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Abstract

Anorthite megacrysts from twelve volcanic centers of the Kurile Island Arc were analyzed by the ion microprobe for
concentrations of: Li, Be, B, F, Mg, P, Cl, K, Ti, Fe, Co, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, and Pb.
These 1–2-cm megacrysts are mainly found as early phenocrysts in basalts, but are also present in andesites, rhyolites
and hybrid rocks from almost every studied volcanic center, both subaerial and submarine. Electron and ion microprobe
studies show that the cores of these megacrysts are homogeneous and unzoned, whereas rims often result from overgrowth
of sodium-richer plagioclase in equilibrium with its host, silica-richer melt. The cores of these megacrysts can be used
to see back through fractional crystallization and magma mixing and serve as a ‘window’ into an earlier basaltic stage
of magmatic evolution. Petrological observations and numerical crystallization modeling indicate that highly anorthitic
plagioclase is the first or second (after olivine) liquidus phase in high-Al basalts regardless of varying K2O contents across
the arc.

Given the narrow compositional range of anorthite megacrysts, the across-arc chemical variations are well displayed by
direct comparison of trace element concentrations in the megacrysts across the arc. The concentration of K in megacrysts
increases linearly by a factor of 11; Ba, 13; Sr, Eu, 4; Be, Ti, P, 3; Li, 2, REE, 5–2; whereas concentrations of
Pb, B and halogens and their ratios to HFSE either remain constant or decrease with deepening of the Benioff Zone
from 110 to 220 km. We used ion microprobe-derived plagioclase–basalt partition coefficients to convert trace element
concentrations in megacrysts to parental magmatic values. The reconstructed concentrations of several key trace elements
and their correlation with Benioff Zone depth are consistent with whole-rock basalt data, but all give systematically more
primitive compositions. Therefore, anorthite megacrysts are helpful for retrieving the chemistry of parental basalts which
have subsequently suffered variable differentiation and mixing. They can be used to assess delicate variations in primary
basaltic magma chemistry as a function of Benioff Zone depth. We also report new results for Sr, Nd and Pb isotopes
for anorthite-bearing rocks and other rocks from the same volcanoes. Across-arc zoning with respect to trace element
concentrations, ratios and isotopic values is largely linear and requires superposition of several petrogenetic processes:
trace element transfer by fluids, variation in degree of partial melting and progressive change of the melting source.
 1999 Elsevier Science B.V. All rights reserved.
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1. Kurile Arc geochemical zoning

Across-arc geochemical zonation is the key to
resolving the nature of magmatism at convergent
margins [1,2]. The Kurile Island Arc constitutes one
of the simplest natural laboratories where one can
study subduction processes. Like other arcs, Kurile
Arc volcanics display a pronounced and regular pat-
tern of across-arc chemical variation not only with
respect to K2O but also to most trace elements,
whereas along-arc variations are more subdued [3–
6]. Subtle along-arc variations from the southern
Kuriles to central and northern Kuriles have been
noted and mostly attributed to the presence of the
Sea of Okhotsk deep basin behind the southern
Kuriles and the absence of such a deep basin be-
hind the northern portion [3]. Magma chemistry
changes from low-K, through medium-K to high-K
series, corresponding to the deepening of the Benioff
Zone from 110 to 220 km [6]. Reported Sr, Nd and
B isotopic ratios show a decrease toward the rear
arc [7–9]. Oxygen fugacity increases toward the rear
arc [10], implying an increase in the water content
of magmas. Magmatic volumes, however, decrease
sharply from the volcanic front to the rear-arc. The
relatively cold 80–110-Ma old Pacific Plate strikes
the central part of the arc with head-on collision and
this is responsible for the regular geometry of the
subduction zone. In addition, there is little variation
in the thickness and type of sediments being carried
into the subduction zone along the arc [11,12] and
the Pacific Plate is free of irregular features, such as
microcontinents or volcanic plateaus.

In a comprehensive survey of submarine volca-
noes using a combination of seismic reflection, deep-
tow magnetometry and dredging, a long chain of
submarine volcanoes in the rear-arc zone behind the
Kurile Islands has been discovered (Fig. 1) [5,11].
Of the known 201 Quaternary (<2 Ma) volcanoes in
the Kurile Island Arc, 96 are submarine [11]. The
great majority of rear arc volcanoes are submarine
(see Fig. 1) and were sampled by dredging.

