 880 27 2060 26 1374 24 1583 29 988 16 1260 41 1826 12
Sm 2.96 66 270 a7z 343 155 261 10 268 57 272 40 279 21 286 16 274 12 233 27 437 28 316 24 342 29 280 16 333 41 280 9
Eu 113 66 0.95 181 1.07 157 0.88 10 0.91 56 1.01 51 0.90 21 1.03 16 1.00 " 0.80 27 124 28 1.02 24 1.08 29 0.93 16 1.09 39 0.94 13
Gd 4.04 27 3.10 134 3.55 107 2.98 45 3.47 36 2.86 20 3.34 15 3.49 5 2.28 12 479 10 3.37 " 3.46 29 3.09 6 3.49 4 3.38 8
Tb 0.68 42 0.52 97 0.51 122 0.48 10 0.43 18 0.55 16 0.47 20 0.61 " 0.49 9 0.43 20 0.60 26 0.49 20 0.43 17 0.51 16 0.51 27 0.38 9
Dy 4.70 25 3.31 133 3.32 91 2.93 41 3.86 37 277 21 3.87 16 3.4 6 2.81% 25 4.04 10 2.93 5 3.29 29 2.39 6 3.51 31 276 8
Ho 0.93 6 0.62 58 0.68 65 0.40 10 0.58 20 0.83 " 0.58 5 0.52 5 0.75 10 0.65 5 0.60 17 0.74 6 0.70 23
Er 3.00 29 2.00 136 1.95 84 1.69 43 2.38 37 1.65 21 2.33 16 2.20 6 1.36 1 2.14 10 179 5 1.88 29 215 6 2.02 24 1.62 8
Tm 0.47 4 0.28 33 0.29 63 0.20 1" 0.24 6 0.36 1" 0.31 9 0.29 5 0.25 17 0.32 6 0.29 22
Yb 2.72 62 1.86 m 1.82 159 1.88 10 159 56 229 40 157 21 227 16 1.62 12 1.40 27 1.83 28 1.88 24 1.68 29 1.95 16 1.89 4 1.38 13
Lu 0.41 40 0.27 97 0.28 138 0.30 10 0.25 42 0.37 7 0.23 6 0.35 " 0.19 8 0.21 19 0.28 26 0.27 24 0.25 17 0.29 16 0.30 40 0.22 7
Sc 36.75 45  36.37 112 3251 110  35.80 10 3476 44 33.64 15  38.00 14 3445 11 4458 9 387 20 26.54 28 3424 5 3320 13 3321 14 35.33 40  36.32 5
Vv 245.77 39 254.01 119 246.59 107 255.10 10 235.38 39 24557 21 336.00 16 237.00 1122260 10 294.38 8 198.36 22 224.00 5 26853 29 25320 15 186.65 20 260.45 31
cr 357.10 48 575.68 132 397.96 145 317.10 10 974.55 47 322.50 22 42011 18 266.33 15 716.67 9 44993 27 34442 26 358.75 24 49151 29 269.13 15 507.53 45 442.26 39 339.57 7
Co 41.76 33 4417 56 41.20 80 61.22 13 3479 14 4467 6 3594 10 45.07 6 44.09 16 41.06 9 4308 22 57.13 15 4172 36 35.63 7
Ni 135.24 46 239.67 135 158.74 146 110.00 10 442.69 52 128.30 20 131.72 18 34.67 15 182.22 9 130.08 26 130.49 28 151.29 24 24505 29 14153 15 191.52 57 135.08 40  96.57 7
Cu 69.87 30 84.86 74 9191 40 8240 10 7821 34 126.00 6 6530 10 78.50 4 46.80 5 11817 13 108.86 7 75.00 9
n 67.27 30 7222 97 81.30 68 77.60 10 7459 40  60.08 12 7217 6 77.06 16 91.86 7 8386 22 63.00 5 81.89 9 83.52 27
Rb 2.93 33 9.89 179  18.63 140 8.30 10 1022 57 5.61 50 14.83 20 7.24 16 24.96 10 9.88 21 2923 28 16.42 23 1063 29 1248 122210 39 1445 33 37.07 1"
S0 14142 55 306.74 181 42570 153 27490 10 314.97 57 23178 51 499.81 21 20200 16 451.64 11 44509 23 53234 28 46938 24 437.96 29 28460 16 71520 38 34568 41 566.18 11
Y 2748 46 1947 145 1869 141 2040 10 1745 54 2414 21 1786 21 2329 16 1664 11 1200 18 1974 28 2091 22 1867 29 1315 16 2254 21 1954 32 1610 10
Ir 92.63 54 62.21 145 9270 144 65.90 10 59.65 53 6514 22 5158 21 86.22 16 50.91 11 5494 18 118.96 28 105.96 24 7994 29 63.38 16 122.55 22 8714 32 96.00 1"
Nb 6.04 20 3.99 129 6.23 135 2.30 10 479 52 3.81 14 1.83 20 6.71 16 5.88 6 4.05 17 11.76 24 6.70 21 7.03 29 3.51 14 11.80 21 2.90 32 5.05 1"
Cs 0.05 6 0.32 54 0.71 87 0.32 12 0.08 10 0.14 6 0.11 " 1.34 5 0.46 21 1.00 19 0.38 22 0.22 10 0.43 2 0.49 27
Ba 30.70 44 132.96 175 295.04 155 124.00 10 137.67 54 6547 48 257.24 21 8423 16 27491 11 19554 26 317.81 28 271.33 24 31553 29 284.88 16 498.13 24 27970 40 335.80 12
Hf 231 41 1.65 87 214 133 173 10 154 13 1.61 14 158 18 215 1" 153 9 158 22 2.76 26 222 22 1.53 25 1.70 15 2.39 32 1.88 6
Ta 0.31 28 0.24 64 0.45 83 0.26 10 0.26 1" 0.14 12 0.16 6 0.50 " 0.04 5 0.25 12 0.99 20 048 17 0.29 17 0.13 22 0.16 5
Pb 0.38 14 2.48 109 3.36 83 2.80 10 2.40 32 1.08 26 412 10 1.63 12 5.99 8 3.95 10 721 19 2.26 10 1.40 26 3.20 5 277 22
Th 0.28 34 1.52 11 2.03 139 1.1 10 2.96 38 0.41 12 119 20 0.89 12 0.78 8 1.21 23 3.77 26 1.33 22 1.08 26 0.75 15 0.88 32 5.80 13
u 0.23 26 0.59 105 0.53 102 0.28 8 1.07 39 017 " 0.41 20 0.23 " 0.51 5 0.58 19 1.35 " 0.39 22 0.37 26 0.43 31 0.62 7
87S1/%8r 0.70274 104 0.70389 141 0.70401 133 0.70419 19 0.70482 46 0.70303 45 0.70392 4 0.70337 14 0.70406 7 0.70315 19 0.70515 11 0.70382 27 0.70388 25 0.70432 1 0.70437 27 0.70344 28 0.70442 4
SNg/ 051310 90 0.51298 124 0.51292 104 051293 11 0.51291 42 0.51306 41 0.51300 4 051301 5 051292 3 0.51303 16 051262 6 0.51285 27 0.51301 25 0.51293 1 051277 9 0.51307 26 051263 5

|44Nd
206pp/ 18.38 86 18.80 75 1875 76 18.84 2 1930 26 1847 30 18.40 4 1899 2 1889 2 1869 14 1850 5 1894 26 19.02 21 19.99 1 18.26 21 1820 1

204Pb
207pp/ 15.50 86 1559 75 1557 76 15.62 2 1671 26 1552 30 15.52 4 1562 2 1555 2 1553 14 1561 5 1562 26 1556 21 1573 1 15.49 21 1551 1

204Pb
208pp/ 38.01 86 3849 75 3846 75 3875 2 3890 26 3817 30 3831 4 3878 2 3858 2 3820 14 3873 5 3861 26 3868 21 3927 1 37.94 21 3814 1

204Pb

For Aleutian samples without Dy analyses, we estimated Dy ~ 7.12*TB.
Note: (1) Major-element oxides in wt%, trace elements in ppm.
(2) Al analyses are included in major-element average. Analyses with values for at least four of the REEs are included in the trace element averages, and only if there are ten of these analyses, in an individual arc included in the table. Only elements for which at least five
analyses are available are included in the table.
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Table 1b Average primitive arc andesites (molar Mg# > 60)

Continental Oceanic Aleutian Boninites

n majors 142 32 47 348
Si0, 58.05 57.72 59.03 56.83
Ti0, 0.79 0.64 0.69 0.25
Al,03 15.96 15.16 16.61 13.22
FeO(T) 6.14 6.69 5.22 7.93
MnO 0.12 0.14 0.10 0.15
MgO 6.56 7.95 5.65 10.64
Ca0 7.20 7.32 7.35 8.35
Na,0 3.31 2.95 3.64 2.02
K,0 1.67 1.27 1.50 0.56
P,0s 0.22 0.14 0.20 0.06
Molar Mg# 65.18 66.29 65.62 69.50

n n n N
La 18.89 59 16.02 28 1.88 74
Ce 37.44 53 37.27 28 4.44 73
Pr 5.38 13 0.92 23
Nd 20.89 42 20.20 28 2.79 63
Sm 3.92 56 3.95 28 0.77 71
Eu 1.08 59 1.12 28 0.28 76
Gd 3.92 26 3.61 5 0.92 55
Th 0.51 47 0.43 23 0.17 38
Dy 3.09 23 3.06* 28 1.01 60
Ho 0.55 15 0.31 21
Er 1.63 22 1.77 7 0.70 55
Yb 1.54 57 1.32 28 0.80 69
Lu 0.23 51 0.19 27 0.14 53
Li 6.73 3 7.61 14
Be 0.87 3 0.26 16
Sc 20.98 41 26.14 18 17.55 25 36.45 54
v 158.27 19 196.66 21 170.00 2 188.01 70
Cr 326.83 55 260.75 21 252.76 27 696.03 76
Co 31.36 36 30.69 8 22.07 21 4310 38
Ni 137.89 52 118.63 22 95.14 28 191.76 75
Cu 91.75 8 75.44 18 63.67 3 65.28 25
Zn 74.43 14 69.02 18 72.33 3 57.13 31
Rb 45.66 47 29.52 25 20.52 21 9.47 76
Sr 586.66 48 358.80 25 1035.88 27 141.84 77
Y 1713 37 20.34 25 14.85 22 7.59 68
Zr 137.19 41 91.04 25 115.33 15 39.05 74
Nb 7.94 34 4.08 20 4.95 21 217 31
Cs 2.27 20 1.61 4 0.44 23 0.19 14
Ba 501.74 41 273.27 27 309.62 28 54.53 73
Hf 3.56 32 1.83 5 3.06 23 0.70 43
Ta 0.85 22 0.08 4 0.25 20 0.13 22
Pb 8.45 20 6.00 13 4.70 13 1.83 15
Th 451 35 3.90 16 1.99 23 0.42 28
U 1.57 29 0.37 6 0.82 24 0.26 19
87gr/%6gr 0.70469 31 0.70493 14 0.70291 13 0.70423 55
43Nd/ 4N d 0.51277 27 0.51288 6 0.51308 18 0.51294 50
206pp/204py 18.53 1 18.81 4 18.30 18 18.68 37
207p204pyy 15.56 11 15.58 4 15.47 18 15.53 37
208pp204pyy 38.36 11 38.54 4 37.76 18 38.31 37

Major-element oxides in wt%, trace elements in ppm. Trace-element averages are calculated as in Tahle 1a, except for oceanic andesites, where REE averages are not calculated
(too few and variable analyses) and where all analyses are included for other trace elements.

1993), the Peninsular Ranges batholith in Baja California compilations are representative of intermediate arc plutons in
(Gromet and Silver, 1987; Larsen, 1948; Silver and Chappell, general.
1988), and the Ladakh batholith in northwestern India A second problem in interpreting plutonic rock composi-

(Honegger et al., 1982). Unfortunately, because this data tions is determining the extent to which they represent liquid
set is small, it is not clear to what extent the compiled versus ‘cumulate’ compositions, where ‘cumulate’ is taken to
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Average primitive basalts
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Figure 3 Extended trace-element diagrams for average arc lavas (Table 1). Concentrations are normalized to N-MORB (Hofmann, 1988). Primitive arc
basalts are remarkably similar from one arc to another, and consistently distinct from MORB. In the oceanic Aleutian arc, and in continental arcs,
primitive andesites are more enriched than primitive basalts. For plotting purposes, some REE abundances are extrapolated from neighboring REEs with
more analyses (Pr in Lesser Antilles, Dy in Greater Antilles, and Er in Aleutian).

mean a component formed by partial crystallization of a melt,
after which the remaining melt was extracted from the system
of interest. A wide array of possible plutonic compositions can
be envisioned, lying between these two extremes. For example,
some plutonic rocks may be cumulates plus a small amount of
‘trapped melt.” Others may be cumulates affected by interac-
tion with unrelated migrating melts.

Cumulates with abundant plagioclase should generally
have high Sr/Nd, since strontium is much more compatible

than neodymium in plagioclase, and Eu/Sm, since europium is
generally much more compatible than samarium in plagio-
clase (depending on oxygen fugacity). In general, plutonic
rocks with more than 55-60 wt% SiO, closely resemble liquid
compositions in many ways, often containing abundant
incompatible elements and lacking anomalously high Sr/Nd
and Eu/Sm. We quantify this for intermediate to felsic
plutonic rocks from the Jurassic Talkeetna arc section in
Section 4.21.4.1.1.
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Figure 5 Histograms of wt% SiO, for arc lavas and a limited compilation
of samples from arc plutons and batholiths. In general, arc plutonic rocks
have higher SiO, content at similar Mg#. Data sources as in Figure 1.

Our compiled plutonic rock compositions are generally
more SiO,-rich at a given Mg# than the compiled arc lavas
(Figure 5). This is particularly clear in comparing Aleutian
lavas to Aleutian plutons (Kelemen et al., 2003b). TiO; is high-
est in plutonic rocks with Mg# of ~60. Al,Oj3 is low in plagio-
clase-poor, high-Mg# pyroxenites, and then - generally - similar to
the lower Al,Oj arc lavas at a given Mg#. Arc plutons have lower
FeO, MgO, and CaO, at a given Mg#, than the bulk of arc lavas.
Although some primitive cumulates in our compilation have very
low alkali contents, in general, Na,O contents in arc plutons and
lavas are comparable while K,O contents are higher in arc plutons
compared to arc lavas at the same Mg#. To summarize, in all their
major-element characteristics, the samples in our compilation of
arc plutons are more strongly calc-alkaline, and include more high-
Mg# andesite compositions, than typical arc lavas.

It seems that high-Mg# andesite liquids may be better
represented among intermediate plutonic rocks than among
arc lavas. This is certainly the case for exposed Aleutian plutons
compared to Aleutian lavas. To explain this, following Kay
et al. (1990), we have suggested that this difference arises due
to the relatively high viscosity of intermediate to felsic magmas
as they lose H,O by degassing in the mid- and upper crust
(Kelemen, 1995; Kelemen et al., 2003b). Lower H,O, low-SiO,
basaltic melts continue to rise to the surface and erupt, whereas
higher SiO, magmas, with initially higher H,O, rise more
slowly and crystallize faster.

4.21.3.2 Major and Trace-Element Characteristics of
Primitive Arc Magmas

|A few scientists] seem to want to cling to the possibility that andes-
ites are primary mantle-derived melts despite overwhelming evi-
dence from experimental petrology, trace-element geochemistry,
mineral chemistry, petrography, textural, and field relations to the
contrary. It would be hard to find very many students of arc petrol-
ogy who would argue . .. that andesites, even Mg-rich ones, are ...
primary mantle melts.

Anonymous (2003, personal communication)

... primitive magnesian andesites and basaltic andesites from the
Mt. Shasta region, N. California . .. form by hydrous mantle melting
Grove et al. (2003)

We turn now to the chemical characteristics of primitive arc
lavas (Mg# > 60). First, we examine major-element variation as
a function of Na,O and TiO, contents. Although Na,O con-
tents of primitive basalts and andesites overlap, plots of Na,O
versus TiO,, FeO, MgO, and CaO clearly discriminate between
boninites (very low TiO, and Na,O), primitive basalts (high
TiO,, FeO, MgO, and CaO at a given Na,0), and primitive
andesites (low TiO,, FeO, MgO, and CaO at a given Na,O)
(Figure 6). It is evident from the trends of these elements
versus Mg# (Figure 1) that these variations do not arise from
crystal fractionation. For example, arc lavas with Mg# of ~70 or
more, in Fe/Mg equilibrium with mantle olivine having Mg# of
90-91 or more, have SiO, contents ranging from 45 to 63 wt%.
These cannot be related by fractional crystallization. The an-
tithetical behavior of sodium and titanium (high sodium and
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Figure 6 Weight% Na,O versus other major-element oxides (in wt%) plus molar Ca/(Ca+ Na) versus ppm Ti/Zr, for primitive arc lavas (Mg# > 60).
Many of these plots clearly show distinct compositional fields for primitive basalts, primitive andesites, and boninites. While most of the primitive andesites
are from ‘continental’ arcs, they plot together with western Aleutian primitive andesites, which are from an intra-oceanic arc and have MORB-like Sr, Pb, and
Nd isotope ratios. Thus, assimilation of older, continental material is not essential to producing the distinctive composition of primitive andesites. Large
circles show values for average MORB glasses from the East Pacific Rise, Juan de Fuca Ridge, and Indian Ocean. Other symbols and data as for Figure 1.

low titanium in primitive andesites, high titanium and
low sodium in primitive basalts; ~2 wt% Na,O in both
primitive MORB and primitive arc basalts, but 0.3-1 wt%
TiO, in primitive arc basalts compared to 1.2 wt% in

primitive MORB, Table 1) suggests that sodium contents of
arc magmas may not be a good indicator of the degree of
partial melting in the sub-arc mantle. (Also see Figure 2, and
the last three paragraphs of Section 4.21.3.1.1.)
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Although there is some overlap, plots of rubidium, barium,
thorium, strontium, lead, zirconium, hafnium, and light REE
versus Na,O also discriminate between these groups (e.g.,
lanthanum versus Na,O, Figure 7) with high LILEs, light
REEs, and other highly incompatible elements in primitive
andesites as compared to primitive basalts at a given Na,O
concentration. Middle REE concentrations are similar in both
andesites and basalts, while heavy REE and related elements
(holmium, erbium, thulium, ytterbium, lutetium, yttrium,
scandium, and vanadium) are lower in andesites than in ba-
salts at a given Na,O concentration (e.g., scandium and ytter-
bium versus Na,O, Figure 7). Low heavy REE and titanium
contents in arc magmas have sometimes been considered to be
indicative of a highly refractory mantle source and/or high
degrees of melting beneath arcs, and scandium may be more
compatible than sodium during mantle melting. However, it
seems to us that either heavy REE, yttrium, titanium, and
vanadium are poor indicators of the extent of mantle melting
in the source of primitive lavas, or Na,O is a poor indicator, or
neither is a good proxy for the extent of mantle melting.

Positive correlation between FeO, scandium, vanadium,
and titanium, and negative correlations of each of these with
SiO, for all primitive arc lavas raises once again the question
of whether the concentrations of all these elements are re-
lated to FeTi oxide fractionation. However, the plot of TiO,
versus Mg# shows that the concentration of titanium in-
creases with decreasing Mg# in primitive lavas (Figure 1),
in accord with experimental studies showing that primitive
lavas at oxygen fugacities typical for arcs are not saturated in
FeTi oxides. In addition, heavy REE concentrations are corre-
lated with TiO, in primitive arc lavas. Heavy REE are incom-
patible in FeTi oxides and silicates other than garnet (e.g.,
EarthRef database, 2006 and references therein). These two
observations almost certainly rule out an important role for
FeTi oxide fractionation in controlling the major-element
compositions of primitive lavas. Instead, the similar behav-
ior of vanadium, titanium, and heavy REE suggests either
high degrees of mantle melting, or an important role for
garnet fractionation, in the genesis of primitive andesites
(see Section 4.21.3.2.5).
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4.21.3.2.1 Primitive basalts predominate

Primitive arc basalts have trace-element characteristics that are
very distinct from primitive MORB (Figure 3). Figure 4 shows
that primitive basalts are more commonly sampled than any
other primitive magma type in most oceanic arcs. Biased sam-
pling of picturesque and dangerous strato-volcanoes composed
of calc-alkaline andesite, rather than low-lying basaltic shields,
may have complicated this picture for continental arcs, but ba-
salts may predominate among primitive lavas in continental arcs
as well (e.g., White and McBirney, 1978). The geochemical char-
acteristics of primitive basalts have been the subject of numerous
recent reviews (Elliott, 2003; Davidson, 1996; Elliott etal., 1997;
Hawkesworth et al., 1993a,b, 1997; Pearce and Peate, 1995;
Plank, 2003; Plank and Langmuir, 1988, 1993, 1998; Tatsumi
and Eggins, 1995; Turner et al., 2003, 2001).