The Benioff Zone beneath the Kuriles was
remapped on the basis of a 20-year record of a
comprehensive seismic network [13], and the depth
of the Benioff Zone under each volcano is known
within several kilometers of resolution: in the frontal
zone it is 110–140 km and it deepens continuously

to 160–220 km in the rear zone. This detailed geo-
physical knowledge can serve as a background to
study the magnitude of across-arc geochemical vari-
ations and to assess different petrogenetic models of
convergent margin magmatism.

2. Liquidus phase as a tool to measure the
across-arc geochemical zoning

Studies of arc magma petrogenesis require an
assessment of the conspicuous across-arc geochemi-
cal variations which reflect varying source composi-
tions. In order to quantitatively assess the magnitude
of such variations for each trace element, one needs
to search for the most primitive mantle-equilibrated
melts, or to compare early melts at the same stage of
evolution.

Mantle-equilibrated basaltic melts with high Ni
and Cr contents (e.g., [14,15]) (here referred to as
‘primitive’) are rare in island arcs. Such basaltic
melts are parental to the more commonly observed
siliceous rocks which result from fractional crystal-
lization and=or AFC. Even basic rocks with SiO2

< 55 wt% may represent ¾50% fractionation, if
clinopyroxene is a liquidus phase, because the major
element composition of a clinopyroxene-bearing cu-
mulate assemblage is not greatly different from that
of basalt, its removal does not lead to a rapid melt
fractionation. In contrast, crystallization of anor-
thitic plagioclase hallmarks rather primitive basalts.
Crystallization of clinopyroxene prior to plagioclase
rapidly decreases the Ca content of the melt, thereby
preventing anorthitic plagioclase from forming (e.g.,
[16] and MELTS modeling below).

Besides the differentiation argument, it takes con-
siderable effort to find primitive glassy basalts in
arc setting (e.g., [14,17]). Even if primitive basaltic
lavas are present within a volcano, they are often
buried under thick layers of pyroclastics (e.g., sili-
cic pumice and ignimbrites) which cover the whole
volcano or even most of an island (e.g., Kunashir
and Simushir). Lavas from the volcanic front are
normally more differentiated than lavas from the rear
arc, since the volcanic front is characterized by a
thicker crust (e.g., Fig. 1). It is even more difficult to
find primitive basaltic lavas by dredging methods.

The use of liquidus phases of a given composi-
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Fig. 1. Map of Kurile Island Arc with locations of studied samples (large triangles); numbers correspond to the order of volcanoes
in Table 1 and to deepening of underlying Benioff Zone. Small triangles are other Quaternary volcanoes from [4]; open triangles
denote volcanoes where anorthite megacrysts and=or anorthite–olivine cumulate inclusions have been found, based on authors’ personal
information and [11,22].

tion is an alternative way to measure the magnitude
of across-arc geochemical variations. For example,
when trace element concentrations in An90 plagio-
clase co-crystallizing with olivine of Fo80 composi-

tions are compared across the arc, it can be assumed
that the ranges of P–T –XH2O parameters of An90–
Fo80 cotectic crystallization and pre-plagioclase dif-
ferentiation history are similar across the arc.
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In this work we present an ion microprobe study
of the trace elemental composition of an early liq-
uidus phase in these volcanics — anorthitic plagio-
clase megacrysts — as a ‘window’ to across-arc
geochemical variations. We demonstrate that these
megacrysts were crystallizing during a relatively
primitive stage of basaltic magma fractionation and
they, therefore, give insights into the petrogenetic
processes beneath the arc. Note that plagioclase is
the first liquidus mineral to contain measurable con-
centrations of trace elements of various geochemical
groups (e.g., LILE, REE, HFSE).

In using plagioclase megacrysts it is assumed that
the large and unzoned homogeneous Ca-rich cores
preserve the original concentration of trace elements,
inherited from the parental basaltic magma from
which they crystallized. The ability of plagioclase to
retain its original trace element composition is justi-
fied by the slow cation diffusion rates in plagioclase,
which were shown to be the slowest among com-
mon minerals (e.g., olivines, pyroxenes, amphiboles)
[18,19], and by their high closure temperatures [20].
It was also found that diffusion coefficients for trace
elements in plagioclase decrease by up to four orders
of magnitude (e.g., Sr) with increasing of anorthite
content, and are smallest for anorthitic plagioclase
[18,21]. This, in combination with the large size (2–
25 mm) of these megacrysts, implies that the crys-
tals were closed to exchange with the surrounding
magma after their formation and preserve the trace
element concentrations established during growth
from the parental melts.

3. Occurrence and petrography of anorthite
megacrysts in arc magmas

High-anorthite plagioclase occurs as large phe-
nocrysts (or megacrysts) in high-alumina basalts
throughout the Kurile Island Arc. In most cases
the phenocryst assemblage includes euhedral olivine
and olivine–anorthite cumulate inclusions. Similar
anorthite megacrysts are also often found as relic
phases in andesites, rhyolites and hybrid rocks in
almost every studied volcanic center, both sub-
aerial and submarine. In many cases, the anorthite
megacrysts are present in association with olivine–
anorthite and less frequently with olivine–anorthite–

clinopyroxene and olivine–anorthite–amphibole cu-
mulate inclusions, with clinopyroxene and amphi-
bole occurring in interstices [4,22–26]. Where inclu-
sions are found, the anorthite megacrysts frequently
have an anhedral shape which results from breakage
of the cumulate inclusions. Euhedral and anhedral
megacrysts are chemically identical with anorthites
in the associated inclusions [23,24]. 87Sr=86Sr ra-
tios in megacrysts [24] and anorthite-rich inclusions
[5] are identical to their host rocks suggesting that
they represent the products of cognate crystalliza-
tion of similar age. In addition, the presence of
non-devitrified melt inclusions and fresh appearance
suggest that most anorthite megacrysts studied are
arc-related, and not xenocrysts in the sense that they
came from the older pre-arc basement rocks. Even if
they represent cumulates or protocrysts, their chem-
istry is defined by the host volcano which is linked
to the Benioff zone depth. Therefore, no matter how
complicated and multistage the history of each given
megacryst was, its trace element concentration inher-
ited from the initial primitive melt is preserved and
can be used to monitor the chemistry of magma at
each Benioff Zone depth.

Table 1 and Fig. 1 summarize megacryst occur-
rences studied here. Anorthite megacrysts are much
more abundant in the Kuriles and Kamchatka than
was previously thought (e.g., [22,23]). Twenty years
ago they were considered to be a peculiar feature of
certain volcanic centers, especially those belonging
to the frontal low-K, high-alumina basalt zone [22].
Extensive dredging from the rear arc and more de-
tailed investigations of subaerial rear-arc volcanics
have shown that they are also present as rare large
phenocrysts in high-K basalts.

Similar anorthite megacrysts have been found and
described in other volcanic arcs — Japan [24], Van-
uatu [15], Lesser Antilles [25] — and are com-
monly believed to be a feature of primitive arcs,
formed largely on oceanic crust. However, because
the number of such occurrences increases year by
year and includes some continental arc localities
such as Central Kamchatka [22], Central Japan [24]
and Guatemala [27], the role of these megacrysts
appears to be underestimated. Anorthitic plagioclase
is also found in boninites [28], some alkali basalts
[30], and are very common in MORB [29,31].

Textural observations in basalts and in olivine–
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Table 1
Anorthite megacryst occurrences in the Kurile Island Arc

# Sample Volcano Benioff Zone depth Rock types Analyzed range of An Maximal size
(km) (% in cores) (mm)

1 116b Golovnin 115 rhyolitic pumice (72.00) 97–89 25
2 MR-1 Mendeleev 128 hybrid dacite (63.00) 92–82 10
3 Bar-3 Baransky 130 andesite (57.91) 90–88 5
4 B-540 Bogdan Khmelnitsky 160 basalt (51.15) 95–92 5
5 B-646 Kudriavy–Medvezhy 127 basaltic andesite (56.19) 91–89 5
6 B25-24=3 Volc. 7.11A 150 basaltic andesite (56.97) 93–90 2
7 B15-81=1 Volc. 7.10 163 basaltic andesite (53.41) 93–90 2
8 B17-40=6 Volc. 8.2 193 basaltic andesite (53.35) 88–86 2
9 B17-41=4 Volc. 8.11 203 basalt (51.60) 86–83 2

10 Zav-3 Zavaritsky 140 dacitic pumice 95–90 10
11 R135-1 Vetrovoi 168 andesite 92–91 3
12 92-223 Alaid 220 basalt 91–89 2

Numbers in italics are for dredged samples; An, %, proportion of anorthite; numbers in brackets are SiO2 content of the host rock, where
known.

anorthite inclusions indicate that anorthite crystals
often enclose earlier Fo82–76 olivine, although they
are less commonly found in olivine as inclusions. It
is interpreted that plagioclase is the first or second
(after olivine) liquidus phase regardless of magma
chemistry (e.g., [22,23]). Interstitial clinopyroxene
is often found in inclusions, pointing to its crystal-
lization after olivine and anorthite. Confirming that
order of mineral appearance are gabbroic and troc-
tolitic clinopyroxene–bytownite inclusions on some
volcanoes (e.g., Chirinkotan, Bogdan Khmelnitsky),
which represent a phenocryst paragenesis which is
later than olivine–anorthite.