Considerable uncertainty remains regarding the relative im-
portance of various processes in producing primitive arc basalts.
For example, in some arcs the presence of nearly anhydrous,
primitive basalts suggests a large role for decompression melting
(Bartels et al., 1991; Draper and Johnston, 1992; Elkins Tanton
etal., 2001; Sisson and Bronto, 1998), although see also Turner
and Foden (2001), with major and trace-element systematics
that might be similar to those beneath mid-ocean ridges (e.g.,
Plank and Langmuir, 1988, 1993). Possible mechanisms for
decompression melting include near vertical, diapiric upwelling
of low-density mixtures of melt+ mantle peridotite (e.g., Davies
and Stevenson, 1992; Iwamori, 1997) or diagonal upwelling of
peridotite in return flow due to viscous entrainment of the
mantle wedge with the subducting plate (Conder et al., 2002;
Furukawa, 1993a,b; Kelemen et al., 2003a; Kincaid and Sacks,
1997; van Keken et al., 2002).

Other evidence implies that decompression may be minor
or absent, and ‘fluxed melting’ of the mantle is controlled
mainly by addition of H,O and other fluxes from subducting
material into the mantle wedge. This has generally been
modeled as ‘fluid-fluxed melting,” resulting from addition
of an aqueous fluid to initially solid, but hot peridotite (Abe
etal., 1998; Eiler et al., 2000; Grove et al., 2001, 2003; Ozawa,
2001; Ozawa and Shimizu, 1995; Stolper and Newman, 1992).
Thus, static or even descending mantle peridotite in the
wedge could partially melt if sufficient aqueous fluid
were added, provided aqueous fluid reached parts of the
mantle where temperature exceeded the fluid-saturated
peridotite solidus. Substantial H,O contents in primitive arc
basalts, commonly ~3 wt% (Anderson, 1974; Baker and
Eggler, 1987; Falloon and Danyushevsky, 2000; Kamenetsky
et al., 1997; Kelemen et al., 1990b; Macdonald et al., 2000;
Miintener et al.,, 2001; Pichavant et al.,, 2002; Roggensack
et al., 1997; Sisson and Grove, 1993b; Sisson and Layne, 1993;
Sobolev and Chaussidon, 1996), but more than 4.5 wt% in
primitive andesites (Grove et al., 2003) are often taken as evi-
dence for addition of H,O-rich fluid to the mantle wedge, and
for fluxed melting.

A variant on the flux melting hypothesis is the idea of ‘melt-
fluxed melting,” in which reaction between hydrous partial
melts of subducting sediment and/or basalt and overlying
mantle peridotite leads to increasing melt mass, producing a
hybrid ‘primary melt’ in which more than 90% of the compat-
ible elements, such as magnesium, iron, and nickel, are derived
from the mantle, while most of the alkalis and other

incompatible trace elements come from the initial, melt of
subducted material (e.g., Kelemen, 1986, 1990, 1995; Kelemen
etal., 1993, 2003b; Myers et al., 1985; Yogodzinski et al., 1995;
Yogodzinski and Kelemen, 1998). If this process occurs, it
would be facilitated by the fact that melts migrating upward
in the mantle wedge must heat as they decompress; under such
circumstances, even anhydrous melts will be able to dissolve
solid mantle minerals comprising tens of percent of the initial
liquid mass (Kelemen, 1986, 1990, 1995; Kelemen et al.,
1993). Similarly, Grove and co-authors propose that fluid-
saturated partial melts of peridotite form at ~950°C, very
close to the subducting plate, and then these fluid-saturated
peridotite melts cause melt-fluxed melting higher in the wedge
(Grove et al., 2003). Aqueous-fluid-saturated melts of eclogite
facies sediment or basalt, and fluid-saturated melts of mantle
peridotite, would have 25-50 wt% H,O at 3-5 GPa (Dixon
and Stolper, 1995; Dixon et al., 1995; Kawamoto and Hollo-
way, 1997; Mysen and Wheeler, 2000). In this regard, they
would be efficient fluxing agents, causing additional melt to
form via melt/rock reaction in the mantle wedge (Eiler et al.,
2000). In principle, addition of such H,O-rich melts to the
mantle wedge could explain the substantial water contents in
primitive arc magmas, without additional H,O from a fluid.

It is worth noting that melt-fluxed melting is distinct from
most open-system processes proposed to explain melting be-
neath mid-ocean ridges, including batch melting (e.g., Gast,
1968; Presnall and Hoover, 1984; Shaw, 1970), fractional melt-
ing (e.g., Gast, 1968; Johnson etal., 1990; Langmuir etal., 1977;
Richardson and McKenzie, 1994; Shaw, 1970), incremental
melting (e.g., Johnson et al., 1990; Kinzler and Grove, 1992,
1993; Klein and Langmuir, 1987; Langmuir et al., 1977), and
continuous melting (Iwamori, 1994; Johnson and Dick, 1992;
Langmuir et al., 1977; Sobolev and Shimizu, 1992), because in
the latter processes melt forms due to decompression, not as a
result of reaction between solid phases and migrating melt. In
zone refining (e.g., Harris, 1957; Langmuir et al., 1977), melt
mass is constant, so this too is different from melt-fluxed melt-
ing. Models of melt generation beneath mid-ocean ridges that
include increasing melt mass due to reactive porous flow (e.g.,
Asimow and Stolper, 1999; Iwamori, 1994; Jull et al., 2002;
Lundstrom et al., 1995, 2000; Spiegelman and Elliot, 1992;
Spiegelman et al., 2001) are similar to proposed processes of
melt-fluxed melting beneath arcs. (Note that Langmuir et al.,
1977 mentioned but did not model this process for MORB
genesis.) However, beneath arcs - unlike ridges - melt-fluxed
melting may be extensive, even in regions that are not simulta-
neously undergoing decompression melting.

Understanding the different mantle melting processes and
determining their relative importance in the generation of
primary arc basalts is an active area of research, with much
sponsorship from the US National Science Foundation's
MARGINS initiative. We anticipate rapid developments in
increasingly refined theories on this topic.

Another very active area of recent research is the identifica-
tion of several different source components in primary arc
basalts, including (1) fluids derived by dehydration of subduct-
ing metabasalt, (2) fluids derived by dehydration of subduct-
ing metasediment, (3) partial melts of subducting basalt, (4)
partial melts of subducting sediment, (5) fertile mantle perido-
tite similar to the MORB source, (6) mantle peridotite depleted
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by melt extraction beneath a mid-ocean ridge and/or a back-
arc basin, and (7) enriched mantle similar to the source of
ocean island basalt. We return to this topic in Section 4.21.3.3.

Nonetheless, as we show in previous and subsequent sec-
tions of this chapter, focusing exclusively on arc basalts risks
missing end-members whose characteristics epitomize the dif-
ference between arc versus mid-ocean ridge magmas. Thus, in
the following sections we focus on other types of primitive arc
lavas. However, some detailed characteristics of primitive
arc basalts, together with other primitive arc magmas, are
described in Section 4.21.3.3.

4.21.3.2.2 Are some low Mg# basalts primary melts?
Perhaps not

Hypothetical derivation of primary low Mg# basalts and an-
desites from partial melting of subducted basalt - without
major-element equilibration with the overlying mantle -
remains controversial for arcs (e.g., Brophy and Marsh, 1986;
Johnston and Wyllie, 1988; Marsh, 1976; Myers et al., 1986a,b,
1985), as well as hotspots (e.g., Chauvel and Hemond, 2000;
Hauri, 1995; Korenaga and Kelemen, 2000; Lassiter and Hauri,
1998; Sobolev et al., 2000) and even mid-ocean ridges (e.g.,
Schiano et al., 1997). On the basis of the criteria outlined by
Gill (1981, 1974, 1978), we see no evidence for direct partial
melts of subducted, eclogite facies sediment or basalt in our
data compilation. It may be that diapirs of melting basalt al-
ways rise to depths at which garnet is no longer stable, prior to
separation of melt from residue (Brophy and Marsh, 1986), but
there seems to be no direct evidence for this. Instead, arc lavas
with a trace-element signature consistent with derivation via
partial melting of eclogite (e.g., high middle/heavy REE ratios)
are primitive, with Mg# > 60 (e.g., Grove etal., 2001; Kay, 1978;
Kelemen et al., 2003b; Yogodzinski et al., 1995; Yogodzinski
and Kelemen, 1998). Thus, in this chapter we make the simpli-
fying assumptions that lavas with Mg# < 60 are derived from
primitive melts via crustal differentiation, and that all melts
passing from the mantle wedge into arc crust have Mg# > 65
(depending on Fe**/Fe’"), and are close to Fe/Mg exchange
equilibrium with mantle peridotite (Mg# ~70).

Related to this topic are questions about the genesis of tona-
lites, trondhjemites, and granodiorites (TTGs), that are com-
mon in Archean cratons (see Kemp and Hawkesworth, 2003).
Although it is difficult to be certain, we believe that TTGs are
probably not ‘primary’ melts of subducting eclogite as has been
proposed (Defant and Kepezhinskas, 2001; Martin, 1986, 1999;
Rapp and Watson, 1995; Rapp et al., 1991), simply because it
does not seem likely that H,O-rich low-temperature melts could
traverse the high-temperature mantle wedge without substantial
reaction with peridotite. Instead, we infer that TTGs are proba-
bly the products of intracrustal differentiation, with felsic melts
rising to the upper crust, and mafic residues remaining in the
lower crust. (Note that while seismic and petrologic data on
continental crust clearly establish that it is differentiated, the
intracrustal differentiation process could have modified an ini-
tially andesitic ‘or’ basaltic bulk composition.) They may have
evolved by crystal fractionation from a parental, primitive
andesite melt. However, because the process of intracrustal dif-
ferentiation may have involved residual garnet, it is difficult
to discern which TTGs with heavy REE depletion inherited

their trace-element characteristics from primitive andesites,
and which reflect crustal garnet fractionation.

4.21.3.2.3 Boninites, briefly

In determining the characteristics of ‘primary’ arc magmas -
melts that pass from residual mantle into the overlying, igne-
ous crust — most recent reviews of geochemistry have concen-
trated on the characteristics of primitive basaltic magmas. In
doing so, these reviews have implicitly incorporated the as-
sumption that primary arc magmas are invariably basaltic. In
our view, there are two types of ‘andesitic’ primitive magmas in
arcs, boninites, and primitive andesites. These two types of
magmas extend to end-members having Mg# >0.7, and carry
olivine phenocrysts with Mg# >90 (typical mantle values).
While these are less common than primitive basalts, we
think they are important for the reasons enumerated in
Section 4.21.3.1.3.

While there are many far more detailed definitions and
subdivisions of boninite lava compositions (e.g., Crawford,
1989), we found it convenient to simply define boninites as
lavas with >54 wt% SiO,, <0.5 wt% TiO, (plus samples de-
scribed in the original data sources as boninites, including
some basalts). As can be seen in Figures 1, 6, and 7, lavas
defined in this way share many other distinctive characteristics,
including high MgO and low alkali contents at a given SiO,
and Mg#. Boninites are largely restricted to western Pacific
island arcs, and in those arcs they are apparently more abun-
dant in the early stages of magmatism (e.g., Bloomer and
Hawkins, 1987; Falloon et al.,, 1989; Stern and Bloomer,
1992). Their high MgO contents (some >10 wt%) and the
presence of clinoenstatite phenocrysts probably reflect both
high temperatures and high water contents in the mantle
wedge, with a highly depleted, harzburgite residue, consistent
with generally low REE concentrations and flat to light REE
depleted patterns (e.g., Falloon and Green, 1986; Falloon etal.,
1989; Pearce et al., 1992; Sobolev and Danyushevsky, 1994).
Most authors accept that most boninites are derived by crystal
fractionation from primary andesite melts derived by high de-
grees of relatively low-pressure melting, with a harzburgite
residue. However, some lavas termed boninites could conceiv-
ably be derived via substantial olivine 4 low calcium pyroxene
fractionation from very high-Mg# incompatible-element-
depleted primary picrites or komatiites.

The abundance of boninites in early stages of western
Pacific arc magmatism, combined with the high magmatic
fluxes inferred for the early stages of magmatism in those
arcs, may have led to bulk crustal compositions that remain
dominantly boninitic. Relatively low bulk crustal seismic ve-
locities in the Izu-Bonin arc (Suyehiro et al., 1996), compared
to the central Aleutian are (e.g., Holbrook et al., 1999), might
reflect higher SiO, in the Izu-Bonin crust. Nonetheless, boni-
nitic crust with >54 wt% SiO, would be depleted in alkalis and
light REEs, and thus very different from continental crust, and
from calc-alkaline magma series.

4.21.3.2.4 Primitive andesites: a select group

We turn now to primitive andesites (Mg# >0.6) and high-Mg#
andesites (Mg# >0.5). High-Mg# andesites have been the sub-
ject of much attention in recent years because of their unique
major and trace-element characteristics (e.g., Baker et al., 1994;
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Defant et al.,, 1991a; Defant and Drummond, 1990; Defant
et al., 1992, 1989, 1991b; Defant and Kepezhinskas, 2001;
Grove et al., 2001, 2003; Kay, 1978; Kelemen, 1995; Kelemen
et al.,, 2003b; Rogers et al., 1985; Shimoda et al., 1998; Stern
and Kilian, 1996; Tatsumi, 1981, 1982, 2001a; Tatsumi and
Ishizaka, 1981, 1982; Yogodzinski and Kelemen, 1998, 2000;
Yogodzinski et al., 1995, 2001, 1994).

Some high-Mg# andesites - particularly some lavas on Adak
Island in the Aleutians (Kay, 1978) - have been called ‘adakites’
(e.g., Defant and Drummond, 1990) as well as ‘sanukitoids,’
‘high-Mg andesites,” and ‘bajaites.’ The term ‘adakite’ is used in a
variety of contexts by different investigators, but generally refers
to andesites and dacites with extreme light REE enrichment (e.g.,
La/Yb>9), very high Sr/Y ratios (e.g., Sr/Y>50), and low yt-
trium and heavy REE concentrations (e.g., Y, 20 ppm,
Yb <2 ppm). In the Aleutians, all lavas with these characteristics
are high-Mg# andesites and dacites. However, the de facto defi-
nition of ‘adakite’ does not specify a range of Mg#. Worldwide,
many evolved lavas have been termed adakites. Thus, not all
adakites are high-Mg# andesites. Similarly, most high-Mg# an-
desites, in the Aleutians and worldwide, have La/Yb <9 and St/
Y <50, and so not all high-Mg# andesites are adakites. Finally,
for some authors adakite has a genetic connotation. Some in-
vestigators infer that all andesites and dacites with extreme light
REE enrichment, very high Sr/Y ratios, and low yttrium and
heavy REE concentrations formed via partial melting of sub-
ducted basalt in eclogite facies are adakites, and use the term
‘adakite’ to refer to both composition and genesis interchange-
ably. While we believe that many high-Mg# andesites do indeed
include a component derived from partial melting of eclogite,
we feel it is important to separate rock names, based on compo-
sition, from genetic interpretations. For this reason, we do not
use the term ‘adakite’ in this chapter.

4.21.3.2.5 Three recipes for primitive andesite
Loosely speaking, the difference between primitive basalts and
primitive andesites might arise in several ways:

1. Both may arise from melting of different sources, with
primitive andesites incorporating a relatively large propor-
tion of melts of subducted basalt and/or sediment, com-
pared to primitive basalts.

2. They might arise from the same mantle source, with differ-
ent degrees of melting, related to different extents of enrich-
ment via fluids derived from subducting sediment and/or
oceanic crust.

3. High-Mg# andesites might arise via mixing of primitive
basalts with evolved, high SiO, melts, or assimilation of
‘granitic’ rocks in primitive basalts.

We briefly expand one each of these in the next few
paragraphs.

(1) Primary andesite magma with an eclogite melt component.
High-Mg# andesites may incorporate a component formed by
partial melting of subducted basalt or sediment in eclogite
facies, which subsequently reacted with the overlying mantle
peridotite to form a hybrid melt (Carroll and Wyllie, 1989;
Kay, 1978; Kelemen, 1986, 1995; Kelemen et al., 1993, 2003b;
Myers et al., 1985; Yogodzinski et al., 1995, 1994). In the
hybrid melt, high incompatible-element contents reflect

eclogite melting, and major-element concentrations reflect
melt/mantle equilibration. In this view, high H,O, K,O, and
Na,O contents stabilize high SiO, melt in equilibrium with
mantle olivine at~ 1 GPa, as demonstrated experimentally for
simple systems (Hirschmann et al., 1998; Kushiro, 1975; Ryer-
son, 1985), peridotite melting experiments (Hirose, 1997;
Kushiro, 1990; Ulmer, 2001), and phase equilibrium experi-
ments on natural primitive andesite compositions (e.g., Baker
et al.,, 1994; Grove et al., 2003; Tatsumi, 1981, 1982).

In some cases, the entire incompatible trace-element budget
of these hybrid melts might be derived from eclogite melting,
with only major elements and compatible trace elements (nickel
and chromium) affected by interaction with peridotite. However,
there are few primitive lavas in our compilation with a clear
eclogite melting signature. Since heavy REEs and yttrium are
compatible in garnet, concentrations of the same in eclogite
melts should be low, and middle to heavy REE ratios in
eclogite melts should be high (e.g., chondrite normalized Dy/
Yb>1.5). The few primitive lavas in our compilation that do
have chondrite normalized Dy/Yb> 1.5 are mainly primitive
andesites from the western Aleutian arc, at and west of Adak
Island. Thus (Figure 8), not all light REE-enriched, high Sr/Nd
arc lavas have high Dy/Yb.

Lack of a clear eclogite melting signature in heavy REE and
yttrium contents does not rule out a role for eclogite melt in
producing high-Mg# andesites. In hypothesis (1), the concen-
trations of heavy REE and yttrium in primitive arc andesites are
interpreted as having been raised by reaction of eclogite melt
with mantle peridotite at moderate melt/rock ratios (Kelemen,
1995; Kelemen et al., 1993, 2003b). Modeling shows that this
process can produce a very close match to most high-Mg#
andesite compositions (e.g., Kelemen et al., 2003b; figures 21d
and 21e). In this interpretation, primitive arc basalts incorpo-
rate a finite but smaller amount of an eclogite melt component
(e.g., Kelemen et al., 2003b; figure 21f).

As far as we know, there are few if any petrological or
geochemical arguments that can be used to rule out this
hypothesis. In fact, excluding heavy REEs and yttrium, the
incompatible trace-element abundances in the ‘subduction
component’ (McCullouch and Gamble, 1991) inferred from
inversion of major and trace elements in Marianas back-arc
lavas (Stolper and Newman, 1992), an array of western Pacific
arc lavas focused on the Vanuatu arc (Eiler et al., 2000), and
primitive lavas from Shasta volcano in the southern Cascades
(Grove et al., 2001) closely resemble traceelement concentra-
tions experimental and predicted partial melts of eclogite
(Kelemen, 1995; Kelemen et al., 1993, 2003b; Rapp et al.,
1999), and of erupted high-Mg# andesites. One inverse
model that is consistent with all available major-element,
trace-element, and isotopic constraints (Eiler et al., 2000,
p. 247) involves reaction between mantle peridotite and a
silicate melt derived from subducting eclogite, with 30 wt%
H,O (appropriate for fluid saturation at 3-5 GPa; Dixon and
Stolper, 1995; Dixon et al., 1995; Kawamoto and Holloway,
1997; Mysen and Wheeler, 2000).

Nevertheless, this hypothesis has been unpopular since the
1980s, because geodynamic models, incorporating either con-
stant mantle viscosity or a rigid upper plate of prescribed
thickness, predicted that solidus temperatures could not be
reached in basalt or sediment at the top of the subducting
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plate, except under unusual circumstances (see reviews in
Kelemen et al., 2003a; Peacock, 1996, 2003; Peacock et al.,
1994). For example, Eiler et al. (2000, p. 247) discounted their
successful model involving H,O-rich silicate melt because
“[the] successful melt-fluxed [model] ... require[s] ... temper-
atures ... that are ... not obviously compatible with ...
thermal models . .. (Peacock, 1996).”