Melt inclusion studies in anorthite and olivine
from several Kurile–Kamchatka volcanoes [32] and
MORB [31] revealed that the composition of homog-
enized melt inclusions is high-Al basalt with ¾4–7%
of MgO, and Thom in the range of 1050–1100ºC
suggesting ¾1.5–2 wt% H2O.

4. Constraints on anorthite crystallization
conditions

Phase equilibria studies have shown that plagio-
clase is an early liquidus phase in most arc magmas
[16,17,33]. High Ca=(Ca C Na) ratio and water
content of the melt are factors favorable for the
crystallization of high-Ca plagioclase from basalts of
varying chemistry and tectonic setting [16].

Among extensive experimental literature on basalt
crystallization, recent numerical crystallization rou-
tines (e.g., MELTS and COMAGMAT) have the ad-
vantage of combining multiple experimental results
covering the wide range of intensive and extensive
parameters, and yield reasonable agreement with
more specific physical experiments [34].

Numerical crystallization modeling using the
MELTS program [35] was performed in order to
reveal P–T –XH2O conditions of anorthitic plagio-
clase crystallization by varying pressures and water
content and composition within ranges of basic mag-
mas (Fig. 2). Since, in nature and experiments, anor-
thitic plagioclase appears on the liquidus in melts
with high CaO=Na2O and Al2O3 content [16], we
choose starting compositions to match high-alumina
arc basalts of low-K tholeiite from the front arc and
high-K basalt from the back arc (Table 2). These
compositions match the compositions of melt in-
clusions in anorthite and olivine phenocrysts (e.g.,
[31,32]).

The temperature at which anorthitic plagioclase
appeared on liquidus varied from 1200ºC at 0.5 wt%
of H2O down to 1050–1100º at 2.5–3.5 wt% of H2O.
By varying the composition of each oxide within the
indicated values (see Table 2), we found that highly
anorthitic plagioclase (An > 86%) only appears in
basalts with high Ca=Na and Al2O3 (typically >19
wt%) and low Na2O content (<2.5 wt%). Variation
in CaO above 10 wt% has less effect. Significantly,
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Fig. 2. The P–XH2O diagram with isopleths of plagioclase composition constructed based on numerical crystallization experiments with
compositions shown in Table 2. Dashed line represents a boundary where clinopyroxene crystallization occurs prior to plagioclase; dotted
line represents water saturation.

Table 2
The starting compositions of melt, used in numerical crystalliza-
tion experiments; values in brackets show ranges of concentra-
tions with which numerical experiments were conducted

Oxide wt%

SiO2 48.96 (47–55)
TiO2 0.81
Al2O3 19.90 (18–23)
Cr2O3 0.10
FeO* 10.00 (7–13)
MnO 0.10
MgO 8.00 (4–10)
CaO 10.00 (9–13)
Na2O 2.01 (1–3)
K2O 0.20 (0.1–2)
P2O5 0.10

Sum 100.17

we found that increasing K2O contents up to 2 wt%
(to cover the range of Kurile’s across-arc variations)
produces little effect on the An content of the crystal-
lizing plagioclase (see Fig. 2). However, it increases
the proportion of clinopyroxene relative to olivine at
higher pressure, thus prematurely depleting the melt
and plagioclase in Ca. Decrease in MgO (from 10
to 4 wt%) or increase in FeO* produces almost no
direct effect on plagioclase composition. It slightly
decreases the proportion of clinopyroxene relative
to olivine prior to plagioclase at higher pressures
(2.5–5 kbar), thus slightly increases An% of plagio-
clase by 1–2 mol%. Similarly, an increase in oxygen
fugacity from IW to HM buffers only slightly de-
creases An% by 3 mol%. This implies that under
conditions when major clinopyroxene crystallization
has not occurred prior to plagioclase crystallization,
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neither K2O content of the magma nor MgO and
Mg# are capable of significantly changing the anor-
thite content of plagioclase. This is in an agreement
with the above observations that similar anorthite is
found throughout the arc regardless of host magma
K2O content.