Recently, as discussed in Section 4.21.3.3.4, subduction
zone thermal models that incorporate thermally dependent
viscosity and/or non-Newtonian viscosity in the mantle wedge
predict temperatures higher than the fluid-saturated solidus near
the top of the subducting plate beneath arcs at normal subduc-
tion rates and subducting plate ages (Kelemen et al., 2003a; van
Keken et al., 2002). While this is an area of active research, it is
no longer the case that thermal models ‘rule out’ partial melting
of subducted material in eclogite facies.

(2) Primary andesite magma from fluxed melting. A more
popular model for arc magma genesis is ‘fluid-fluxed melting’
(Section 4.21.3.2.1). An aqueous fluid derived from sub-
ducted basalt and sediment enriches the mantle source of arc
magmas in ‘mobile elements,” while simultaneously causing
partial melting of that source (e.g., Abe et al., 1998; Eiler et al.,
2000; Grove et al., 2001, 2003; Ozawa, 2001; Ozawa and
Shimizu, 1995; Stolper and Newman, 1992; Vernieres et al.,
1997). In this interpretation, high LILEs and light REEs are seen
as the result of fluid enrichment, while low heavy REEs, tita-
nium, and scandium are seen as the results of high degrees of
melting. Again, high H,O, K,0O, and Na,O contents derived
from the fluxing fluid may lead to relatively high SiO, melt in
equilibrium with peridotite. Following this reasoning, primi-
tive andesites could be the extreme products of fluxed melting
(Grove et al., 2003).

A series of recent papers describes how this process can
produce a very close match to high-Mg# andesites from the

Mt. Shasta volcano in the southern Cascades (Grove et al.,
2001, 2003). However, as in previous inversions based on a
variety of arc lavas (Eiler et al., 2000; Stolper and Newman,
1992), the required fluids have dissolved light REEs and tho-
rium contents larger than predicted from experimental fluid/
rock partitioning studies (Ayers et al.,, 1997; Brenan et al,,
1996, 1995a,b; Kogiso et al., 1997; Stalder et al., 1998; Tatsumi
and Kogiso, 1997). If the fluxing agent in flux melting were a
silicate melt rather than an aqueous fluid, predicted REE and
LILE contents would be much higher, potentially resolving this
discrepancy. We return to this point in Section 4.21.3.3.1.
From this perspective, ‘melt-fluxed melting’ can be considered
more or less identical to (1).

(3) Mixing of primary basalt and granitic lower crustal melts.
Although there are significant fluid mechanical barriers to such
a process (e.g., Campbell and Turner, 1985), many chemical
features of high-Mg# andesites could be explained as the result
of mixing of primitive arc basalt with evolved, silica-rich melt
with high LILEs and light REEs, and low heavy REEs, titanium,
and scandium.

In the western Aleutians, high-Mg# andesites have abun-
dant zoned phenocrysts that probably do reflect magma mix-
ing processes. However, the most light REE-enriched, heavy
REE-depleted magmas have the highest Mg# (Kelemen et al.,
2003b; Yogodzinski and Kelemen, 1998), which is inconsis-
tent with the hypothesis of mixing primitive basalt with
enriched granitic melt outlined in the previous paragraph
(Kelemen et al., 2003b; tables 18 and 19). Instead, mixing
apparently combined primitive light REE-enriched andesites
with more evolved, less enriched andesites.

With the exception of the western Aleutian arc, primitive and
high-Mg# andesites (excluding boninites) are rare in intra-
oceanic arcs (Figure 4). High-Mg# andesites are most common
in continental arcs, where interaction between basalt and
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preexisting crust might be important. Primitive andesites have
been reported from the Cascades (Baker etal., 1994; Grove et al.,
2001, 2003; Hughes and Taylor, 1986), Baja California (Rogers
et al, 1985), southeast Costa Rica and western Panama
(de Boer et al., 1988, 1995; Defant et al., 1991ab, 1992),
Ecuador (Beate et al., 2001; Bourdon et al., 2002; Monzier
et al., 1997), Argentina (Kay and Kay, 1991, 1993), southern
Chile (Sigmarsson et al.,, 2002, 1998; Stern and Kilian, 1996),
the Philippines (Defant et al., 1989; Maury et al., 1992; Schiano
et al., 1995), Papua New Guinea (Arculus et al., 1983), SW
Japan (Shimoda et al., 1998; Tatsumi, 1982, 2001a,b; Tatsumi
and Ishizaka, 1981, 1982), and Kamchatka (Kepezhinskas
etal.,, 1997).

In all these localities, other than the Aleutians, most high-
Mg# andesites have elevated °®Pb/?°*Pb, compared to MORB
(Figure 9). Thus, lead-isotope data suggest the presence of a
component derived either from recycling of lead from subduct-
ing sediment, or from crustal interaction of primitive basalts
with older continental crust and continentally derived sedi-
ment. Given the fact that so many primitive andesites are in
‘continental” arcs, crustal interaction processes must be consid-
ered. This said, primitive andesites and basalts have overlap-
ping 57Sr/%°Sr and '**Nd/'**Nd, which restricts the range of
crustal sources that could be involved in mixing or assimilation
to create primitive andesites from basalts.

Lower crustal anatexis in arcs such as the Andes (e.g.,
Babeyko et al., 2002), which have thick crust and probably
garnet at the base of the crust, might be expected to yield
appropriate mixing end-members. Indeed, our compilation
includes dacitic to rhyolitic lavas from the Andes with high
Dy/Yb (Bourdon et al., 2000; Kay and Kay, 1994; Matteini
et al., 2002). Mixtures of these compositions with primitive
basalt have most of the major and trace-element characteristics
of high-Mg# andesites (e.g., Figure 10). Thus, in this chapter,
we reexamine the hypothesis that primitive andesites are pro-
duced by crustal mixing or assimilation using global data,
rather than data from just the Aleutians. This reexamination
could be extended to the western Aleutians as well; perhaps,
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small proportions of high SiO,, small-degree melts of garnet
granulite in arc lower crust are commonly produced but rarely
erupted. Could such mixing explain the composition of prim-
itive andesites in general?

Key data to address this question come from ratios of trace
elements that are fractionated differently by partial melting of
eclogite compared to garnet granulite. For example, because
strontium is compatible in plagioclase, strontium is more in-
compatible than neodymium in melting of plagioclase-free
eclogite, whereas strontium is more compatible than neodym-
ium in partial melting of lower crustal granulite with substan-
tial plagioclase. Because temperatures at the base of the crust in
active arcs are high (>800°C) and crustal thickness rarely
exceeds 60 km, eclogite facies assemblages will not form in
arc lower crust. However, formation of garnet granulites is
possible where crustal thickness exceeds 25-30 km (e.g., Jull
and Kelemen, 2001). Although garnet formation might be
inhibited by slow kinetics in H,O-poor lower crustal cumu-
lates, observations from the Talkeetna and Kohistan arc crustal
sections show that garnet did form at pressures where it
was thermodynamically stable (Section 4.21.4). While some
garnet in the Talkeetna lower crustal section is entirely meta-
morphic in origin, other samples include residual or cumulate
igneous garnet (Section 4.21.4.3). As noted above, our arc lava
compilation includes high Dy/Yb, evolved lavas from the Andes,
which are probably partial melts of garnet granulite. However,
while these lavas are appropriate in other ways as mixing end-
members to produce high-Mg# andesites, they have low Sr/Nd
(Figure 10). Therefore, these evolved Andean lavas could not
mix with primitive arc basalt to produce high-Mg# andesites,
which have higher Sr/Nd (Figure 10), and it is unlikely that any
other lower crustal melts would be appropriate.

In many ways, the process of ‘assimilation,” or melt/rock
reaction, is comparable to magma mixing. Reaction between
hot, primitive basalt and granitic wall rock, in particular, shares
many characteristics with mixing of primitive basalt and a
granitic partial melt of wall rock. For example, both processes
tend to produce high, nearly constant compatible-element
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Figure 9 Pb, Sr, and Nd isotopes in primitive lavas from our arc compilation. In general, primitive andesites do not have distinctive isotopic
characteristics, compared to primitive basalts. Primitive andesites from the western Aleutians have the most depleted values in our data compilation.

Data and symbols as for Figures 1 and 6.
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Figure 10 Relationship between Mg#, Dy/Yb, and Sr/Nd in arc lavas from our compilation. Partial melts of subducted, eclogite facies MORB have high
Dy/Yb and Sr/Nd (e.qg., Gill, 1974, 1978; Kay, 1978; Kelemen et al., 1993, 2003b; Rapp et al., 1999; Yogodzinski and Kelemen, 1998). When these melts
react with overlying mantle, the hybrid liquid acquires a high Mg# (Kay, 1978; Kelemen et al., 1993, 2003b; Rapp et al., 1999; Yogodzinski and Kelemen,
1998). Western Aleutian primitive andesites may form in this way. Continued reaction increases heavy REE and Y contents to values in equilibrium with
depleted mantle peridotite as melt/rock ratios decrease to ~0.1 or less (Kelemen et al., 1993, 2003b). High Sr/Nd, primitive andesites and even primitive
basalts Dy/Yb~ 1.5 may form in this way. Alternatively, primitive andesites could be mixtures of lower crustal melts and primitive basalt (e.g., Kay and
Kay, 1994). Partial melts of lower crustal garnet granulites, as exemplified by some Andean andesite and dacites (Bourdon et al., 2000; Kay and Kay,
1994; Matteini et al., 2002), have high Dy/Yb at lower Mg# and Sr/Nd than Aleutian primitive andesites. Mixing with primitive basalt (e.g., average
Marianas primitive basalt, Table 1) yields high Dy/Yb high-Mg# melts similar to Aleutian primitive andesites. However, such mixtures have low Sr/Nd,
unlike Aleutian and other primitive andesites. Because Sr is more compatible than Nd in plagioclase, this result is likely to be general. Thus, while magma
mixing may have played some role in the genesis of many or most arc lavas, mixing is an unlikely explanation for the genesis of primitive andesite

compositions.

concentrations and ratios (magnesium, iron, nickel, Mg#) to-
gether with substantial enrichment in incompatible trace ele-
ments, over much of the range of mixing or reaction progress
(compare, e.g., DePaolo, 1981; and Kelemen, 1986 with
O'Hara and Mathews, 1981).

In specific cases, the outcome of melt/rock reaction may
be quite distinct from magma mixing. Selective dissolution
of plagioclase in hydrous, plagioclase-undersaturated melt
could enrich resulting liquids in Sr/Nd, potentially producing
trends distinct from the mixing trends in Figure 10. However,
note that selective dissolution of plagioclase alone might
create a telltale anomaly with high Eu/Sm, and would not
explain other characteristics of high-Mg# andesites, including

heavy REE, titanium, scandium, and vanadium depletion.
Instead, selective dissolution of plagioclase would have to
be coupled with crystallization of garnet to explain high-Mg#
andesite genesis via crustal melt/rock reaction. In view of
the fact that garnet is not saturated in primitive arc melts at
pressures of ~1-1.5 GPa (e.g., Mintener et al.,, 2001), we
view this as unlikely. Furthermore, on a global basis, high
Sr/Nd is negatively correlated with 87Sr/®Sr, ruling out assim-
ilation of continental granitoids, or sediments derived from
continental crust.

In summary, primitive andesites are probably derived from
primary andesite magmas, produced by processes below the
base of igneous arc crust, which are different from primary
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magmas of primitive arc basalts. Mixing of primitive basalt and
evolved partial melts of lower crustal garnet granulite probably
cannot produce end-member high-Mg# andesite lava compo-
sitions. Similarly, lower crustal assimilation probably cannot
produce typical high-Mg# andesites. Instead, we conclude that
most primitive andesites are probably produced via process (1)
described above, by reaction of small-degree partial melts of
subducted, eclogite-facies sediment and/or basalt with the
overlying mantle wedge. In our view, process (2), melting of
the mantle fluxed by an enriched ‘fluid’ component derived
from subducted sediment and/or basalt, is only viable if the
fluxing ‘fluid’ is, in fact, a melt or a supercritical fluid with
partitioning behavior similar to melt/rock partitioning. Thus,
viable versions of process (2) are the same as process (1).
Primary magmas parental to primitive andesites may also be
parental to calc-alkaline, evolved arc magmas. It is evident that
fractionation of olivine, pyroxene, and/or plagioclase from a
primitive andesite melt leads to higher SiO, and alkali contents,
at a given degree of crystallization, compared to fractionation
of the same phases from primitive basalt (Figure 11). The
key here is that olivine+ pyroxene cumulates, and olivine+
pyroxene+ plagioclase cumulates have ~50% SiO, as deter-
mined by mineral stoichiometry and cotectic proportions. Crys-
tallizing these solid assemblages from a basalt with ~50% SiO,
does not change the SiO, content of the resulting liquid,
whereas removing the same cumulates from an andesite with
55 or even 60 wt% SiO, leads to an increase in SiO, in the
derivative liquid. (Note that the variation in Figure 11, taken
out of context, might also be attributed to fractionation from a
common parental magma with Mg# ~ 0.8, however, trace-ele-
ment and isotope variation precludes this possibility.) The high
SiO, and - probably - H,O contents of primitive andesites may
make them difficult to erupt. As they reach the midcrust, be-
come saturated in H,O, and degas, their viscosity must rise
abruptly, leading to slower melt transport and enhanced rates
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of crystallization. For these reasons, primitive andesites may be
more common among melts entering the base of the igneous
crust than among erupted lavas.

It is not clear to what extent this analysis can be extended to
high-Mg# andesite compositions typical of plutonic rocks in
calc-alkaline batholiths. Some Aleutian and Cascades plutonic
rocks are high Sr/Nd, high-Mg# andesites that cannot be pro-
duced via crustal mixing, but high Sr/Nd in these rocks could
arise via incorporation of cumulate plagioclase. Many calc-
alkaline plutonic rocks have relatively low Sr/Nd, and could
be mixtures of lower crustal melts and primitive basalt. Because
plagioclase crystallization leads to decreasing Sr/Nd with de-
creasing Mg#, most calc-alkaline plutonic rocks could also be
derived via crystal fractionation from primitive andesite. There-
fore, the Sr/Nd discriminant between lower crustal melts (low
Sr/Nd) and eclogite melts (high Sr/Nd) is only useful for lavas
that retain high Dy/Yb. Unfortunately, this means that Sr/Nd
cannot be used to determine the extent to which the high-Mg#
andesite composition of continental crust is due to crystal
fractionation from a primitive andesite parent, versus the ex-
tent to which it is due to mixing of primitive basalt and lower
crustal melts.

Why are primitive andesites rare? In Sections 4.21.3.2.5
and 4.21.3.3, we argue that a component derived from partial
melting of subducting sediment and/or basalt is included in
most arc magmas. This is consistent with a substantial body of
work calling upon partial melts of subducting sediment to
explain trace-element enrichments in arc basalts, but inconsis-
tent with the theory that primitive andesites with ‘adakite’
trace-element signatures (Section 4.21.3.2.4), which appar-
ently include tens of percent eclogite melt (Kelemen et al.,
2003b), are only found in arcs with unusually hot subduction
zones - due to subduction of young oceanic crust, very slow
convergence rates allowing substantial time for conductive
heating, and/or discontinuous ‘tears’ that enhance mantle
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On the left, a schematic illustration showing how fractionation of primitive pyroxenite or gabbro from primitive basalt leads to

decreasing Mg# at nearly constant SiO,, while fractionation of the same crystal assemblages from primitive andesite leads to increasing SiO,. On

the right, data from the oceanic Aleutian arc (compiled by Kelemen et al., 2003b) show how variation between lava series from different volcanoes
might arise as a result of this effect. Sources of data for Seguam, Okmok, and Piip volcanoes are given in the caption for Figure 2. Filled symbols
for each volcano were used in power law curve fits. Open symbols were omitted.
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convection in the subducting plate and allow conductive heat-
ing from the side, as well as the top and bottom (e.g., de Boer
etal, 1991, 1988; Defant and Drummond, 1990; Yogodzinski
etal., 1995, 2001, 1994).

If partial melts of subducted material are ubiquitous in arcs,
why do they form large proportions of arc magma in a few
places, and very small proportions (a few percent, e.g., Class
et al., 2000) in most arcs? Following Kelemen et al. (2003b),
we offer the following tentative explanation. Arcs that have
primitive andesites are similar in having slow convergence
rates, and it may be true that many are situated above ‘tears’
in the subducting plate. Most (except the Aleutians) are in
regions of young plate subduction. Thus, the subduction
zone may be unusually hot, and may yield a larger proportion
of partial melt. However, it is hard to imagine that this can
account for a factor-of-ten difference in the proportion of
subduction zone melt in arc lavas. Instead, other factors may
be involved. Slow convergence leads to slow convection in the
mantle wedge, enhancing the amount of conductive cooling.
This could be very important, because of positive feedback:
increased viscosity due to cooling could slow wedge convec-
tion still further. Thus, we suggest that primitive andesites are
found in areas in which the subducting plate is relatively hot,
producing more partial melt, and the overlying wedge is rela-
tively cold, producing less partial melt. In contrast, in normal
arcs, abundant melts derived from the mantle wedge over-
whelm the subduction zone melt signature, except for distinc-
tive isotope ratios and thorium contents carried in partial melts
of sediment.

In addition, as outlined in Sections 4.21.3.1.3 and
4.21.3.1.4, primitive andesites may contain more H,O than
primitive basalts (e.g., Grove et al., 2003). If so, they will be-
come H,O saturated and degas at mid-crustal depths. As a result
of degassing, these magmas will undergo rapid crystal fraction-
ation, so that only evolved andesites and dacites reach the
surface. Also, as a result of degassing together with their rela-
tively high SiO, contents, primitive andesites will become very
viscous in the mid-crust, and this may inhibit their eruption.

4.21.3.3 Trace Elements, Isotopes, and Source
Components in Primitive Magmas

4.21.3.3.1 Incompatible trace-element enrichment

Lava compositions from arcs worldwide share many character-
istics that are, in turn, very distinct from those of MORBs. These
distinctions have been known for decades, and we cannot
hope to provide a comprehensive review of the entire literature
on this topic. However, we wish to use our data compilation to
quantify the differences between arc and MORB lavas. Thus,
cesium, rubidium, radium, barium, thorium, uranium, and
potassium are enriched in most arc lavas relative to MORB,
together with light REEs, potassium, lead, and strontium
(Figure 12). Moderately incompatible elements (middle- to
heavy-REE and titanium) are generally depleted relative to
MORB (Figure 6). These characteristics are present in both
oceanic and continental arcs. Globally, these characteristics are
observed even in the most primitive lavas, and some of the most
enriched lavas in our data set are western Aleutian primitive
andesites with low 37Sr/®°Sr and lead (Yogodzinski et al,
1995) isotope ratios (Kelemen et al., 2003b, 1994). Thus,

it seems likely that the enrichments do not arise mainly as a
result of crustal processes, and instead are present in melts
entering the base of arc crust, and have a sub-Moho origin, at
least in part.

On the basis of a similar reasoning, a host of studies in the
1980s and 1990s were designed to decipher the subcrustal
source of enriched incompatible trace-element contents in
arc magmas. Possible sources of enrichment, relative to the
MORB mantle source, include (1) aqueous fluids derived by
dehydration of subducting metabasalt, (2) aqueous fluids
derived by dehydration of subducting metasediment, (3) aque-
ous fluids derived by dehydration of partially serpentinized
mantle peridotite, (4) hydrous partial melts of subducting
basalt, (5) hydrous partial melts of subducting sediment, and
(6) the presence of ‘enriched mantle’ similar to the various
mantle source components inferred for ocean island basalt.
These could act upon, or mix with (7) fertile mantle peridotite
similar to the MORB source, or (8) mantle peridotite depleted
by melt extraction beneath a mid-ocean ridge and/or a back arc
basin. Given the relatively poorly known (and probably vari-
able) compositions of these various components, their poorly
known (and variable) proportions in a given primary arc
magma, and the poorly known processes through which dif-
ferent components might interact with additional trace-
element fractionation, there may be numerous combinations
of these components which could account for the composition
of a given primary magma. As a result, most authors have tried
to simplify the geochemical interpretation of arc petrogenesis
by concentrating on just a few of these components, whose
interaction might account for much of the trace-element vari-
ability in arc basalts.