Increased H2O content strongly favors crystalliza-
tion of An-richer plagioclase: an increase from 0.5
to 3 wt% under fixed conditions leads to 10 mol%
increase in An%. Increase in lithostatic pressure
is less effective and acts in the opposite direction,
in agreement with experiments [16,33]. However,
pressure causes a marked decrease in An% of pla-
gioclase in an indirect way. Clinopyroxene becomes
an increasingly dominant liquidus phase appearing
before plagioclase at pressures higher than 2.5 kbar,
and thereby reducing the CaO=Na2O of the melt
and An% of plagioclase (Fig. 2). Crystallization of
highly calcic plagioclase with An> 90% only occurs
when it appears before clinopyroxene.

Our modeling indicates that even if the MgO of
the original basic magma was in the typical 7–9 wt%
range, then under the described conditions 1–10 wt%
of magnesium olivine fractionation prior to plagio-
clase is capable of reducing the MgO melt content
to 3–5 wt%. As a result, the first highly-anorthitic
plagioclase coexists with chrisolitic olivine (Fo75) in
accordance with observations [22,23].

The optimal condition for crystallization of
high-An plagioclase includes pressures less than 2.5
kbar and 1.5–3 wt% of water; this ensures no sig-
nificant clinopyroxene crystallization prior to plagio-
clase. It indicates that crystallization occurs at 3–8
km depth, corresponding to magma chambers un-
der Kurile Arc volcanoes [13]. These rather shallow
and water-rich conditions of crystallization are re-
flected in the highly vesicular appearance of olivine–
anorthite inclusions in the Kurile–Kamchatka Island
Arc and the often explosive character of their erup-
tion [26].

Therefore, when highly anorthitic plagioclase is
found, it implies that no significant clinopyrox-
ene crystallization has occurred prior to anorthite.
Clinopyroxene is the only likely liquidus mineral
which has non-negligible partition coefficients for
many trace elements, such as HREE. We found
that plagioclase persists as a liquidus phase in most
high-Al basalts, though olivine, spinel and orthopy-

roxenes may crystallize before plagioclase at high
water pressures regardless of the K2O content of the
melt. Early fractionation of these phases (even with
some clinopyroxene) prior to plagioclase is capable
of significantly changing only MgO, Mg=Fe ratio
and ferromagnesian (siderophile) trace element con-
centrations (e.g., Ni, Co, V, Cr), elements which are
strongly compatible with the earliest cumulates. All
other trace elements are incompatible with this early
cumulate assemblage and can only suffer insignifi-
cant (10–20%) proportional increase in the residual
melt.

5. Procedure and analytical technique

Thin sections with anorthite megacrysts (see Ta-
ble 1) were first studied under the microscope and
then with secondary and back-scattered electron
imaging on a JEOL JSM-5800LV scanning elec-
tron microscope (SEM) at the University of Chicago.
Wavelength-dispersive analyses for major elements
were made on a Cameca SX-50 electron microprobe
using a standard procedure (15 kV, 10 nA, 2–5 µm).
Synthetic and natural minerals were used as stan-
dards. Samples which were imaged with the SEM
and analyzed by electron microprobe were analyzed
later at the same spot by ion microprobe. Ion mi-
croprobe analyses were made using a modified AEI
IM-20 instrument at the University of Chicago for
concentrations of: Li, Be, B, F, Mg, P, Cl, K, Ti,
Fe, Co, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd,
Sm, Eu, and Pb. Trace element-bearing NBS glasses
were analyzed as standards at the beginning and end
of each day of analyses to correct for 5–10% in ion
yield variations. The analytical techniques used here
are similar to those described in [36,37]. Molecu-
lar interferences were reduced by energy-filtering.
For each sample, six cycles through the mass peaks
were made. The sputtering history of each spot was
checked for any increase in concentrations of trace
elements resulting from glass or mineral inclusion
contamination. Clearly discrepant analyses were re-
jected. We normally analyzed at least two spots in
each plagioclase core. Whole-rock trace element and
isotope analyses were made in the laboratories of the
Geologisk Institut, University of Copenhagen (see
[4,12] for analytical details).
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6. Compositional profiles through megacrysts

We performed electron microprobe profiles
through selected megacrysts from each volcano (Ta-
ble 1), and found a pronounced homogeneity of
anorthite megacryst cores with respect to major ele-
ments, normally within 2 mol% of anorthite content,
as was noted earlier (e.g., [22,23]).