(1) Three main components? Using trace-element ratios. Stud-
ies that call upon three principal components in arc basalt
petrogenesis have been particularly influential: (1) aqueous
fluids derived from metabasalt, (2) partial melts of subducting
sediment, and (3) MORB source mantle (e.g., Class et al.,
2000; Ellam and Hawkesworth, 1988a; Elliott, 2003; Elliott
et al.,, 1997, Hawkesworth et al., 1997; Johnson and Plank,
1999; Miller et al., 1994; Plank and Langmuir, 1993, 1998;
Turner et al., 2003, 2000a,c). These studies generally rely on
analyses of both primitive and evolved basalts, and so they use
incompatible trace-element ratios in an attempt to remove the
effects of crystal fractionation. In these studies, one compo-
nent, with relatively low Ba/La and Th/La, and MORB-like
isotope ratios is interpreted as the preexisting mantle source,
prior to fluid and sediment melt enrichment.

Also in these studies, enrichments in ‘fluid mobile’ elements
relative to light REE (e.g., high U/Th, Ra/Th, Ba/La, Pb/Ce, and
St/Nd), are attributed to an aqueous fluid component. In some
arcs and in Elliott's worldwide compilation of ICP-MS data
on arc basalts, this component has isotopic characteristics sim-
ilar to hydrothermally altered MORB (e.g., ¥”Sr/%°Sr~0.7035,
13Nd/'**Nd ~0.5132; 2°°Pb/2%*Pb down of 38).

High boron concentrations and high boron and oxygen-
isotope ratios in the aqueous fluid component relative to the
MORSB source are attributed to hydrothermal alteration in the
fluid source (Bebout et al., 1993, 1999; Domanik et al., 1993;
Eiler et al., 2000; Ishikawa and Nakamura, 1994; Leeman,
1987, 1996; Ryan and Langmuir, 1992; Ryan et al., 1989;
You et al,, 1993, 1995). Our data compilation includes few
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Figure 12 Trace-element concentrations, in ppm, for primitive lavas in our compilation. In general, primitive arc lavas are enriched in Th, Ba, La, Ph, Ce,
Sr, and Nd, compared to average MORB. (Concentrations of these elements in primitive MORB are even lower than the average values.) This is somewhat at
odds with theories invoking separate enrichment processes involving aqueous fluids for Ba, Pb, and Sr, and partial melts of subducting sediment for Th, La,
Ce, and Nd. Diagonal lines illustrate constant trace-element ratios. The overall trends of the compiled data do not diverge dramatically from constant ratios
of these elements (diagonal lines). If anything, ‘fluid-mobile’ Ba, Pb, and Sr show less variation and less enrichment relative to MORB than ‘immobile’ Th and
La. Since all these elements are highly incompatible during melting of eclogite facies sediment and basalt, and in peridotite/melt equilibria, similar
enrichment of all of them is a natural consequence of melting and melt transport. Conversely, because Th, La, Ce, and Nd are less soluble in aqueous fluids
than Ba, Pb, and Sr, dehydration and aqueous fluid transport should fractionate these elements. Large symbols show estimated compositions of fluid
(rectangles) and melt (circles) in equilibrium with eclogite for Marianas (blue) and Aleutians (yellow) at 2 wt% fluid or melt extracted (Table 2b). The size of
the rectangle reflects different partition coefficients used in the estimate. Nd concentration is not calculated and is assumed to be the same as Ce
concentration (not shown in Table 2). Arrow outline labeled ‘plag fr'n’ in diagrams involving Sr reminds readers that even small amounts of plagioclase
crystallization will lead to decreasing Sr together with increasing concentrations of Th and Nd. Symbols as in Figures 1 and 6.
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data on boron and concentration, or on boron and oxygen
isotopes, and so we have not attempted to re-visit these topics.

In contrast, enrichments in ‘fluid immobile’ Th relative to
light REE (e.g., Th/La) and enrichments of light/middle REE
(e.g., La/Sm) are attributed to a partial melt of subducted
material. This component is thought to be a sediment melt
because in some arcs it has isotopic characteristics similar to
subducting sediment (e.g., %”Sr/®°Sr up to 0.706; '**Nd/'**Nd
down to 0.5127; 2°%Pb/?°*Pb ~39.0) and because thorium
enrichments at a given '**Nd/'**Nd are larger than can be
accounted for by simple mixing of mantle peridotite and sed-
iment. The fact that basalt mainly contributes aqueous fluid
whereas the sediment-rich component is mainly transported in
melt might be attributed to the steep thermal gradient at the
top of a subducting plate, in which only the topmost layers are
heated above their fluid-saturated solidus, giving rise to the
aphorism “sediments melt, basalts dehydrate.”

The role of subducted sediment is particularly well docu-
mented for selected high-quality data on arc basalts in which
the high Th/La component has Th/La identical to that in the
subducting sediment column (Plank, 2003). Very efficient
recycling of subducted thorium, together with subducted '°Be
(present only in surficial sediments), has also been taken as
evidence for transport of sediment-derived thorium and beryl-
lium in a partial melt, rather than an aqueous fluid (e.g.,
Johnson and Plank, 1999; Kelemen etal., 1995a); but apparently
in disagreement with Ryan and Chauvel (see Chapter 3.13) and
Schmidt and Poli (see Chapter 4.19).

(2) Two main components? Using trace-element abundance.
In our data compilation, there are many primitive lavas
whose trace-element abundance is minimally affected by crys-
tal fractionation, so we decided to dispense with the use of
ratios such as Ba/La and Th/La. We did this because many arc
lavas are enriched in both light REEs (the denominator) and
barium, thorium, lead, and strontium (the numerator) in
commonly used trace-element ratios. Thus, for example, a
lava with 1 ppm lanthanum, Ba/La of 100, and Th/La of 0.1
has less lanthanum, barium, and thorium than a lava with
50 ppm lanthanum, Ba/La of 20, and Th/La of 0.3. Thus, in
Figures 12 and 13, we plot incompatible trace-element abun-
dances in primitive lavas. These data present a somewhat dif-
ferent picture from the three-component hypothesis outlined
in Section 4.21.3.3.1.

In Figure 13, one can see that oceanic lavas with high Ba/
La generally have lower 87Sr/%°Sr than lavas with high Th/La,
and that in most oceanic arcs, lavas with high Ba/La have low
Th/La and lavas with high Th/La have low Ba/La, as outlined
in Section 4.21.3.3.1. However, almost all data for the oce-
anic Aleutian arc have low 8"Sr/%°Sr (<0.7035) despite a wide
range of Ba/La and Th/La, and the Aleutians show strong
positive correlation between Ba/La and Th/La. Figure 13
also shows that most oceanic arc lavas show positively corre-
lated barium, thorium, lanthanum, and 87Sr/BGSr, while oce-
anic Aleutian arc lavas and continental arc lavas show wide
variation in barium, thorium, and lanthanum, which is not
correlated with 87Sr/SGSr or, for example, 208Pb/zo‘*I’b. Thus,
for example, enrichments in thorium can occur in primitive arc
lavas without incorporation of radiogenic strontium and lead,
(and unradiogenic neodymium) from subducted sediments
(Kelemen et al., 2003b).

High thorium in primitive arc magmas with MORB-like
lead, neodymium, and strontium-isotope ratios, such as in
primitive andesites from the western Aleutians, is probably
‘not” attributable to incorporation of a sedimentary thorium
component, yet it has very similar thorium enrichment
(though lower Th/La) compared with magmas that ‘are’
thought to incorporate thorium derived from subducted sedi-
ment. However, experimental studies of eclogite/aqueous fluid
and peridotite/aqueous fluid partitioning show that thorium is
not very soluble (Ayers etal., 1997; Brenan etal., 1996, 1995a,b;
Johnson and Plank, 1999; Kogiso et al., 1997; Stalder et al.,
1998; Tatsumi and Kogiso, 1997). In contrast, thorium is
strongly enriched in small-degree melts of basalt or sediment
(e.g., Johnson and Plank, 1999; Rapp et al., 1999; Ryerson and
Watson, 1987). For this reason, we attribute thorium enrich-
ment in arc magmas generally to incorporation of thorium in a
partial melt of eclogite facies, subducted basalt ‘and/or’ sediment
(e.g., Kelemen et al., 1993, 2003b). We return to this topic in
Section 4.21.3.3.1.

Somewhat to our surprise, over the past few years several
investigators have found that small-degree partial melts of
eclogite may also have some characteristics normally attrib-
uted to an aqueous fluid component in arc magmas, such as
high Ba/La, Pb/Ce, and Si/Nd (e.g., Kelemen et al., 2003b;
Rapp et al., 1999; Tatsumi, 2000). Thus, it may be difficult to
distinguish between partial melts of eclogite and an aqueous
fluid component using these trace-element ratios. Although we
do not doubt that, for instance, barium, lead, and strontium
‘can’ be fluid-mobile, fluid enrichment of the arc magma
source may not be the dominant control on barium, lead,
and strontium enrichment in arc magmas in our compilation.
Correlation of barium, lead, and strontium with thorium sug-
gests that either ‘fluid’ and ‘melt’ components generally com-
bine in similar proportions worldwide, or that some process
can produce both barium and thorium enrichment simulta-
neously. This observation and its interpretation are very similar
to observations and interpretation of '°Be versus B/Be system-
atics (e.g., Morris et al., 1990).

Most primitive arc lavas have elevated barium, thorium,
lanthanum, lead, cesium, strontium, ‘and’ neodymium, com-
pared to MORBs. Because all these components are incompat-
ible during melting of eclogite or peridotite, while they are
fractionated from each other by fluid/rock partitioning, it
may be that the difference between arc lavas and MORBs is
primarily due to incorporation of a partial melt of subducted,
eclogites facies sediment and/or basalt into the arc magma
source. Where sediments are present, high sediment thorium
and lead concentrations together with distinctive sediment
isotope ratios are likely to impart a sedimentary signature
to melts of subducted material. Where sediments are absent,
Th/La and Pb/Ce are likely to be somewhat lower, and isotope
ratios in subduction zone melts are likely to be closer to those
in the MORB source.

We do not mean to imply that dehydration reactions in
subducting material do not evolve aqueous fluid. However,
much of that fluid may escape into the fore-arc region. And,
certainly, scatter in Figure 12 - with logarithmic axes - is
indicative of a wide range of Ba/Th, Pb/Ce, and Sr/Nd. These
variations may result from additional enrichment of barium,
lead, and strontium (and boron) relative to thorium and light
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Figure 13 Trace-element concentrations in ppm, trace-element ratios, and isotope ratios for primitive arc lavas in our compilation. A high Ba/La, low Th/La component has &7Sr/%°Sr ~. 0.704, while a distinct low
Ba/La, high Th/La component in most oceanic arcs has 87Sr/%Sr ~ 0.706. However, continental arcs, the oceanic Aleutian arc, and some other primitive arc lavas have relatively high Ba/La and Th/La. For most
oceanic arcs, Ba and Th concentration in primitive lavas are correlated (Figure 12) and both are correlated with 87Sr/%6Sr. With very few exceptions, primitive andesites from the oceanic Aleutian arc and from
continental arcs show lower Sr/%8Sr and 2°8Pb/2%4Pb, at a given Ba or Th concentration, compared to lavas from other oceanic arcs at the same Ba or Th concentration. Symbols as in Figures 1 and 6.
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REE in some arcs due to an aqueous fluid component, as
described in Section 4.21.3.3.1.

(3) Melt and fluid compositions and arc mass balance. As
already mentioned, it is particularly important to consider
enrichments in lanthanum and thorium, since these are rela-
tively insoluble in aqueous fluids under subduction-zone con-
ditions (Ayers et al.,, 1997; Brenan et al., 1996, 1995a,b;
Johnson and Plank, 1999; Kogiso et al., 1997; Stalder et al.,
1998; Tatsumi and Kogiso, 1997). Given probable values for
arc magma flux, average arc lava concentrations of these ele-
ments, assumptions about are lower crustal composition, ex-
perimentally measured solubilities for these elements in
aqueous fluids, estimates of the subducting flux of H,O, and
assumptions about the mantle source of arc magmas, it has
often been concluded that aqueous fluids derived from sub-
ducting material cannot explain the magmatic flux of lantha-
num and thorium in arcs (e.g., Elliott, 2003; Elliott et al., 1997;
Hawkesworth et al., 1997; Johnson and Plank, 1999; Kelemen
et al., 1993, 2003b; Plank, 2003; Plank and Langmuir, 1988,
1993, 1998). If true, this is crucial because it requires that
almost all arcs require enrichment of the mantle source in
lanthanum and thorium ‘via some mechanism other’ than
aqueous fluid transport from subducting material.

Because this is so crucial, we offer our own flux calcula-
tions in Table 2. These calculations support previous work
on the subject. Using experimental eclogite/fluid distribution
coefficients, 2-5% fluid equilibrating with the entire section
of subducted oceanic crust+sediments beneath an arc (see,
e.g., Chapter 4.19) could carry the entire excess magmatic
flux (primitive arc basalt — primitive MORB) of barium, lead,
and strontium. Some experimental data have lanthanum
solubilities in subduction fluids just high enough to account
for the excess magmatic lanthanum flux in arcs. However, our
results are consistent with previous calculations showing that
aqueous fluid transport cannot account for the excess mag-
matic thorium flux. Further, our simple calculations support
the idea that aqueous fluid transport should result in large
fractionations of barium from thorium, lead from cesium,
and strontium from neodymium. Thus, calculated fluid
compositions lie at high Ba/Th, Pb/Ce, and Sr/Nd compared
to barium, thorium, lead, strontium, and light REE-enriched
primitive arc lavas (Figure 12). In contrast, transport in 2-5%
melt of basalt+sediment in eclogite facies can account for
excess magmatic flux of barium, thorium, lanthanum, lead,
and strontium, and this mechanism will produce relatively
small fractionations between these different elements. As a
result, calculated melt compositions plot at the enriched end
of the trend from MORB to barium, thorium, lead strontium,
and light REE-enriched primitive arc lavas (Figure 12).

(4) Fluids, melts, or goo above the solvus? The suggestion that
aqueous fluids might play a minor role in arc magma genesis is
apparently at odds with interpretations of data on oxygen iso-
topes versus trace-element enrichment in several arcs (Eiler
et al., 2000). These data were inferred to indicate that enrich-
ment in arcs is via an aqueous fluid, with a relatively high O/Ti
ratio, rather than a silicate liquid with a much lower O/Ti ratio.
However, the Eiler et al. result applies mainly to their relatively
large data set for the Vanuatu arc, and depends on the compo-
sition of depleted boninite magmas, and questionable assump-
tions about mantle source composition (e.g. initial Cr/

(Cr+Al)=0.1). Further, although they did make a successful
model involving melt transport rather than fluid transport,
Eiler et al. (2000) discounted the result because it was appar-
ently at odds with thermal models that rule out melting of
subducting material. In their successful melt transport model,
the melt has 30 wt% H,O, within the range 25-50 wt% H,O
inferred for aqueous fluid saturated melts at 3-5 GPa (Dixon
and Stolper, 1995; Dixon et al., 1995; Kawamoto and Holloway,
1997; Mysen and Wheeler, 2000).

The suggestion that aqueous fluids may not play a key role
in subduction zone petrogenesis may seem at first to be at odds
with the decades-old inference that addition of H,O to the
mantle wedge is one of the key causes of mantle melting and
arc magmatism. However, this is certainly not what we wish to
propose. Instead, as elegantly shown in calculations by Eiler
et al. (2000), the effect of adding H,O to peridotite is very
similar whether the added H,O is in an aqueous fluid or
dissolved in silicate melt. Thus, assuming that the effect of
other possible fluxes such as K,O is second order, if 10%
fluid-fluxed melting requires addition of ~1 wt% fluid with
~90 wt% H,O, then 10% melt-fluxed melting might require
addition of ~3 wt% melt with 30 wt% H,O, or ~wt% melt
with 45 wt% H,O.

About 30-50 wt% H,O in a silicate melt corresponds to
molar H/Si ~3-6, which raises the question, is a fluid-
saturated melt at 3-5 GPa more like an anhydrous melt or an
aqueous fluid? It is possible that the H,O-rich phase generated
via dehydration reactions in subducting plates at 3-5 GPa
might form at conditions where there is no longer a solvus
separating distinct melt and fluid phases (Bureau and Keppler,
1999; Keppler, 1996). In this interpretation, the differences in
experimentally constrained partitioning behavior at subduc-
tion zone pressures, for example, between fluid/eclogite
(Ayers et al., 1997; Brenan et al., 1996, 1995a,b; Johnson and
Plank, 1999; Kogiso et al., 1997; Stalder et al., 1998; Tatsumi
and Kogiso, 1997) and melt/eclogite (Rapp et al., 1999), might
arise as a result of the H,O/silicate ratio in a given experimental
bulk composition, rather the existence of distinct melt and
fluid phases. Alternatively, the traditional interpretation, in
which distinct fluid and melt phases can be present in H,O-
eclogite at, for example, 3-5 GPa and 700-900 °C, may well be
correct.

The presence or absence of a solvus between melt and
fluid in equilibrium with eclogite at high pressure and mod-
erate temperature is likely to be controversial for several years
to come. Meanwhile, the message from our flux calculations
(Table 2) and calculated fluid versus melt compositions
(Figure 12) remains clear: it is easiest to understand the
range of trace-element enrichment in arc lavas, relative to
MORSBEs, if transport of barium, thorium, lead, strontium,
and light REEs from subducted sediment and basalt is mainly
in a phase whose partitioning characteristics are similar
to those measured for relatively H,O-poor ‘melt’/rock, and
different from those measured for relatively H,O-rich
‘fluid’/rock.

4.21.3.3.2 Tantalum and niobium depletion

Tantalum and niobium in arc magmas are depleted relative to
REEs, so that Nb/La and Ta/La are lower than in the primitive
mantle and in MORBs. Depletion of primitive arc magmas in
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Table 2a Arc inputs and outputs assuming 5 wt% H,0 or 5 wt% melt extracted

Aleutians Marianas Izu-Bonin Kermadec Tonga Ref. D
Age My 55 45 45 30 24
Thickness arc crust km 20 20 20 18 12
Material subducted 10% kg km~" year—’ 1321 592 896 1154 1564
Magmatic flux 108 kg km~" year™ 115 140 140 150 113
Magmatic flux km® km~" year—’ 38 47 47 50 38
Excess La kg km~" year™" 292 155 95 503 569
Excess Th kg km~" year" 117 31 209 166 67
Excess Ba kg km~" year~" 20 809 7224 5023 19 823 29 367
Excess Sr kg km~" year" 38016 16 601 12 361 29 106 38075
Excess Pb kg km~" year" 396 83 542 416 619
La flux in fluid kg km~" year" 133 67 106 131 171 1
La flux in fluid kg km~" year~" 679 345 541 673 876 2
Th flux in fluid kg km~" year" 27 10 16 22 23 1
Th flux in fluid kg km~" year~" 52 20 31 42 44 3
Ba flux in fluid kg km~" year" 99 692 15 605 22725 37121 37576 3
Ba flux in fluid kg km~" year~" 47 136 7378 10745 17 551 17 766 2
Sr flux in fluid kg km~" year’ 11 827 5215 7738 10152 13616 1
Sr flux in fluid kg km~" year~" 33566 14 800 21963 28 813 38 646 3
Sr flux in fluid kg km~" year" 37 606 16 581 24 606 32 281 43 297 2
Pb flux in fluid kg km~" year~" 861 323 547 1175 1399 1
Pb flux in fluid kg km~" year" 957 360 609 1307 1556 3
La flux in melt kg km~" year~" 2689 1364 2143 2662 3465 4
Th flux in melt kg km~" year" 356 134 209 287 300 4
Ba flux in melt kg km~" year~" 72 557 11 358 16 540 27017 27 348 4
Sr flux in melt kg km~" year™' 79 353 34988 51922 68 117 91 363 4
Pb flux in melt kg km~" year" 573 215 364 782 931 4

Note: Arc ages from Jarrard (1986), except Aleutians, which is from Scholl et al. (1987). Material subducted is calculated assuming 7-km thick subducting oceanic crust with densities
0f 3.0 g cm~; sediment thicknesses and densities from Plank and Langmuir (1998); subduction rates from England et al. (2003). Magmatic flux is calculated using arc crust thickness
from Holbrook et al. (1999) (Aleutians), Suyehiro et al. (1996) (Izu-Bonin) and Plank and Langmuir (1988) (Marianas, Kermadec and Tonga), subtracting 6 km preexisting oceanic
crust, and assuming a 150-km arc width. Excesses of selected trace elements are calculated subtracting abundances in N-MORB (Hofmann, 1988) from average abundances in
primitive arc basalt (Table 1). Trace-element fluxes in fluid and melt are calculated assuming modal batch melting (5% in Table 2a, 2% in Table 2h). Because estimates of partition
coefficients (Ds) between eclogite and fluid are highly variable, more than one value was used for each element. References for the values used are listed in the column labeled Ref. D.
Partition coefficients are from (1) Ayers (1998), (2) Stalder et al. (1998), (3) Brenan et al. (1995b), and (4) Kelemen et al. (2003b). Average composition for Izu Bonin primitive basalt is
not included in Table 1 (too few analyses) and is (in ppm) La=4.57, Th=1.68, Ba=49.75, Sr=201.49, Pb=4.36.