Trace element profiles through a number of rep-
resentative An-rich crystals in hybrid dacite of
Mendeleev Volcano (Kunashir Island) were estab-
lished to test whether a ‘plateau value’ on concentra-
tion of trace element–distance plot is preserved even
for a phenocryst resided within hybrid silicic magma.
Magma mixing between rhyolitic and basaltic an-
desitic magmas is demonstrated for the host dacite
[38]. Similar An84 calcic plagioclase megacrysts
with 0.01 wt% of K2O are found in basaltic an-
desites, while plagioclase in rhyolite is An40–45 with
0.09 wt% of K2O. Both basaltic andesites, rhyo-
lite, and hybrid dacite have the same 87Sr=86Sr. The
origin of rhyolite is most consistent with 50–65%
fractionation of basaltic andesite magma. Both pro-
gressive enrichment of the melt with K2O due to
fractionation (factor of 3–4) and increase in DK with
decreasing An-content from An84 to An50 (factor of
2–2.5) [38], are responsible for ¾8C increase in
K2O concentration (and other similarly incompatible
trace elements) in phenocryst rims (Fig. 3).

Most trace elements were found to exhibit a
plateau-type profile, except for some small ions
— Li, Be, as well as halogens — with more ir-
regular patterns. This is taken to indicate that the
unzoned cores have retained most of their trace el-
ements (Fig. 3), despite a magma mixing episode
resulting in a strong core–rim concentration gradi-
ent. Phenocrysts from other volcanoes which had not
experienced such a complicated history, are expected
to preserve the original trace element concentrations
within their ‘plateau’ cores.

7. Across-arc variations of trace element
concentrations in anorthite megacrysts

Given the narrow compositional range of plagio-
clase megacrysts (An84–An94), the across-arc chemi-
cal variations can be displayed by direct comparison

of trace element concentrations in megacrysts with
depth to the Benioff Zone (Table 3, Fig. 4). The con-
centrations of minor and trace elements in plagio-
clase that can be measured with good accuracy, such
as K, Sr, Ba, La, Ce and several other key trace ele-
ments, all exhibit clear linear variations with depth to
the Benioff Zone. Elements whose concentration in
the whole rock (and correspondingly plagioclase) is
low (e.g., Pr, Nd, Sm, Cs) and=or low in plagioclase
due to small plagioclase=melt partition coefficients
(e.g., Cs, Rb, Zr, Nb), exhibit larger scatter which
may also include some natural diversity.

Levels of Fe, Mg, and therefore Mg=Fe remain
approximately constant across the arc though with
significant scatter. Concentration of Co, the only
other measured fractionation-sensitive trace element,
also lacks any trend across the arc. This suggests that
there is no variation in the degree of fractionation
across the arc prior to the appearance of anorthite
on the liquidus. Since Mg and Fe2C were shown to
have similar plagioclase–melt partition coefficients
[39], the Mg=Fe2C ratio in plagioclase should di-
rectly reflect that of the parental magma. The low
Mg=Fe ratio in Kurile and other natural plagioclases
(compared to expected high Mg=Fe2C ratio in prim-
itive mantle-equilibrated basalts) is likely to reflect
the fact that a significant proportion of iron in pla-
gioclase is represented by ferric iron, which tends to
partition into plagioclase ten times more efficiently
than ferrous iron [39].

A least-square approximation routine [40] was
used to determine the magnitude of linear increase
or decrease of trace element variations in anorthite
megacrysts across the arc (Fig. 5). This routine
weighs each sample as a function of its error bars.
In addition, outliers which are beyond 2σ of the ap-
proximation line, and are shown in italics in Table 2,
are excluded. Fig. 5 shows the calculated maximum
trace element enrichment or depletion factor in the
rear arc relative to the volcanic front, represented
as trace element ratio normalized to depths of 220
km (rear arc) versus 120 km (volcanic front), as
taken from the approximation line. The magnitude
of this ratio should adequately reflect the ratio for
parental melts, since plagioclase has virtually con-
stant anorthite content across the arc, and accord-
ingly plagioclase–melt partitioning is expected to be
the same [37].
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Fig. 3. (a) Chemical profiles through a relic Ca-rich plagioclase megacryst in dacite of Mendeleev Volcano (Kunashir Island). Notice
that a ‘plateau’ is preserved for several trace elements. (b) Micrograph through the indicated megacryst; dark Ca-rich core is clearly
preserved, whereas light rim areas are Ca-poor overgrowths as a result of residence in the dacitic magma. Phenocrysts in the dacite have
similar rim compositions.

We find that the concentrations of Ba and K
in megacrysts show the maximum increase across
the arc by a factor of 12, similar to but larger than
that displayed by the whole-rock data (see Fig. 6

below and [3,5,6]). Smaller increases are exhibited
by other lithophiles: Li, Sr, and Be. Variations in
Rb and especially Cs are less certain due to the
low abundance in plagioclase, and may even follow
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Fig. 4. Ion microprobe-measured trace element concentrations in anorthite megacrysts as a function of Benioff Zone depth. Data from
Table 2. Each point represents the averaged concentration for a volcanic center; error bars are š1σ of averages of trace element
concentrations in several anorthite megacryst cores. Symbols with a slash inside denote northern and central Kuriles, the rest is from
southern Kuriles; note that no along-arc variations are seen.

the decreasing trend (see Fig. 4) for hydrophile
elements.

Eu and light REE show an increasing enrichment
toward the rear arc. Remarkably, the enrichment
factor for REE decreases steadily along with ionic
radius from La to Sm. Heavier REE, Sm and the
heavy REE-element proxy Y show no enrichment.
Eu, on the other hand, deviates from this general
rule and shows the strongest enrichment. Since a
significant proportion of Eu is likely to be present
in Eu2C form over the range of oxygen fugacities in
Kurile magmas [10,41], the charge and size of Eu2C

make it behave as an element analogue of Sr [42],
allowing it to follow the same line of behavior across
the arc like Sr2C.

Measured HFSE also exhibit a slight increase in
concentration toward the rear arc, or remain con-
stant. Hydrophile elements — Cl, F, Pb and B —
show significant scatter and either remain constant
or decrease with deepening of the Benioff Zone.

The established pattern of enrichment is generally
consistent with the whole-rock across-arc trends for
LILE, LREE, HFSE, and volatile, hydrophile ele-
ments [3,6,43]. In particular, the decrease in B, Pb
and increase in Be are consistent with the data of
[44,45] and [9,43]. However, as pointed out above,
the linear approximation, especially for trace ele-
ments with dual affinities to melts and fluids (e.g.,
Cs, Rb, Pb), may not reflect the full range of pro-
cesses across the arc.
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Fig. 5. Ratio of best-fitted trace element concentrations at the depth of 220 km (rear arc) over 120 km (volcanic front), showing the
maximal possible magnitude of trace element enrichment=depletion factors across the arc. Elements are arranged in decreasing order in
four groups: lithophile (LILE), rare earths (REE), high field-strength (HFSE), and hydrophile (HYE) elements. Note the sequence of trace
element enrichment=depletion.

Fig. 6. Reconstructed concentrations and ratios of trace elements in parental magmas of anorthite megacrysts (large empty squares) as
compared with measured whole-rock trace element concentrations for the most primitive mafic volcanics (basalts and basaltic andesites)
found at these centers (filled diamonds); whole-rock data are from [5] and Bindeman and Bailey (unpublished data). Note that the
reconstructed concentrations for most incompatible trace elements are systematically lower, and for the compatible element Sr are higher,
than concentration in the whole-rock. This is taken as evidence that anorthite megacrysts tap a more primitive (less differentiated) stage
than is represented by the whole-rock (see text for discussion and Fig. 4 for symbol explanation).
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8. Reconstructed concentration of trace elements
in parental magmas versus whole-rock
concentrations

Dividing the measured concentrations of trace el-
ements in plagioclase by the appropriate partition
coefficient allows the reconstruction of trace element
concentrations in parental melts (Fig. 6). However,
only elements which are abundant in plagioclase
(K, Li, Mg, Sr, Ba, LREE) and for which partition
coefficients are non-negligible can be used success-
fully. We used ion microprobe-based plagioclase–
basalt partition coefficients [37], which were deter-
mined using the same University of Chicago ion
microprobe, using the same procedure and the same
list of trace elements. All trace element partition
coefficients show a linear relationship of the form:
RT ln.D�/ D aXAn C b, which allows correction
to Dι’s depending on plagioclase composition. The
expected ¾50–100ºC range between temperatures
of plagioclase crystallization in Kurile Arc basalts
of different alkalinity and water content is a less
important factor than plagioclase composition, and
contributes less than 5% to the RT ln.D�/ parameter
[37]. We took ¾1200ºC and 1150ºC as liquidus tem-
peratures for front-arc tholeiitic and rear-arc high-K
basalts, respectively, based on their plagioclase crys-
tallization temperatures calculated in MELTS pro-
gram [35] above.