Table 2b Arc inputs and outputs assuming 2 wt% H,0 or 2 wt% melt extracted

Aleutians Marianas Izu-Bonin Kermadec Tonga Ref. D
La flux in fluid kg km~" year" 52 26 42 52 67 1
La flux in fluid kg km~" year™ 284 144 226 281 366 2
Th flux in fluid kg km~" year" 1 4 6 9 9 1
Th flux in fluid kg km~" year" 22 8 13 17 18 3
Ba flux in fluid kg km~" year! 99012 15499 22 570 36 868 37320 3
Ba flux in fluid kg km~" year™ 25.678 4019 5853 9561 9679 2
Sr flux in fluid kg km~" year~! 4811 2121 3148 4130 5539 1
Sr flux in fluid kg km~" year™" 15 009 6618 9820 12883 17 280 3
Sr flux in fluid kg km~" year~! 17131 7553 11209 14705 19723 2
Pb flux in fluid kg km~" year™" 621 233 395 848 1010 1
Pb flux in fluid kg km~" year! 764 287 486 1044 1243 3
La flux in melt kg km~" year™" 1466 744 1168 1451 1889 4
Th flux in melt kg km~" year" 264 99 155 212 223 4
Ba flux in melt kg km~" year 50 570 7916 11528 18 830 19 061 4
Sr flux in melt kg km~" year! 44 852 19776 29 347 38 501 51 640 4
Pb flux in melt kg km~" year™" 321 121 204 438 522 4

Data sources and calculations as in Table 2a. Concentration ranges in fluids and concentrations in melts shown in Figure 12, are calculated as flux divided by water/melt mass.
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tantalum and niobium relative to lanthanum and thorium
(Figure 14) is ubiquitous (a few niobium-enriched lavas - e.g.,
Kepezhinskas et al., 1997 - form a distinct anomaly, which will
not be discussed in this chapter). For this reason, and because
thorium, tantalum, and niobium are relatively immobile in low-
temperature alteration of basalts, low Nb/Th and Ta/Th have
been used as discriminants between arc magmas and both ocean
island basalts and MORBs, to constrain the provenance of lavas
where tectonic accretion has obscured their original setting (e.g.,
Pearce, 1982; Pearce and Peate, 1995).

While tantalum and niobium are relatively depleted, com-
pared to other incompatible elements, many primitive arc
magmas have higher tantalum and niobium concentrations
than MORB (Figure 14). This is particularly true of primitive
continental arc lavas, both basalts and andesites. Oceanic arc
lavas tend to have tantalum and niobium concentrations as
low as or lower than MORBs, and elevated lanthanum concen-
trations compared to MORBs.
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Figure 14 Relative depletion of Nb relative to Th and La in primitive arc
lavas compared to MORB. For samples without Nb analyses (mostly,
Aleutian data), we estimated Nb ~17*Ta. Primitive andesites have
among the highest Th/Nb and La/Nb in the compiled data. Nb, Ta, and La
concentrations are all higher than MORB in some continental arc lavas; in
most oceanic arc lavas, including Aleutian primitive andesites, Nb and Ta
concentrations are similar to or less than in MORB, while La is enriched
compared to MORB. Symbols as in Figures 1 and 6.

Depletion of tantalum and niobium relative to other in-
compatible elements in arc lavas has been ascribed to many
processes (review in Kelemen et al., 1993) including (1) crystal
fractionation of Fe-Ti oxides in the crust, (2) fractionation of
titanium-rich hydrous silicates such as phlogopite or horn-
blende in the mantle or crust, (3) extensive chromatographic
interaction between migrating melt and depleted peridotite,
(4) the presence of phases such as rutile or sphene in the
mantle wedge (Bodinier et al., 1996), (5) relative immobility
of tantalum and niobium relative to REE and other elements in
aqueous fluids derived from subducting material, (6) inher-
ited, low Ta/Th and Nb/Th from subducted sediment (Plank,
2003), and (7) the presence of residual rutile during partial
melting of subducted material.

Primitive basalts have not been affected by extensive FeTi
oxide fractionation in the crust, and they have magmatic tem-
peratures too high for amphibole or biotite crystallization,
ruling out (1) and (2) in the previous paragraph. Chromato-
graphic fractionation of niobium and tantalum from thorium
and lanthanum requires melt/rock ratios ~10~>, and thus -
given estimated arc fluxes - requires that parental arc magmas
react with the entire mass of the mantle wedge during ascent
(Kelemen et al., 1993), so (3) seems unlikely. Consistently low
Nb/La and Nb/Th is observed in arc magmas, even in primitive
basalts that are hot and far from rutile saturation at mantle
pressures (Kelemen et al., 2003b), eliminating (5) for most arc
basalts. Finally, as noted above, lanthanum and thorium en-
richment in arc magmas probably occurs via addition of a melt
from subducting sediment or basalt in eclogite facies, and not
via aqueous fluid metasomatism, so high La/Nb and Th/Ta
does not arise as a result of fluid/rock fractionation (6).
In some arc lavas, it appears that niobium, tantalum, and
lanthanum concentrations are equally enriched, compared to
MORBEs, and thus low Nb/La and Ta/La in these may be due to
transport of all these elements in a melt of subducted conti-
nental sediment without residual rutile (Johnson and Plank,
1999). If so, however, this raises the question of how low Nb/
La and Ta/La originally formed in the continents. Suites with-
out a strong signature of recycled sediment (many oceanic arc
lavas and, particularly, primitive Aleutian andesites) generally
show lanthanum enrichment without niobium and tantalum
enrichment, relative to MORBs.

For these reasons, if a single explanation for niobium and
tantalum depletion in primitive arc lavas is to be sought, we
prefer hypothesis (7), fractionation of niobium and tantalum
from other highly incompatible elements via partial melting of
subducting eclogite facies basalt or sediment with residual
rutile (Elliott et al., 1997; Kelemen et al., 1993; Ryerson and
Watson, 1987; Turner et al., 1997). If this inference is correct, it
follows that nearly all arc magmas include a component de-
rived from partial melting subducted material in eclogite facies,
with residual rutile.

4.21.3.3.3 U-series isotopes

There have been numerous recent papers and reviews on
U/Th, U/Pa, and Ra/Th isotopic disequilibrium in arc lavas
(Bourdon et al., 1999, 2000; Clark et al., 1998; George et al.,
2003; Gill and Condomines, 1992; Gill and Williams, 1990;
Newman et al., 1984, 1986; Reagan and Gill, 1989; Reagan
et al., 1994; Regelous et al., 1997; Sigmarsson et al., 2002,
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1990, 1998; Thomas et al, 2002; Turner et al., 2003,
2000a-c, 2001, 1997; Turner and Foden, 2001). This is
a complicated topic, and we cannot provide sufficient back-
ground information to make it accessible to a nonspecialist.
However, because these data have bearing on other topics
covered in this chapter, we summarize our understanding
of recent work in this section. An explanation of the basic
principles governing U-series fractionation and isotopic
evolution is given by Spiegelman and Elliott (see
Chapter 4.15).

Several recent papers have emphasized the presence of sub-
stantial ??°Ra excess (over parent 2°Th) in arc lavas. In the
Marianas and Tonga arcs, *°Ra excess correlates with Ba/La,
Ba/Th, and Sr/Th (George et al., 2003; Sigmarsson et al., 2002;
Turner et al., 2003, 2000a-c, 2001; Turner and Foden, 2001).
As a result, ?>°Ra excess is linked in these papers to the trans-
port of a fluid component from subducted material to arc
volcanoes in less than a few thousand years.

The argument that ??°Ra excess is generated by deep,
subduction-zone processes is particularly compelling for lavas
from southern Chile, in which 10Be/ °Be correlates with 22°Ra
excess, suggesting that a component derived from young, sub-
ducted sediment may reach arc volcanoes in 1000 or 2000
years (Sigmarsson et al., 2002). In contrast, a data set on
beryllium- and uranium-series isotopes from the Aleutian arc
does not show correlation of *?°Ra excess and '°Be/’Be
(George et al., 2003). Unfortunately, Sigmarsson et al. (2002)
do not report sufficient geochemical data to evaluate whether
Ba/La is high in lavas with high 2*°Ra excess as in other data
sets, and/or whether Th/La and Th/Ba are high as in the pro-
posed sediment melt component (Section 4.21.3.3.1), which
might transport '°Be. If the high ??°Ra component in the
southern Andes has high barium ‘and’ thorium, we would
propose that radium, barium, thorium, and beryllium are all
carried in a partial melt of subducted sediment or basalt, not in
an aqueous fluid.

Transport of fluid and/or melt from the subduction zone
directly beneath an arc to the surface in approximately one
halflife of 2?°Ra requires transport rates of order
~100m year ', and this cannot be sustained during diffuse
porous flow of melt through peridotite at porosities < ~0.03.
Instead, melt flow must be focused into high porosity conduits
or cracks (Sigmarsson et al., 2002; Turner et al., 2001). It has
been claimed that velocities ~100 m year™' require flow of
melt in fractures rather than via porous flow (e.g., Sigmarsson
et al., 2002). However, simple calculations show that if melt/
fluid viscosity is~ 2 Pa s, density contrast between mantle and
fluid/melt is ~500 kg m~* and mantle grain size is between 4
and 10 mm; the velocity of buoyancy-driven porous flow of
melt through mantle peridotite will exceed 100 m year™' at
porosities of 0.09-0.035 (Kelemen et al., 1997a). Estimates of
porous flow velocity depend on uncertain parameterizations of
mantle permeability, poorly constrained grain size in the man-
tle wedge, and so on. Nonetheless, it is apparent that even if
all ?°Ra excess arises from dehydration and/or partial melting
in subduction zones at a depth of ~100 km, and 226Ra
excess data require transport in less than one half-life of
226Ra (1600 year), this result cannot be used to discriminate
between transport in fractures versus focused flow in high-
porosity conduits.

In addition, while the currently accepted interpretation may
well be correct, the present understanding of U-series data in
arcs is reminiscent of early work on 226Ra excess in MORB, in
which it was suggested that ?°Ra excess forms during the
initial stages of decompression melting, ~100 km below the
seafloor, and is transported to ridge lavas in less than a few
thousand years (e.g., McKenzie, 1985; Richardson and McKenzie,
1994). Currently available data on young MORB show a
negative correlation between 22°Ra excess and 2*°Th excess (e.g.,
Sims et al., 2002). Because 2*°Th excess is probably formed by
melting or melt/rock reaction involving garnet peridotite (e.g.,
McKenzie, 1985; Spiegelman and Elliot, 1992), garnet pyroxenite
(e.g., Hirschmann and Stolper, 1996; Lundstrom et al., 1995), or
fertile, high-pressure clinopyroxene (e.g., Turner et al., 2000b;
Wood et al., 1999), the negative correlation between 2*°Th and
22%Ra excesses may be indicative of a role for shallow-level pro-
cesses in the generation of >*°Ra excess (e.g., melt/rock reaction in
the shallow mantle, interaction with lower crustal plagioclase
(Jull et al.,, 2002; Lundstrom, 2000; Lundstrom et al., 2000,
1995, 1999; Saal et al., 2002; Spiegelman and Elliot, 1992;
Van Orman et al., 2002). As a result, ?°Ra excess may not be
a reliable indicator of melt transport velocities in the mantle
beneath mid-ocean ridges (see Chapter 4.15).

Arc lavas, like MORB, also show a negative correlation
between 2?°Ra exceso and ?*°Th excess (or 1/2®U excess),
allowing for some **°Ra decay (George et al., 2003; Reagan
et al., 1994; Sigmarsson et al., 2002; Turner et al., 2003,
2000a,c, 2001) (Figure 15). Since the generation of ?*°Th
excess probably involves garnet and/or fertile clinopyroxene
at pressures of 2 GPa or more, we anticipate the evolution
of theories in which 2*°Th excess forms deep, while shallow
processes play a role in generating **>*U and ?*°Ra excess
in arc lavas, as well as in MORB. However, because radium,
thorium, and uranium concentrations are higher in most arc
lavas than in MORB, shallow-level processes capable of
generating 2*®U and ??°Ra excess in arcs may differ from
those beneath mid-ocean ridges. Thus, reaction between
ascending melt and anhydrous mantle peridotite may not
be capable of generating large ??°Ra and 2*®U excesses in
primitive arc lavas (Thomas et al., 2002), and assimilation
of young plagioclase may also be an unlikely explanation for
226Ra excess in arc lavas (e.g., George et al., 2003). However,
steady-state diffusive gradients involving radium- and barium-
rich minerals such as phlogopite or biotite could produce
226Ra excess correlated with high Ba/La in melts interacting
with the upper mantle or lower arc crust (Feineman
and DePaolo, 2002). In this interpretation, relatively high
Sr/Th in Marianas and Tonga lavas with high *?°Ra excess
(Turner et al., 2003) might be due to interaction with both
biotite and plagioclase. Because radium and barium are
geochemically similar to each other, and very different
from thorium and lanthanum, there may be other processes
that result in enrichment of radium and barium relative
to thorium and lanthanum. From this perspective, not all
lavas with high Ba/La and Ba/Th necessarily record selective
enrichment of barium via aqueous fluid metasomatism in
the mantle source.

If 22°Ra excess were ‘always’ the result of relatively shallow
processes, then correlation of high '°Be/’Be with high ?*°Ra
excess in southern Chilean lavas would imply a shallow source
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Figure 15 2?5Ra excess versus 2%°Th excess in MORB and arc magmas. MORB data compiled by Sims et al. (2002). Arc data compiled by Turner et al.
(2003). 2%°Ra decay may explain very low ?2°Ra excess in some lavas. However, the highest 22°Ra excess at any given 22°Th/2%%U shows a negative

correlation with 23°Th excess. In the MORB data, 2°°Th excess may arise at depths of 2-3 GPa, via U/Th exchange between melt and garnet, or melt and
high-pressure fertile clinopyroxene compositions. Lavas with high 22Ra excess do not show this high-pressure signature, and so many hypotheses call
upon shallow melt/mantle interaction, or even lower crustal processes, to explain the genesis of 22°Ra excess. Similar theories have been advanced to

explain the arc data. See text for discussion and references.

for '°Be enrichment as well. Some of the Chilean samples
analyzed for **°Ra (Sigmarsson et al, 2002) are evolved
(Stern and Kilian, 1996), and not enough data are presented
to determine whether any of the other Chilean samples are
primitive or not. While excess **°Ra and '°Be may be trans-
ported from subduction zone depths in some arcs, it may also
be worthwhile to reevaluate the extent to which some evolved
magmas interact with meteoric water, or assimilate alteration
products that have high ?*°Ra excess and high '°Be/’Be.

It is not yet clear whether high-thorium primitive lavas
worldwide have high 2*°Th excess or not. 2*°Th excess has
been observed in a few arc lavas, notably primitive andesites
from Mt. Shasta in the southern Cascades (Newman et al.,
1986), and high-Mg# andesites from the Austral Andes in
southernmost Chile (Sigmarsson et al., 2002). This is consis-
tent with the hypothesis that primitive andesites contain a
substantial proportion of partial melt from a source rich in
residual garnet, such as subducting, eclogite facies sediment,
and/or basalt (Section 4.21.3.2.5).

Substantial 22°Th excess is also observed in some primitive
basalts from Central America (Thomas et al., 2002). If primi-
tive basalts do not include a substantial eclogite melt compo-
nent, then the 23°Th excess in Central American basalts might
reflect melting or melt/rock reaction in the presence of garnet
in the mantle wedge. (Another alternative is that *°Th excess
arises as a result of melting, or melt/rock reaction, in the
presence of fertile high-pressure clinopyroxene; Turner et al.,

2000b; Wood et al,, 1999.) Two factors favor a potentially
large role for garnet in the mantle wedge, compared to the
melting region beneath mid-ocean ridges. First, relatively
high H,O fugacity in the mantle beneath most arcs lowers
mantle solidus temperatures at a given pressure. Because of
the positive pressure/temperature slope of reactions such as
pyroxene+spinel = olivine+ garnet, lower solidus temperature
lowers the minimum depth at which garnet can be stable on the
arc mantle solidus (e.g., Gaetani and Grove, 1998). Second,
theoretical considerations suggest that both porous and/or frac-
ture transport of melt in the mantle wedge to the base of arc crust
might be diagonal, beginning at depths of 150 km or more
beneath the back arc region (Davies, 1999; Spiegelman and
McKenzie, 1987). Thus, the maximum pressure of mantle melt-
ing beneath an arc may not be constrained by the depth to the
subduction zone directly beneath the arc. Because the maximum
pressure of melting might be as large or larger beneath arcs, and
the minimum pressure of garnet stability on the mantle solidus is
probably lower beneath arcs, the interval in which garnet could
react with arc melts is probably larger beneath arcs compared to
ridges. We will return to this point in Section 4.21.3.3.4.

More generally, arc lavas show 2*%U excess, usually inter-
preted to be indicative of high U/Th solubility in aqueous
fluids derived from subducting material. >°Ra excess is corre-
lated with 238U excess in most data sets on historically erupted
lavas. Thus, if ?2°Ra excess is formed at great depth, it is likely
(though not required; see Thomas et al., 2002) that 2**U excess


Figure&nbsp;15

One View of the Geochemistry of Subduction-Related Magmatic Arcs 781

is also formed at depth. Conversely, shallow processes that
fractionate thorium from radium could also fractionate tho-
rium from uranium.

4.21.3.3.4 Geodynamic considerations

Theory and observation were in conflict, and theory seemed to get
the better of it.

Fenner (1937, p. 166)

Since the 1980s, most geochemists and petrologists work-
ing on arcs have considered partial melting of subducted ma-
terial to be relatively unusual, and absent beneath most
modern arcs. This is based on three main lines of reasoning.

First, very few arc lavas show strong heavy REE/middle REE
depletion, but such depletion is predicted and observed in
melts of eclogite or garnet amphibolite (e.g., Gill, 1974,
1978; Kelemen et al., 2003b; Rapp et al., 1999). In addition,
partial melts of subducted material are likely to be granitic
(e.g., Johnson and Plank, 1999; Nichols et al., 1994; Rapp
etal.,, 1999; Rapp and Watson, 1995), and close to H,O satura-
tion at 3 GPa or more, with ~25-50 wt% H,O (Dixon and
Stolper, 1995; Dixon et al., 1995; Kawamoto and Holloway,
1997; Mysen and Wheeler, 2000). In these ways, no arc
magma resembles a fluid-saturated melt of sediment or basalt
in eclogite facies.

Second, because many dehydration reactions in the sub-
ducting plate may be complete by 2 GPa, it is not evident that
free fluid will be available to facilitate fluid-saturated melting
(e.g., Davies and Stevenson, 1992; Peacock et al., 1994; Rapp
and Watson, 1995).

Third, thermal models for arcs published between 1980
and 2002 uniformly indicate that the top of the subducting
plate in ‘normal’ subduction zones (convergence rate-
>0.03 m year ', subducting oceanic crust older than 20 Ma)
does not reach temperatures above the fluid-saturated solidus
for metabasalt or metasediment (see reviews in Kelemen et al.,
2003a; Peacock, 1996, 2003; Peacock et al., 1994).

Recently, all three of these lines of reasoning have been
challenged.

First, modeling of reaction between heavy REE-depleted
melts of eclogite facies basalt or sediment and mantle peri-
dotite shows that heavy REE abundances rise to levels in
equilibrium with spinel peridotite at melt/rock ratios <~0.1,
while the light REEs and other highly incompatible elements
are almost unaffected (Kelemen et al., 1993, 2003b). Thus,
primitive arc lavas with flat, middle to heavy REE patterns at
low abundance, and light REE enrichment, could be formed
by reaction between a partial melt of subducted material and
the overlying mantle wedge. In addition, anatectic, H,O-rich
melts of subducting sediment or basalt will both decompress
and heat up as they rise into the overlying mantle. This
‘super-adiabatic’ ascent may enhance melt/rock reaction, lead-
ing to a net increase in the liquid mass (Grove et al., 2001,
2003; Kelemen, 1986, 1990, 1995; Kelemen et al.,, 1993,
2003b). Thus, major elements in hybrid melts may be pri-
marily derived from the mantle wedge, while highly incom-
patible trace elements may reflect the original, eclogite facies
residue.

Note that the conclusion of the previous paragraph seems
to be somewhat at odds with Section 4.21.3.3.3, in which it
was proposed that *?°Ra and 2*®U excesses might arise via
some shallow process. If this were so, then presumably other
incompatible-element concentrations would also be affected
by this shallow process. However, based on data from
Newman et al. (1984) and Sigmarsson et al. (2002), we
anticipate that primitive andesites with a substantial eclogite
melt component will have 2>°Th excess and little or no **°Ra
excess.

Second, it is now apparent that continuous dehydration
reactions involving hydrous phases in metasediment and
upper oceanic crust with higher pressure stability than glau-
cophane plus extensive solid solution, such as lawsonite,
chloritoid, phengite, and zoisite, provide a small but nearly
continuous source of fluid from shallow depths to those
exceeding ~250 km (review in Chapter 4.19). In addition,
hydrous phases such as serpentine and talc in the uppermost
mantle of the subducting plate have an extensive stability
field extending to high pressure, and will continue
to dehydrate due to conductive heating of the cold interior
of the subducting plate to depths up to ~200 km (review in
Chapter 4.19). Finally, aqueous fluid may not be wetting in
eclogite facies assemblages with abundant clinopyroxene.
H,O-rich fluid in clinopyroxenite does not become intercon-
nected until fluid fractions exceeding 7 vol% (Watson and
Lupulescu, 1993). Thus, some of the H,O evolved by dehy-
dration reactions may remain within the metamorphic pro-
tolith until melting increases the permeability and permits
H,O dissolved in the melt to escape the subducting slab by
porous flow (Kelemen et al., 2003b), or until enough low-
density interconnected aqueous fluid is present to fracture the
overlying rock due to fluid overpressure (Davies, 1999). Thus,
although some of the processes described in this paragraph
are highly speculative, it is likely that through some combi-
nation of these processes, aqueous fluid is present to flux
melting of subducting material at depths shallower than
~200-300 km.

Third, computational and theoretical advances have made
it possible for thermal models to incorporate temperature-
dependent viscosity, and/or non-Newtonian viscosity, in the
mantle wedge (Conder et al., 2002; Furukawa, 1993b; Furukawa
and Tatsumi, 1999; Kelemen et al., 2003a; Kincaid and Sacks,
1997; Rowland and Davies, 1999; van Keken et al., 2002). This
has several important effects, among them eliminating the
necessity for prescribing the thickness of a rigid upper plate
(Kelemen et al., 2003a). When the lithosphere in the upper
plate is allowed to ‘find its own thickness,” this results
in upwelling of the mantle to shallow depths near the wedge
corner, so that asthenospheric potential temperatures extend to
depths as shallow as 40 km beneath the arc. We think that these
models are preferable to previous isoviscous models because
they provide a much closer match to the high metamorphic
temperatures recorded in exposures of arc Moho and lower
crust (Kelemen et al., 2003a) and to calculated arc melt/mantle
equilibration conditions (~1300°C at 1.2-1.5 GPa; Bartels
et al.,, 1991; Draper and Johnston, 1992; Elkins Tanton et al.,
2001; Sisson and Bronto, 1998; Tatsumi et al., 1983). They
also provide an explanation for the anomalously slow seismic
structure observed in the uppermost mantle beneath arcs
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(e.g., Zhao et al., 1992, 1997), for the high heat flow in arcs
(Blackwell et al., 1982; Furukawa, 1993b), and for the sharp
gradient in the transition to very low heat flow in fore arcs
(Kelemen et al., 2003a).

The most recent of these models predict temperatures in the
wedge and the top of the slab that are significantly higher
compared to isoviscous models. Predicted temperatures are
higher than the fluid-saturated solidus for both basalt and sed-
iment (Johnson and Plank, 1999; Lambert and Wyllie, 1972;
Nichols et al., 1994; Schmidt and Poli, 1998; Stern and Wyllie,
1973) near the top of the subducting plate directly beneath arcs
at normal subduction rates and subducting plate ages (Kelemen
et al., 2003a; van Keken et al., 2002). It would be premature
to conclude that the tops of most subducting plates cross the
fluid-saturated solidus directly beneath arcs, because this is an
area of ongoing research. Also, it is not clear that subducting
metasediment and/or metabasalt are fluid-saturated at these
depths. And, even if fluids are present, natural rocks might
evolve fluids with H,O activities lower, and melting tempera-
tures higher, than in most melting experiments (Becker et al.,
1999, 2000; Johnson and Plank, 1999). Nonetheless, it is clear
that thermal models should no longer be invoked to ‘rule out’
partial melting of subducted material in eclogite facies.

Our community has been focused for a long time on very
simple pictures of subduction. While this is expedient for
maintaining sanity, it is intriguing to speculate briefly on the
possibility of solid material transfer across the Benioff zone
(Figure 16). Several decades ago, geochemists suggested that
physical mixing of a few percent sediment with peridotite in
the mantle wedge beneath arcs could account for many geo-
chemical features of arc lavas (Armstrong, 1981; Kay, 1980).
Indeed, by analogy with predicted gravitational instability of
dense lower crust (e.g., Arndt and Goldstein, 1989; DeBari and
Sleep, 1991; Ducea and Saleeby, 1996; Herzberg et al., 1983;
Kay and Kay, 1988, 1991, 1993, 1985; Turcotte, 1989), sub-
ducting sediment may ‘delaminate’ and rise into the overlying
mantle wedge. Subducting sediment in eclogite facies is likely
to be substantially less dense than the overlying mantle. Thus,
viscous density instabilities will arise provided subducting sed-
iment layers have thicknesses of 100 m to 1km, once the
overlying mantle viscosity becomes less than some critical
value. For example, our calculations (Jull and Kelemen,
2001) suggest that for density contrasts of 50-150 kgm™>
and background strain rates~107'%, a 1-km-thick layer of
subducting sediment would form unstable diapirs and rise
into the overlying mantle at ~750 °C. This process will lead
to mechanical mixing of sediment and mantle peridotite. In
addition, rising, heating diapirs of sediment would certainly
undergo partial melting in the mantle wedge.

In another mechanism of solid transfer across the Benioff
zone, imbrication of the subduction thrust at shallow depth, or
downward migration of the subduction shear zone at greater
depth, may transfer material from the top of the downgoing
plate into the hanging wall, reducing its convergence velocity
and allowing more time for conductive heating (Figure 16).

‘Subduction erosion” may transfer relatively hot, middle to
lower crust from the fore-arc (metasediment, etc.) or the arc
(garnet granulite, and pyroxenite) to the top of the subducting
plate (Clift and MacLeod, 1999; Ranero and von Huene, 2000;
Vannucchi et al., 2001; von Huene and Scholl, 1991, 1993)

(Figure 16). Because this material has a low melting point
compared to the mantle but is already hot compared to the
top of the subducting oceanic crustal section, conductive heat-
ing will take it above its fluid-saturated solidus in a relatively
short time, while fluid may be supplied from the underlying
subducting plate. Similarly, although it is not ‘subduction,’
delamination of dense crustal cumulates could lead to trans-
formation of gabbroic rocks into eclogites, followed by heat-
ing, and partial melting (Gromet and Silver, 1987; Kay and
Kay, 1993), as descending diapirs become entrained in the
ductile flow of the mantle wedge (Figure 16).

Another important consideration is that partial melts of
subducted material do not necessarily rise vertically through
the mantle wedge from the subduction zone to the base of arc
crust. One might expect initial trajectories to trend diagonally
upward, away from the trench, due to the sum of buoyancy-
induced upwelling and diagonal downward solid flow in the
mantle wedge. Higher in the wedge, theoretical considerations
suggest that both porous flow and fracture transport of melt
would be diagonally upward, toward the trench (Davies, 1999;
Spiegelman and McKenzie, 1987). This diagonal, trenchward
upwelling would be enhanced if solid flow in the upper
part of the mantle wedge is also diagonally upward toward
the trench, as is predicted from models incorporating a
temperature-dependent mantle viscosity (Conder et al., 2002;
Furukawa, 1993b; Furukawa and Tatsumi, 1999; Kelemen
et al., 2003a; Kincaid and Sacks, 1997; Rowland and Davies,
1999; van Keken etal., 2002). As a result, it may be a mistake to
concentrate solely on whether subducted material exceeds its
fluid-saturated solidus directly beneath an arc. Instead, if sub-
ducted material crosses the solidus at 150 or even 250 km,
the resulting melt might be transported diagonally to the
base of arc crust.

In summary, for a variety of reasons, it is unwarranted to use
geodynamical models to rule out partial melting of eclogite
facies sediment, basalt, or lower crustal gabbro beneath arcs.
Meanwhile, we believe that geochemical data on primitive arc
lavas are best understood if a partial melt of subducted sediment
and/or basalt (and/or gabbro) is the primary medium for trans-
port of incompatible trace elements into the mantle wedge.

4.21.4 Arc Lower Crust

Ever clearer became the danger of restricting attention to the
‘observed facts’. Direct observations are usually restricted to ... a
two-dimensional field. .. .Three dimensional it must be, in any case,
even at the cost of one’s peace of mind—even at the cost of risking
the quagmire of speculation about the invisible and intangible.
There is, indeed, no other way. By declining Nature’s own invitation
to think intensively about her third dimension, petrologists have
‘lost motion’ and have held back the healthy progress of their
science. What petrology needs is controlled speculation about the
depths of the Earth.

Reginald A. Daly,
Igneous Rocks and the Depths of the Earth
(Daly, 1933)

To reason without data is nothing but delusion.
Arthur Holmes,
The Age of the Earth
(Holmes, 1937, p. 152)
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Figure 16 Schematic illustration of mechanisms for transfer of sediments, volcanics, and/or lower crustal gabbros into the mantle wedge from the
subducting plate and the base of arc crust. The thick black line indicates the position of the ‘subduction zone’; below this line, material subducts at the
convergence velocity. Above this line, material is carried downward more slowly. Any process leading to slow transport of low-melting point
metasediment, metabasalt, or metagabbro into the mantle wedge would lead to partial meeting of this material beneath an arc.

4.21.4.1 Talkeetna Arc Section

Although there are outcrops of middle to lower crustal plutonic
rocks with arc provenance in many places (e.g., DeBari, 1994;
DeBari et al., 1999; Pickett and Saleeby, 1993, 1994), in this
part of the chapter we will concentrate on data from the
Talkeetna (south-central Alaska) and Kohistan (Pakistan
Himalaya) arc crustal sections (e.g., Bard, 1983; Barker and
Grantz, 1982; Burns, 1985; Coward et al.,, 1982; DeBari and
Coleman, 1989; DeBari and Sleep, 1991; Jan, 1977; Miller
and Christensen, 1994; Plafker et al., 1989; Tahirkheli, 1979).
Both regions preserve tectonically dissected but relatively
complete sections, from volcanics and sediments at the top
to residual mantle peridotites near the base. Metamorphic

equilibria at the Moho in both sections record conditions
of ~1000 °C and 1-1.2 GPa. In addition, high P/T metamor-
phism, with pressure perhaps as high as 1.8 GPa, may be
recorded by the Jijal complex, along the Main Mantle thrust
at the base of the Kohistan section (Anczkiewicz and Vance,
2000; Ringuette et al., 1999; Yamamoto, 1993) and by late
veins in the Kamila amphibolites (Jan and Karim, 1995); this is
probably related to continental collision and exhumation of
high P rocks along the Indian-Asian suture zone (Gough et al.,
2001; Treloar, 1995; Treloar et al., 2001). Because we are most
familiar with the Talkeetna section, we will emphasize data
from our recent studies there, with supporting data from the
Kohistan section.
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The Talkeetna section represents an arc fragment, ranging in
age from ~200 to ~ 175 Ma that was accreted along the North
American margin and is now exposed in south central Alaska
and along the Alaska Peninsula (Barker and Grantz, 1982;
Detterman and Hartsock, 1966; Grantz et al.,, 1963; Martin
et al.,, 1915; Millholland et al., 1987; Newberry et al., 1986;
Nokleberg et al., 1994; Palfy et al., 1999; Plafker et al., 1989;
Rioux et al., 2002b, 2001b; Roeske et al., 1989). The general
geology and petrology of the Talkeetna section has been sum-
marized by Burns (1983, 1985), Burns et al. (1991), DeBari
(1990), DeBari and Coleman (1989), DeBari and Sleep
(1991), Newberry et al. (1986), Nokleberg et al. (1994),
Pavlis (1983), Plafker et al. (1989), and Winkler et al.
(1981). It is bounded to the north, along a contact of uncertain
nature, by the accreted Wrangellia terrane. To the south, the
Talkeetna arc section is juxtaposed along the Border Ranges
Fault with accretionary wedge melanges, the Liberty Creek,
McHugh, and Valdez complexes. This major fault has been a
thrust and a right lateral strike-slip fault. Although the Bor-
der Ranges Fault is near vertical at present, a flat-lying klippe
of gabbroic rocks, almost certainly derived from the Talk-
eetna section, overlies the McHugh complex in the Chugach
Mountains north of Valdez. This is called the Klanelnee-
china klippe.

Preliminary data suggest no inheritance in 200-180 Ma
zircons from Talkeetna plutonic rocks (Rioux et al., 2001a,
2002a). The small contrast between neodymium isotopes in
Talkeetna gabbros with neodymium isotopes for Jurassic
MORB resembles the small neodymium isotope difference
between Marianas arc lavas and present-day MORB (Greene
et al.,, 2003). Small bodies of metaquartzite and marble in-
truded by Talkeetna plutonic rocks contain little or no zircon,
and are interpreted as pelagic sediments (J. Amato, personal
communication, 2003), while amphibolite rafts have andesitic
compositions and the trace-element signatures of arc magmas
(e.g., high La/Nb and Th/Nb; Kelemen, Hanghgj, and Greene,
unpublished data). Thus, recent work is consistent with the
hypothesis that the entire Talkeetna arc section is composed of
Late Triassic to Middle Jurassic rocks that formed in an intrao-
ceanic arc.

After reconnaissance mapping and sampling (Barker et al.,
1994; Barker and Grantz, 1982; Newberry et al., 1986), the
volcanic section of the Talkeetna arc has received relatively
little study until now. Our preliminary data agree with earlier
estimates that the volcanics are 5-7 km thick. High-Mg# ba-
salts are relatively common, though 11 of our 87 samples are
high-Mg# andesites. More evolved lavas range from mainly
tholeiitic andesites through tholeiitic and calc-alkaline dacites,
to calc-alkaline rhyodacites and rhyolites. The volcanics are
underlain and intruded by felsic to gabbroic plutons.

Excellent descriptions of the petrology and major-element
composition of the Talkeetna lower crust (e.g., Burns, 1985;
DeBari and Coleman, 1989; DeBari and Sleep, 1991) and
our recent work (Greene et al., 2003) show that much of
the section is composed of compositionally monotonous gab-
bronorites. Some, but not all, include abundant magnetite.
Prismatic hornblende of obvious igneous origin is rare,
though most samples have hornblende rims - probably of
deuteric origin - around prismatic pyroxene crystals. Olivine

is extremely rare, even at the base of the crustal section. Both
Talkeetna and Kohistan lower crustal gabbroic rocks have very
high aluminum contents, compared to gabbroic rocks from
ophiolites and to the average composition of continental
lower crustal xenoliths (Rudnick and Presper, 1990). Because
they have such high aluminum, these rocks can form more than
30% garnet at garnet granulite facies conditions, and are thus
denser than mantle peridotite at the same pressure and temp-
erature (Jull and Kelemen, 2001).

DeBari and Coleman (1989), building on previous map-
ping by Burns, Newberry, Plafker, Coleman and others, con-
centrated much of their work in the Tonsina area, where
several small mountains preserve a laterally continuous
Moho section, with relatively mafic gabbronorites overlying
a thin but regionally continuous horizon of mafic garnet
granulite (orthogneiss), overlying ~500 m of pyroxenite
(mostly clinopyroxene-rich websterite), in turn overlying re-
sidual mantle harzburgite with ~10% dunite (Figure 17).
The harzburgite, in turn, is bounded by the Border Ranges
Fault to the south. It is important to emphasize that gabbro-
norites, garnet granulites, pyroxenites, and harzburgites show
‘conformable’ high-temperature contacts that extend across
intermittent outcrop for several kilometers. In this area, gar-
net granulites record conditions of ~1000°C and 1 GPa
(DeBari and Coleman, 1989; Kelemen et al., 2003a), indicat-
ing that at the time of garnet growth, the crustal thickness was
probably ~30 km. Previous studies (Burns, 1985; DeBari and
Coleman, 1989; DeBari and Sleep, 1991) and our recent
work (Greene et al., 2003) have found that Talkeetna gab-
bronorites and lavas form a cogenetic, igneous differentiation
sequence.

4.21.4.1.1 Geochemical data from the Talkeetna section
We turn now to new geochemical data on the Talkeetna section
(averages in Table 3). As in pilot data from Barker et al. (1994),
REE patterns in all but two lavas are relatively flat, just slightly
more light REE-enriched than MORB (Figure 18). Extended
trace-element ‘spidergrams’ show the distinctive characteristics
of arc magmas, such as high Th/Nb, La/Nb, Ba/La, Pb/Ce, and
Sr/Nd. Many lavas, particularly the ones with the highest abun-
dance of incompatible trace elements, show low Eu/Sm, con-
sistent with plagioclase fractionation, and low Ti/Dy, which is
probably due, at least in part, to magnetite fractionation. Many
of these lavas are pervasively altered. Nonetheless, the parallel-
ism of most trace-element patterns suggests that few of the
geochemical characteristics summarized here have been sub-
stantially modified by alteration. Felsic plutonic rocks, primar-
ily calc-alkaline tonalites, have spidergram patterns similar to
the lavas.

The gabbroic rocks, mostly gabbronorites, have spider-
gram patterns that are remarkably similar to the lavas in
many ways, with high Th/Nb, La/Nb, Ba/La, Pb/Ce, and Sr/
Nd (Figure 19). While DeBari and Coleman (1989) empha-
sized the presence of a few gabbroic samples with REE
patterns reminiscent of MORB, suggesting that they might
represent older oceanic crust into which the Talkeetna arc
was emplaced, the extended trace-element patterns of all our
gabbroic samples show arc-like signatures. For example, Talk-
eetna gabbronorites have average Th/Nb of 0.4, substantially
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Figure 17 Schematic cross section of the accreted Jurassic Talkeetna arc in south-central Alaska based on new data and compilations by Greene et al.
(2003), together with a geologic map and cross section of the Moho exposure at Bernard Mountain, in the Tonsina region of the Talkeetna arc section,

simplified from DeBari and Coleman (1989).

higher than in gabbroic rocks in the Oman ophiolite (averag-
ing 0.1 in our unpublished data) and lower oceanic crust
(averaging 0.05; Hart et al., 1999).

High Ti/Dy in many gabbronorite samples is indicative
of the presence of cumulate magnetite, which fractionates
titanium from dysprosium during igneous crystallization,
and high Eu/Sm reflects plagioclase accumulation. Similarly,
high Pb/Ce and Sr/Nd in the gabbroic rocks may arise in part
from lead and strontium enrichments in parental melts, and
in part from the presence of cumulate plagioclase. To con-
strain which additional characteristics of the Talkeetna gab-
bronorites are inherited from trace-element features in
parental, arc magmas, and characteristics of which reflect
igneous fractionation, we divide the average Talkeetna gab-
bronorite composition by the average lava composition to
yield a highly approximate bulk crystal/liquid distribution
coefficient pattern (Figure 20). This shows that despite com-
plementary lead and strontium enrichments in the lavas, high
Pb/Ce and Sr/Nd in the gabbroic rocks also reflect the pres-
ence of cumulate plagioclase. In addition, note that thorium
and uranium are more incompatible than rubidium, barium,
and potassium in plagioclase.

Spidergrams for mafic garnet granulites from the Tonsina
area show no evidence for the presence of cumulate igneous
garnet, which would be reflected in high heavy REE/middle
REE ratios (Figure 21). Instead, they are very similar to typ-
ical Talkeetna gabbronorites. Thus, following DeBari and

Coleman (1989), we believe that the garnets in this area are
entirely of metamorphic origin. In contrast, gabbronorite,
two-pyroxene quartz diorite, and tonalite in garnet granulite
facies from the Klanelneechina klippe, which record ~700 °C
and 0.7 GPa, do show evidence for the presence of cumulate
igneous garnet (Figure 22). These rocks have all evolved
compositions (wholerock Mg# <50). They could be cumu-
lates from evolved melts crystallizing in the lower crust, and/
or restites produced via partial melting of high-temperature
lower crust.

Trace-element contents of pyroxenites from the Tonsina
area are shown in Figure 23. Although data on the most
depleted of these may be very imprecise, they show high Pb/Ce
and Sr/Nd, and generally low niobium and tantalum relative to
potassium, lanthanum, and thorium. All these characteristics
are probably inherited from equilibrium with primitive arc
magmas. Miintener et al. (2001) emphasized the strikingly low
Al,O5 contents (16.5 wt%, averaging 3.4 wt% in our data) in
many Talkeetna and Kohistan pyroxenites, despite their high
pressures of crystallization. These low Al,O5 contents were not
produced in experiments on hydrous, fluid-undersaturated arc
basalt at 1.2 GPa, but were reproduced in experiments on prim-
itive arc andesite under the same conditions. However, prelim-
inary traceelement and neodymium-isotope data on Talkeetna
pyroxenites suggest that they equilibrated with parental melts
similar to the tholeiitic basalts that formed the overlying
gabbroic and volcanic sections of the arc.
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Table 3 New geochemical data on the Talkeetna section. Compiled geochemical data for the Talkeetna arc section, updated in 2013, is available as a supplement to this chapter. Please note the text and
figures in this chapter were last updated in 2003.

Tonsina N St Talkeetna N St Tonsina N Std. Klanelneechina N Std. Intermediate N Std. Lavas, tuffs N Std.

pyroxenite error  gabbronorite error  garnet error garnet diorite and error to felsic error and volcano- error

granulite tonalite plutons clastic

Normalized oxides (wt%)
Si0, 49.95 17 0.296 47.86 95  0.047 46.55 6 1.234 51.60 7 0.880 68.54 28 0.210 59.64 114 0.069
TiO, 0.07 17 0.003 0.66 95  0.004 0.79 6 0.122 0.89 7 0.086 0.50 28 0.011 0.86 114 0.003
Al,05 3.42 17 0.126 19.00 95 0.030 18.66 6 0.153 18.92 7 0.352 15.19 28 0.057 16.53 114 0.017
FeO* 8.31 17 0.229 9.94 95 0.035 10.04 6 0.722 10.30 7 0.248 4.06 28 0.092 7.78 114 0.026
MnO 0.17 17 0.002 0.18 95  0.001 0.19 6 0.014 0.21 7 0.005 0.11 28 0.003 0.19 114 0.001
MgO 27.95 17 0.343 7.78 95  0.027 7.86 6 0.486 4.89 7 0.187 1.67 28 0.035 3.57 114 0.017
Ca0 9.88 17 0.355 12.53 95 0.025 14.58 6 0.903 10.41 7 0.275 4.66 28 0.063 6.30 114 0.033
Na,0 0.22 17 0.006 1.82 95  0.009 1.08 6 0.081 2.51 7 0.111 4.38 28 0.025 3.82 114 0.011
K0 0.02 17 0.001 0.16 95  0.002 0.18 6 0.067 0.13 7 0.033 0.76 28 0.019 1.03 114 0.007
P20s 0.01 17 0.000 0.08 95  0.001 0.07 6 0.019 0.14 7 0.013 0.13 28 0.003 0.18 114 0.001
Mg# 86 17 0.2 58 95 0.1 58 6 2.8 45 7 0.6 43 28 0.4 43 114 0.1
XRF data (ppm)
Ni 516 17 15 42 31 1 41 6 3 11 7 3 4.8 13 0.2 17.2 86 0.3
Cr 3239 17 105 167 31 4 188 6 21 55 7 10 6.3 13 0.4 45.2 86 0.7
Sc 31.5 17 1.0 39.5 31 05 52 6 2 38.7 7 14 214 13 0.9 29.3 86 0.1
v 106 17 4 250 31 5 295 6 30 242 7 N 94 13 7 168.0 86 1.2
Ba 15.5 17 05 75 31 3 55 6 13 36 7 3 519 13 17 409 86 5
Rb 1.1 17 041 2.0 31 01 3.2 6 14 0.7 7 0.2 17.8 13 0.7 15.2 86 0.2
Sr 184 17 15 303 31 2 225 6 9 277 7 4 235 13 5 249 86 2
Zr 6.2 17 0.2 17.4 31 05 18 6 3 45 7 N 112 13 4 92.0 86 0.6
Y 2.8 17 041 9.8 31 02 16 6 2 17 7 2 31 13 1 28.8 86 0.1
Nb 1.8 17 0.0 1.9 31 00 1.9 6 0.2 3.6 7 0.4 4.2 13 0.2 42 86 0.0
Ga 4.2 17 041 15.7 31 0.1 16.2 6 0.6 17.9 7 0.4 15.3 13 0.2 16.5 86 0.0
Cu 43.9 17 29 88 31 2 152 6 27 34 7 2 25 13 4 451 86 0.5
Zn 43.4 17 1.8 55.8 31 07 60 6 8 85 7 2 48 13 2 96.6 86 0.9

982

s94y anewbepy pajejdy-uononpgns Jo £11s1uayaoay ayy Jo Maip auQ



Pb 0.6
La 6.6
Ce 2.9
Th 1.2
ICP-MS data (ppm)
La 0.192
Ce 0.417
Pr 0.059
Nd 0.328
Sm 0.149
Eu 0.063
Gd 0.244
Tb 0.049
Dy 0.362
Ho 0.081
Er 0.236
Tm 0.034
Yb 0.219
Lu 0.035
Ba 4.254
Th 0.024
Nb 0.096
Y 2.030
Hf 0.052
Ta 0.012
U 0.008
Pb 0.456
Rb 0.271
Cs 0.256
Sr 13.0
Sc 354
Zr 1.49

0.1
04
04
0.1

0.019
0.040
0.005
0.025
0.009
0.003
0.013
0.002
0.017
0.004
0.011
0.001
0.009
0.001
0.357
0.002
0.011
0.095
0.004
0.001
0.000
0.038
0.010
0.022
1.4
1.1
0.13

1.6
5.6
8.3
1.3

1.153
2.901
0.466
2.625
1.020
0.474
1.350
0.253
1.701
0.367
1.020
0.150
0.941
0.151
65
0.071
0.399
9.472
0.385
0.028
0.043
1.212
1.744
0.469
300
43.7
10.7

0.1
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0.0

0.040
0.095
0.014
0.076
0.027
0.008
0.033
0.006
0.041
0.009
0.025
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0.004
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0.240
0.014
0.001
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0.031
0.131
0.017
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1.565
3.734
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1.519
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0.410
2.793
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1.500
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0.152
0.749
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0.463
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Figure 18 Extended trace-element diagrams (hereafter, spidergrams) for volcanics and felsic plutonic rocks from the Talkeetna arc section, south
central Alaska. Concentrations are normalized to N-MORB (Hofmann, 1988). Thick red lines are average values from Table 3. Talkeetna lavas, and
plutonic rocks interpreted as liquid compositions, are only slightly enriched in light REE compared to MORB, but show depletion of Nb and Ta, and
enrichment of Pb and Sr, typical for arc lavas worldwide. Their trace-element contents are similar to, for example, lavas from the modern Tonga arc. Data
from Greene et al. (2003) and our unpublished work (see supplementary material).

4.21.4.1.2 Composition, fractionation, and primary

melts in the Talkeetna section

DeBari and Sleep (1991) estimated the bulk composition of
the Talkeetna arc crust in the Tonsina area by adding compo-
sitions of different samples in proportions determined by their
abundance in outcrop. They then added olivine, to calculate a
primary magma composition for the Talkeetna arc in equilib-
rium with mantle olivine with an Mg# of 90. This approach

requires several assumptions. For example, the structural thick-
ness of the Tonsina section cannot be more than ~15 km,
whereas the garnet granulites at the base of the section record
an original thickness of ~30 km. Thus, DeBari and Sleep as-
sumed that tectonic thinning was homogeneously distributed
over the entire section. Also, DeBari and Sleep assumed that
outcrop exposures provided a representative estimate of the
proportions of different rock types. This could be questioned.
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Figure 19 MORB-normalized spidergrams for lower crustal gabbronorites in the Talkeetna arc section, south-central Alaska. The thick red line is
average from Table 3. In these cumulate gabbros, some of the Nb and Ta depletion, and Pb and Sr enrichment is inherited from parental arc magmas,
but the pattern is modified by high Ti (and probably Nb and Ta) in cumulate magnetite and high Pb and Sr in cumulate plagioclase. Data from Greene
et al. (2003) and our unpublished work (see supplementary material).
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Figure 20 Spidergrams showing ratios of trace-element concentration in Talkeetna arc gabbronorites/lavas (approximating bulk crystal/liquid
distribution coefficients), Talkeetna felsic plutons/lavas, Talkeetna gabbronorite (gbn)/lower crustal gabbros from the Oman ophiolite, and Oman lower
crustal gabbros/MORB. The gabbronorite/lava ‘distribution coefficients’ show the effects of cumulate plagioclase (high Pb/Ce, Sr/Nd, and Eu/Gd, and
high Rb, Ba, and K relative to Th and U) and magnetite (high Ti/Dy and very slightly high Ta and Nb/La). Talkeetna intermediate to felsic plutons have
trace-element contents virtually identical to those in lavas, supporting the idea that the plutons represent melt compositions. Talkeetna gabbronorites are
richer in REE and other incompatible elements, except Pb, than Oman lower crustal gabbros. Higher Pb in Oman versus Talkeetna lower crust probably
reflects the influence of sulfide/sulfate equilibria during igneous crystallization. Oman cumulate gabbros show very depleted, smooth REE patterns
extending to low Nb, Ta, U, and Th. This depleted pattern is interrupted by marked enrichments in Eu, Sr, Pb, K, Ba, and Rb, all of which reflect the
presence of cumulate plagioclase. Talkeetna data from Greene et al. (2003) and our unpublished work (see supplementary material). Oman data are
samples from the Khafifah crustal section, Wadi Tayin massif, analyzed by ICP-MS at the Université de Montpellier by Marguerite Godard, from Garrido
et al. (2001) and our unpublished work.
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100 5 3
™~

10k g
. oy ]
o [ -
g 1k \ ‘ ™ /)—r"‘/ —— 3
T Ok / N NlFssssa=x==cVE
g L s ALK [T TR

g 0.1 ™ ] S
e TE 7% = / ~ | |3
(&) o | 3
- -
0.01 £ 5

0.001

Rb Th K Nb Ce Pr Nd Hf Eu Tb Dy Er Yb Y
Ba U Ta La Pb Sr Zr Sm Gd Ti Ho Tm Lu Ni

Figure 21 MORB-normalized spidergrams for mafic garnet granulites from the Tonsina area, at the base of the Talkeetna arc section at~1 GPa,
1000 °C (DeBari and Coleman, 1989; Kelemen et al., 2003a). The thick red line is average from Table 3. These orthogneisses formed via metamorphic
recrystallization of protoliths with major- and trace-element contents identical to gabbronorites from higher in the Talkeetna section. Garnet in these
rocks is metamorphic, as previously proposed (DeBari and Coleman, 1989). Data from our unpublished work (see supplementary material).

Klanelneechina klippe, Talkeetna arc
garnet diorite and tonalite
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Figure 22 MORB-normalized spidergrams for garnet diorites and tonalites from the Klanelneechina klippe, recording lower crustal depths

(~0.7 GPa, 700 °C; Kelemen et al., 2003a) from the Talkeetna arc section. The thick red line is average from Table 3. These evolved rocks (Mg# < 50) all
include cumulate, igneous garnet, as indicated by their high heavy REE contents. They probably record partial melting of older arc lithologies under
lower crustal conditions. Data from our unpublished work (see supplementary material).

Upsection from the Moho level exposures, outcrop exposures primitive Talkeetna lavas, high-alumina basalts with
in the Tonsina area are poor due to subdued topography and Mg#~ 60, are very similar to the bulk composition of the
the presence of a major, Tertiary sedimentary basin to the NE. crust derived by DeBari and Sleep on the basis of observed

However, our new data on the composition of the most rock compositions and proportions.
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Zr Sm Gd Ti Ho Tm Lu Ni

MORB-normalized spidergrams for pyroxenites from the Tonsina area, at the base of the Talkeetna arc section. The thick red line is average

from Table 3. Trace-element concentrations in these rocks are low, and data for, for example, U and Th may be very imprecise. Nonetheless, it is
apparent that the pyroxenites inherited high Pb/Ce and Sr/Nd, and low Nb and Ta relative to K, Th, and U, from parental arc magmas. Data from our

unpublished work (see supplementary material).

In addition, DeBari and Sleep assumed that the entire crust
could be derived from a single, parental magma composition.
Many arcs have isotopically and compositionally heteroge-
neous primitive magmas. However, our preliminary analyses
show remarkable homogeneity in initial '**Nd/'**Nd ratios
(Greene et al., 2003). Also, with two exceptions, the lavas show
nearly parallel spidergram patterns (Figure 18). In all these
respects, our new data are consistent with the first-order as-
sumption that most of the Talkeetna arc section was derived
from a single type of primitive magma. Thus, the bold first-
order approach of DeBari and Sleep (1991) has been largely
vindicated by more extensive data.

To better constrain the possible proportions of different
igneous rock types prior to tectonic thinning, we recently
completed least-squares modeling of crystal fractionation,
using observed compositions and proportions of minerals in
Talkeetna gabbronorites to reproduce the liquid line of descent
from the most primitive Talkeetna high-alumina basalts to aver-
age Talkeetna andesites and basaltic andesites (Greene et al.,
2003). A striking result is that this modeling requires extensive
crystallization of high-Mg# clinopyroxene, which is, in fact,
very rare in the Talkeetna gabbronorites. Modeling predicts
that~20-30% of the gabbroic lower crust should have clino-
pyroxene Mg# > 85. In contrast, Figure 24 illustrates that none
of our gabbroic samples have such highclinopyroxene Mg#.

In addition, most primitive Talkeetna lavas have Mg# that are
too low for Fe/Mg exchange equilibrium with mantle olivine and
pyroxene (incorporating reasonable assumptions about oxygen
fugacity and Fe*"/Fe*™ in arcs). Following Miintener et al.
(2001), we infer that many hydrous, primary arc magmas are in
a reaction relationship with olivine, forming by reactions such as
orthopyroxene + clinopyroxene + spinel = olivine+ melt. ~ Such
melts are in equilibrium with olivine, but will not crystallize

olivine upon isobaric cooling, and instead will crystallize web-
sterites (two pyroxene pyroxenites). This is consistent with the
observation that cumulate dunites (olivine Mg# < 90) are absent
and olivine pyroxenites are rare in the Talkeetna section. Thus, to
constrain the composition of a primary magma in equilibrium
with mantle peridotite, we performed pyroxenite addition calcu-
lations, using the observed phase proportions in Talkeetna py-
roxenites. Approximately 20-30% crystallization of pyroxenites
from a primary melt in Fe/Mg equilibrium with mantle peridotite
was required to produce the most primitive Talkeetna basalts
(Greene et al., 2003). In other words, this modeling predicts
that ~20-30% of the arc section should be composed of
pyroxenite.

4.21.4.2 Missing Primitive Cumulates: Due to Delamination

The great volume of andesite . .. in the orogenic belts is often taken
up as a serious objection against the idea of its derivation from
basalt magma by fractionation.

Kuno (1968, p. 165)

The large proportions of pyroxenite and primitive gabbro-
norite predicted by fractionation modeling of primitive arc
magmas contrast dramatically with the observed proportion
of primitive gabbronorites and pyroxenites in the Tonsina area.
We have found no gabbronorite or garnet granulite (and only a
very small outcrop of plagioclase pyroxenite) with clinopyrox-
ene Mg# >85. Moreover, the thickness of the pyroxenite layer
between overlying gabbroic rocks and underlying residual
mantle peridotites is <~500 m.

The relationship between clinopyroxene Mg# and whole-
rock Mg# in Talkeetna gabbronorites (Figure 24), together
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Figure 24 Histograms of clinopyroxene Mg# in mafic plutonic rocks from the Talkeetna are section, wholerock Mg# in mafic plutonic rocks from the
Talkeetna arc section, and whole-rock Mg# in mafic plutonic rocks from the Kohistan arc section, NW Pakistan. Also shown is average clinopyroxene Mg#
versus whole-rock Mg# for samples from the Talkeetna section. Assuming that the number of samples analyzed is representative of the proportion of
different compositions present in the Talkeetna and Kohistan sections, these data show that no gabbroic rocks in the Talkeetna section have clinopyroxene
Mg# >86 or whole-rock Mg# > 80, and only 3 of 100 gabbroic rocks in the Kohistan section have whole-rock Mg# >80. Pyroxenites in the Tonsina area
in the Talkeetna section, with clinopyroxene Mg# from 92 to 86 and whole-rock Mg# from 92 to 76, form a layer ~500 m thick between underlying
residual peridotite and overlying garnet granulite and gabbronorite. Pyroxenites in the Kohistan section, with whole-rock Mg# from 92 to 72, mainly occur
in a band a few kilometers thick between underlying residual mantle peridotites and overlying garnet granulite and gabbroic rocks in the Kohistan section.
More evolved pyroxenites form volumetrically insignificant intrusions into gabbroic rocks in both sections. Crustal thickness in both sections is estimated
to have been ~ 30 km, based on metamorphic equilibria (see text). Thus, pyroxenites and primitive gabbroic rocks with Mg# from 92 to 85 comprise a very
small proportion of both the Talkeetna and Kohistan arc sections. These observed proportions are in striking contrast to estimates based on fractionation
models and experimental data requiring ~30% crystallization of primitive cumulates with clinopyroxene Mg# between 92 and 85. Talkeetna data from
Greene et al. (2003) and our unpublished work (see supplementary material). Kohistan whole-rock compositions from George et al. (1993), Hanson
(1989), Jan (1988), Jan and Howie (1981), Jan et al. (1982), Khan et al. (1993, 1989), Miller and Christensen (1994), Petterson et al. (1991, 1993),
Petterson and Windley (1985, 1992), Shah and Shervais (1999), Sullivan et al. (1993), Treloar et al. (1996), Yamamoto and Yoshino (1998), and Yoshino
and Satish-Kumar (2001).

with our larger data set on whole-rock compositions confirms in which there are no gabbroic rocks with Mg# >80, and
the observations based on clinopyroxene analyses. Modeling pyroxenites with Mg# >80 are mainly found in a narrow
predicts that there should be a large proportion of gabbronor- band, <3 km thick, immediately above the Moho. There are
ites and pyroxenites with whole-rock Mg# >80, but in fact small, ultramafic intrusions within the gabbroic lower crust
there are very few. This observation is strikingly similar to in both the Talkeetna and Kohistan arc sections. However,
compiled data on whole-rock Mg# in the Kohistan arc section, they comprise < 5% of the outcrop area. Also, at least in the
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Talkeetna crustal section, these bodies generally have clino-
pyroxene Mg# < 85.

Thus, the proportions of igneous rocks calculated from
modeling of the liquid line of descent in the lavas are strikingly
different from those observed in the Talkeetna and Kohistan
section. The bulk of the predicted primitive cumulates, with
clinopyroxene Mg# between 92 and 85, are apparently miss-
ing. This result is both uncertain and important, and so we
provide additional constraints on the modeling here. The crys-
tal fractionation modeling of Greene et al. (2003) requires
assumptions about the Fe?"/Fe" ratio, and about pyroxene/
melt Fe/Mg equilibria, which are imprecise. For this reason, in
Figure 25, we present alternative methods for estimating the
proportion of primitive cumulates that were produced by crys-
tal fractionation in the Talkeetna arc section. The left-hand
panel of Figure 25, shows clinopyroxene Mg# in equilibrium
with Talkeetna lavas versus ytterbium concentration in the
same lavas. If ytterbium were a completely incompatible ele-
ment quantitatively retained in melts during crystal fraction-
ation, then a doubling of the ytterbium concentration would
indicate 50% crystallization. In fact, ytterbium is only moder-
ately incompatible, so doubling of ytterbium indicates more
than 50% crystallization. It can be seen from these data that a
decrease in clinopyroxene Mg# from 85 to 75 is accompanied
by more than 50% crystallization. If this trend can be extrap-
olated to crystallization of more primitive melts, it suggests
that the decrease in clinopyroxene Mg# from mantle values
(~92) to typical Talkeetna gabbronorite values (<85) was
produced by ~35% crystallization.

The right-hand panel in Figure 25 illustrates results of
experimental crystallization of pyroxenite and primitive
gabbronorite from hydrous arc basalt and andesite at 1.2 GPa
(Miintener et al., 2001). Again, these data indicate that ~30%
crystallization is required for clinopyroxene Mg# to decrease
from ~92 to ~85, consistent with the modeling of Greene
etal. (2003). There is no evidence for extensive fractionation of
olivine fractionation from primitive Talkeetna magmas. Du-
nites are present in the mantle section, but these are probably
replacive melt conduits (see Kelemen, 1990; Kelemen et al.,
1997a,b; and references therein). In any case, mantle dunites
have olivine Mg# >90, and thus it is apparent that they do
not record extensive crystal fractionation. Nonetheless, in
Figure 25, we also illustrate a model for olivine fractionation
alone. This yields a lower bound of ~15 wt% olivine cryst-
allization required to decrease melt Mg# so that equilibrium
clinopyroxene Mg# is decreased from 92 to 85. Finally,
our results are similar to those of earlier least-squares
fractionation models, which require 21% (Conrad and Kay,
1984) and 16-26% (Gust and Perfit, 1987) crystallization of
ultramafic cumulates to produce high-aluminum basalt in
island arcs.

There are at least four possible explanations for the discrep-
ancy between the proportion of high-Mg# cumulates inferred
from crystal fractionation modeling and that observed in the
Talkeetna and Kohistan sections:

1. The exposed section is not representative of the original arc
crustal section. In the Talkeetna area, outcrop is discontin-
uous due to numerous faults and subdued topography. It is
evident that the present-day structural thickness of the

section (~20 km from Moho to volcanics) cannot be as
great as the thickness inferred on the basis of thermobaro-
metry, ~30 km. However, the missing section is unlikely to
be high-Mg# pyroxenites near the Moho, because the Ton-
sina area gabbronorites and garnet granulites with clinopyr-
oxene Mg#<85 are in high-temperature conformable
contact with high-Mg# pyroxenites, which in turn are inter-
fingered along high-temperature contacts with residual
mantle peridotites. Thus, in this section, the original thick-
ness of cumulates with clinopyroxene Mg# between 85 and
92 as exposed in continuous outcrop is only <500 m.

. The missing Talkeetna arc high-Mg# plutonic rocks crystal-

lized beneath the ‘Moho’ exposed in the Tonsina area.
While arc mantle is rarely exposed, worldwide, it is appar-
ent from dredging at mid-ocean ridges and from ophiolite
studies that gabbroic and ultramafic intrusions can form
lenses within the residual mantle beneath oceanic spread-
ing ridges (e.g., Cannat, 1996). In the Tonsina area of the
Talkeetna section, only 1-2 km of residual mantle is ex-
posed. Thus, we cannot rule out the presence of high-Mg#
pyroxenites emplaced as plutons or sills within mantle
peridotites at greater depth.

. Equilibrium crystallization of primitive magmas (as distinct

from fractional crystallization) occurred until ~70-50% of
the initial liquid remained. The remaining liquid was then
efficiently extracted, leaving relatively pure gabbronorite
cumulates with clinopyroxene Mg#s <85. This might hap-
pen if, for example, dense, rising melts ponded near the
Moho, underwent partial crystallization, and then less
dense evolved melts were extracted to form the overlying
crust. Calculated densities for Talkeetna average gabbronor-
ite at pressures from 0.1 to 0.8 GPa are ~ 3000 kg m > (Jull
and Kelemen, 2001). Calculated densities for the primary
and primitive melts for the Talkeetna section (Greene et al.,
2003) are ~2800 kg m ™ on an anhydrous basis, and would
be less if — as we surmise - they contained several weight
percent H,O. Thus, primitive Talkeetna melts would have
been buoyant with respect to the igneous crust and the Moho
would not have been a zone of neutral buoyancy.

Alternatively, melts may have ponded at depths beneath
a permeability barrier, in a transition from porous flow to
flow in melt-induced fractures, as proposed for the base of
the crust at mid-ocean ridges based on observations in the
Oman ophiolite (Kelemen and Aharonov, 1998; Kelemen
et al., 1997b; Korenaga and Kelemen, 1997) and geo-
physical data from the East Pacific Rise (Crawford and
Webb, 2002; Crawford et al., 1999; Dunn and Toomey,
1997). However, the idea that primary Talkeetna magmas
underwent 30-50% equilibrium crystallization to form
gabbronorites with clinopyroxene Mg#s < 85 is not consi-
stent with the presence of plagioclasefree pyroxenites with
pyroxene Mg#s from 92 to 85, nor with experimentally
determined phase equilibria for hydrous, primitive arc
magmas that indicate a substantial interval for plagioclase-
free, pyroxenite crystallization.

. Gravitational instability of dense cumulates overlying less

dense upper mantle peridotites may have induced viscous
‘delamination’ at the base of the crust. This is consistent
with the observation that the Mg# ‘gap’ occurs near the
Moho, and the few rocks with clinopyroxene Mg# from
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Figure 25 Estimates of melt fraction versus clinopyroxene Mg# from a variety of different methods. On the left, Talkeetna arc lava data are used to establish an empirical relationship between measured Yb
concentration, and calculated clinopyroxene Mg# based on a clinopyroxene/melt Fe/Mg Kd of 0.23 (Sisson and Grove, 1993a). If Yb were a perfectly incompatible element, entirely retained in the melt, doubling of
the Yb concentration would reflect 50% crystallization. Since Yb is not perfectly incompatible, doubling of Yb indicates more than 50% crystallization. Thus, a change in clinopyroxene Mg# from ~85to ~75 is
associated with more than 50% crystallization (filled symbols used in linear fit; open symbols omitted from fit). On the right, experimental and model results are used to constrain similar relationships. Data on
experimental crystallization of hydrous primitive arc basalt (85-44) and primitive arc andesite (85-41c) at 1.2 GPa (Miintener et al., 2001) yield two empirical relationships between melt fraction and
clinopyroxene Mg#, in which a change in clinopyroxene Mg# from 92 to 85 required ~ 30% crystallization. Least squares modeling of the Talkeetna liquid line of descent, based on Talkeetna lava, pyroxenite, and
gabbronorite compositions, provides a similar result (Greene et al., 2003). Olivine is rare in Talkeetna pyroxenite and gabbroic rocks. Olivine in dunites and residual mantle harzburgites underlying the pyroxenites
in the Tonsina area has Mg# ~ 90 (in equilibrium with clinopyroxene Mg# ~92), so it does not record substantial crystal fractionation. Nonetheless, the right-hand panel in this figure also shows an olivine-only
fractionation calculation, using an estimated Talkeetna primary melt (Greene et al., 2003), in terms of equivalent clinopyroxene Mg# versus melt fraction. This model provides a minimum bound of ~15%
crystallization to shift clinopyroxene Mg# from 92 to 85.
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90 to 85 are pyroxenites. As pointed out by Arndt and
Goldstein (1989), and quantified by Jull and Kelemen
(2001) and Miintener et al. (2001), pyroxenites are gener-
ally denser than uppermantle peridotites, because olivine
and pyroxene densities are very similar at similar Mg#, but
igneous pyroxenites have lower Mg# than residual perido-
tites. Furthermore, the density contrast between ultramafic
cumulates and mantle peridotites is sufficient to drive vis-
cous ‘delamination” of a pyroxenite layer 1-2 km thick
in ~10Ma at ~750°C and~10° years at~ 1000 °C
(stress-dependent non-Newtonian olivine rheology at a
background strain rate of 1071 s71; see Jull and Kelemen,
2001 for details and other estimates).

Although all four hypotheses outlined above remain possi-
ble, for the reasons outlined in the previous paragraphs we
favor the fourth hypothesis, in which pyroxenites foundered
into the underlying mantle as a result of density instabilities.
Even if some of pyroxenites were emplaced into residual man-
tle beneath the Moho, the high temperature of sub-arc mantle
and the high strain inferred from Talkeetna peridotite ductile
deformation fabrics combined with the short instability times
calculated by Jull and Kelemen (2001) suggest that any signif-
icant thickness of pyroxenite near the base of the crust or
within the mantle would have been viscously removed during
the duration of arc magmatism.

Garnet granulites with the composition of Talkeetna gabbro-
norites would also be denser than the underlying mantle (Jull
and Kelemen, 2001). We suggest that it is no coincidence that
the ‘Mg# gap’ coincides with the garnet-in isograd at the base of
the Talkeetna gabbroic section. Thus, along with the missing
pyroxenites, we infer that garnet granulites may also have been
removed from the base of the Talkeetna arc section via density
instabilities. In this view, the narrow horizons of pyroxenite and
garnet granulite along the Moho in the Talkeetna section are a
small remnant of a much larger mass of primitive cumulates,
most of which were removed by delamination.

4.21.4.3 Garnet Diorites and Tonalites: Igneous
Garnet in the Lower Crust

In the Klanelneechina klippe, which was thrust south of the
Talkeetna arc section over younger accretionary complexes, we
found that most rocks are pyroxene quartz diorites to tonalites
(bulk Mg# <50, plagioclase anorthite content< 50 mol%),
and include some garnet-bearing assemblages. Metamorphic
equilibria in garnet+ pyroxene bearing rocks record ~7 GPa,
700 °C (Kelemen et al., 2003a). While these rocks will be
discussed elsewhere in detail, they are pertinent to the question
of continental genesis, and so we illustrate their trace-element
contents in Figure 22. While their LILE, HFSE, and light REE
patterns vary widely, these samples consistently show heavy
REE enrichment, and low Ti/Dy. These characteristics are prob-
ably indicative of the presence of cumulate or residual, igneous
garnet. Felsic melts extracted from these rocks were garnet-
saturated at a depth of ~20km in the Talkeetna arc crust.
They were light REE-enriched, heavy REE-depleted, high SiO,,
low Mg# melts that could have mixed with primitive melts to
produce high-Mg# andesite compositions.

4.21.5

4.21.5.1 Role of Lower Crustal Delamination in Continental
Genesis

Implications for Continental Genesis

The similarity of trace-element patterns in arc magmas and con-
tinental crust has led to the inference that most continental crust
is derived from igneous, arc crust. We know of three potentially
viable explanations for the generation of andesitic continental
crust with an Mg# of ~ 0.5 via processes involving arc crust:

1. Crystal fractionation from, or partial melting of, a primitive
arc basalt composition at high fo, and high fi; o, forming
high-Mg# andesite melt and corresponding low-SiO, cu-
mulates, followed by delamination of the resulting solid
residue.

2. Magma mixing or simply juxtaposition of primitive arc
basalt and evolved granitic rocks, together with delamina-
tion of the solid residue left after granite generation.

3. Crystal fractionation from, or partial melting of, a primitive
arc andesite composition, followed by delamination of the
corresponding cumulates.

In (1)-(3), delamination would be unnecessary if primi-
tive cumulates or residues of lower crustal melting were ultra-
mafic, and remained below the seismic Moho. However,
the absence of pyroxenite layers ~10 km in thickness in
the Talkeetna and Kohistan arc sections suggests that large
proportions of ultramafic, igneous rocks are not present at the
base of arc crust.

Thus, all three explanations for the genesis of continental
crust require delamination of garnet granulite, eclogite, and/or
pyroxenite. Moreover, recent dynamical calculations support
the hypothesis that delamination is possible - even likely -
where Moho temperatures exceed ~ 750 °C, crustal thicknesses
reach 30 km or more, and ultramafic cumulates are present
(Jull and Kelemen, 2001). The base of arc crust fulfills all these
criteria. Finally, our data on the Talkeetna arc section, and
more limited data on the Kohistan arc section, support the
hypothesis that substantial proportions of pyroxenite, and
perhaps also garnet granulite, were removed by viscous delam-
ination from the base of the arc crust.

If delamination of dense lower crustal rocks has been essen-
tial to continental genesis, and the delaminated rocks consti-
tute ~20-40% of the mass of the continents, one might expect
to see evidence for this component in magmas derived from
the convecting mantle. However, continental crust comprises
only ~0.5% of the silicate Earth, so that - even if it represents
40% of the original crustal mass - recycled lower crust might
comprise a very small fraction of the convecting mantle.

Tatsumi (2000) argued that recycled pyroxenite or cumu-
late gabbro, added to the convecting mantle via delamination
from the base of arc crust, has produced the EM I isotopic end-
member observed in some ocean island basalts, because he
inferred on the basis of modeling that this recycled material
would have high Rb/Sr, U/Pb, and Th/Pb, and low Sm/Nd
compared to bulk Earth and the primitive mantle. However,
although the Tonsina pyroxenites have variable trace-element
patterns, the average and median compositions have U/Pb
and Th/Pb ratios less than in MORBs and primitive mantle,
and average Sm/Nd and Lu/Hf greater than in MORBs and
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primitive mantle. In general, one might expect delaminated
Talkeetna pyroxenite to evolve isotope ratios similar to, or
more depleted than, the MORB source. Such compositions
could, in fact, be present in the source of the more depleted
end-members of the MORB isotope spectrum.

If a delaminated lower crustal component included sub-
stantial amounts of garnet granulite with the composition of
garnet granulites or gabbronorites from the Tonsina region in
the Talkeetna arc section, the trace-element ratios and abun-
dances in this reservoir would be different from those in dela-
minated pyroxenite. However, it remains true that Rb/Sr, U/Pb,
and Th/Pb in most of our garnet granulite and gabbronorite
samples are lower than in the MORB source, while Sm/Nd and
Lu/Hf are higher than in the MORB source. Again, as a cons-
equence, long-term isotopic evolution followed by melting
of this component during upwelling in the convecting mantle,
would yield a melt with isotope ratios similar to, or more
depleted than, the MORB source. While incompatible trace-
element concentrations in pyroxenite are really very low,
trace-element concentrations in the garnet granulites and
gabbronorites are comparable to those in MORBs. Thus,
given the large strontium and lead anomalies in the garnet
granulites, removal of substantial amounts of garnet granulite
from the base of continental crust would tend to decrease
Pb/Ce and Sr/Nd in the remaining crust. This provides one
possible explanation for the fact that Sr/Nd in continental
crust is lower than in otherwise geochemically similar arc
magmas, as also noted by Kemp and Hawkesworth (2003)
and Rudnick (1995).

4.21.5.2 Additional Processes are Required

The process of delamination - if it occurred - apparently did
not produce an andesitic bulk composition in the remaining
Talkeetna arc crust. Instead, the Talkeetna arc section probably
has a basaltic bulk composition (DeBari and Sleep, 1991;
Greene et al.,, 2003) even after removal of dense, primitive
cumulates. This inference is consistent with seismic data, and
the composition of primitive arc basalts from the central Aleu-
tian arc and the Izu-Bonin-Marianas arc system, all of which
appear to have bulk crust compositions that are basaltic rather
than andesitic (Fliedner and Klemperer, 1999; Holbrook et al.,
1999; Kerr and Klemperer, 2002; Suyehiro et al., 1996). As
noted above, some additional processes must be required to
produce continental crust.

4.21.5.2.1 Andesitic arc crust at some times and places

Our favored hypothesis is that continental crust was mainly
produced by fractionation of olivine and clinopyroxene
from primitive andesite. Following many others (Defant and
Kepezhinskas, 2001; Drummond and Defant, 1990; Martin,
1986, 1999; Rapp and Watson, 1995; Rapp et al., 1991), we
believe that higher mantle temperatures in the Archean led
to more common, larger degrees of partial melting of sub-
ducting eclogite facies basalt. Alternatively, or in addition,
dense lower crustal rocks foundering into the hot upper man-
tle may have commonly undergone partial melting (Zegers
and van Keken, 2001). Also, due to higher degrees of melting

at hot spots and beneath spreading ridges, more depleted
peridotite was present in the upper mantle, including the
mantle wedge above Archean subduction zones. Thus, inter-
action between eclogite melts and highly depleted mantle
peridotite yielded primitive andesite (e.g., Kelemen et al.,
1998; Rapp et al., 1999; Ringwood, 1974; Rudnick et al.,
1994), but produced little additional basaltic melt. Delami-
nation removed mostly ultramafic cumulates from the base
of the crust. Intracrustal differentiation of an andesitic bulk
composition formed a felsic upper crust and a residual mafic
lower crust.

4.21.5.2.2 Arc thickening, intracrustal differentiation,

and mixing

However, fractionation of primitive andesite is clearly just one
of many possibilities for the genesis of continental crust with
the composition of high-Mg# andesite. An alternative view is
that intracrustal differentiation, perhaps involving residual gar-
net and/or magnetite, has converted basaltic arc crust into
andesitic continental crust. One mechanism for this is sug-
gested by intermediate to felsic, garnet ‘cumulates’ in the Talk-
eetna lower crust. These may have been derived from
intermediate plutonic rocks and/or evolved volcanics that
were gradually buried in the growing arc edifice (Figure 26,
also see figure 9 in Kuno, 1968). Later, heating of the lower
crust formed light REE-enriched, heavy REE-depleted melts
that were extracted from these rocks. Mixing between primitive
basalt and crustal melts with garnet-bearing residues could
form high-Mg# andesite (although we see little, if any, evi-
dence for such mixing among Talkeetna arc volcanics). Then,
delamination of the residues of lower crustal melting could
yield an andesitic bulk composition for the entire crust.

4.21.6 Conclusions

Arc magmas are dramatically different, on average, from
MORBs. Together with boninites, primitive and high-Mg# an-
desites exemplify these differences. Unfortunately, primitive
andesites are rare in intra-oceanic arcs, and so there is some
possibility that they are produced by special intracrustal differ-
entiation processes specific to continental arcs. However, there
are primitive andesites in the oceanic Aleutian arc, and these
lack any evidence for crustal assimilation, or even for recycling
of components from subducted continental sediments. Aleu-
tian primitive andesites and other primitive andesites with
high Sr/Nd cannot be produced by the mixing of primitive
arc basalts and lower crustal melts. In most respects, the Aleu-
tian primitive andesites are similar to all other primitive an-
desites, indicating that these magmas can be derived from
primary andesite melts.

Primary andesites are probably produced by interaction
between mantle peridotite and a partial melt of eclogite facies,
subducting sediment and/or basalt. Thermal modeling cannot
be used to rule out partial melting of subducting material
beneath arcs, as has previously been supposed. Some charac-
teristics of all primitive arc magmas, such as enrichment in
thorium and lanthanum, and large depletions of niobium
and tantalum relative to thorium and lanthanum, are best
explained by a similar process, in which thorium and
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Figure 26 Schematic illustration of the process of progressive burial
of early formed plutonic and volcanic rocks within a growing arc
edifice (also see Kuno, 1968, figure 9). Pyroxenites near the base of
the crust are always denser than the underlying mantle, and
temperatures are high near the Moho, so that these ultramafic
cumulates may delaminate repeatedly whenever their thickness
exceeds some critical value (e.g., Jull and Kelemen, 2001). Increasing
pressure forms abundant garnet in Alrich, mafic, gabbroic rocks near
the base of the section, and these too may delaminate. Intermediate
to felsic plutonic rocks, and even volcanics, may be buried to lower
crustal depths, where they undergo partial melting. Mixing of lower
crustal melts with primitive basalt could produce high-Mg# andesite
magmas. This last process, together with delamination, provides a
possible explanation for the formation of andesitic continental crust
from initially basaltic arc crust.

lanthanum are carried into the mantle wedge in a partial melt
of subducting material in eclogite facies. Thus, the difference
between primitive basalt and andesite may be largely deter-
mined by the relative proportions of mantle versus subduction
zone melt components, together with a fluid component
derived from relatively shallow dehydration of subducting
materials.

Although we favor the notion that fractionation of olivine
and/or pyroxene from primitive andesites has played a key role
in the formation of continental crust, which has a high-Mg#
andesite composition, this process alone is not sufficient to
change the Mg# of the crust from a value of ~ 70, typical for
primary melts in equilibrium with mantle olivine, to the value
of ~50 estimated for bulk continental crust. Instead, removal
of the crystalline products of fractionation from the crust
into the mantle is also required. In fact, all ‘recipes’ for conti-
nental crust probably require delamination. We show that the
Talkeetna and Kohistan arc sections provide evidence for
such a process, in the sense that they only contain a small
proportion of the primitive lower crustal cumulates that must
have originally formed. The remaining primitive cumulates,
which are pyroxenites and garnet granulites, were denser than
the underlying mantle during arc crustal formation, while
overlying gabbronorites were less dense. Thus, the Mg# gap
in both sections is observed only where rocks become denser
than residual peridotite. Removal of pyroxenite and garnet
granulite from the base of arc crust leaves the remaining crust
with lower Sr/Nd and Pb/Ce than in primary arc magmas.
Delaminated recycled primitive arc cumulates would evolve
to isotope signatures as depleted as or more depleted than
the MORB source.
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