We found (see Fig. 6) that for most incompatible
elements the reconstructed concentrations are ¾70–
100% of those in the whole rocks containing these
phenocrysts. For Sr we observed the opposite situa-
tion. Sr readily enters plagioclase (DPl

Sr > 1) and is
likely to be compatible with the earlier plagioclase-
dominated cumulate assemblage during basalt frac-
tionation. The most undifferentiated basalts found
at some volcanoes often overlap with the recon-
structed primitive values. However, not all volcanoes
have such basalts present at the surface. The result
is that reconstructed compositions are collinear (co-
magmatic) with the whole-rock data but give system-
atically less differentiated compositions for several
key trace elements. This does not appear to be an
artifact of the partition coefficient model. Rather it
implies that anorthite megacrysts tap a more primi-
tive stage of basalt segregation than that represented
by the whole-rock data. It emphasizes that the anor-

thite megacrysts are the result of crystallization from
a more primitive magma than the host rock.

The reconstructed MgO concentrations based on
the studied anorthite crystals are 3–5 wt%, typical
for high-Al basalts which have only suffered olivine
and spinel fractionation (e.g., [1]). Interestingly, the
measured MgO concentrations in melt inclusions
inside coexisting anorthite and olivine from four
Kurile and Kamchatka volcanoes (e.g., [32]) are
also in the 3–7-wt% range. The MELTS modeling
presented above shows that the decrease in MgO
content and Mg=Fe ratio in the melt produces a weak
direct influence on plagioclase composition.

More information on the trace element budget
across the arc is provided by trace element ratios
of different geochemical groups (e.g., Fig. 4). In
particular, ratios of hydrophile elements to HFSE
usefully constrain the role of fluids in magma gen-
esis, since HFSE do not participate in dehydration
reactions [44–46], and serve as a good reference
element group for hydromagmatic element normal-
ization. B=Be and B=Nb ratios reconstructed from
anorthite megacrysts, and from whole-rock values
[6,9,42–44], decrease across the arc. There is also
a decreasing trend in Pb=Ce ratios, confirming the
hydrophile nature of Pb in arc magmas. We also
see an increasing trend in LILE=HFSE ratios (e.g.,
K=Nb, Ba=Zr) across the arc which is not resolved in
whole-rock analyses [9].

9. Isotope ratios

Newly determined isotope ratios of 87Sr=86Sr,
143Nd=144Nd, 206Pb=204Pb, 207Pb=204Pb, 208Pb=204Pb
for primitive samples found on volcanoes (some of
them with highly anorthitic plagioclase) are given in
Table 4 and plotted on Fig. 7, along with the pub-
lished isotope ratios for the same volcanoes. Studied
samples plot in the middle of the reported trend
for strontium and neodymium isotopes and con-
firm the across-arc trend, previously established for
the Kuriles [7,8]: a decrease in both 87Sr=86Sr and
143Nd=144Nd. Results for lead isotopes across the
Kuriles show the absence of any trend in Pb isotope
ratios. All Pb isotopes lie just within the reported
MORB values for the northern Pacific (see Fig. 7),
and require little or no sediment or fluid addition.
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Table 4
Whole-rock isotope composition of primitive basic rocks from Kurile Island Arc

Sample Volcano Benioff Zone Rock type 87Sr=86Sr 143Nd=144Nd εNd
206Pb=204Pb 207Pb=204Pb 208Pb=204Pb Pb

depth (km) (ppm)

B552 Kudriavy 127 B (52.49) 0.703224 0.513100 9.01 18.381 15.494 38.152 5.8
B559 Kudriavy 127 BA (56.67) 0.703221 0.513105 9.11 18.385 15.514 38.234 7.0
B620 Kudriavy 127 BA (55.66) 0.703229 0.513115 9.30 18.376 15.510 38.213 4.7
B622 Kudriavy 127 A (57.71) 0.703233 0.513100 9.01 18.346 15.511 38.179 7.6
B631 Kudriavy 127 B (50.67) 0.703275 0.513106 9.13 18.353 15.510 38.194 2.9
B634 Kudriavy 127 B (50.5) 0.703259 0.513105 9.11 18.773 15.385 37.653 4.0
B652 Kudriavy 127 BA (53.55) 0.703196 0.513101 9.03 18.404 15.545 37.306 5.3
B657 Kudriavy 127 BA (53.34) 0.703194 0.513111 9.23 18.352 15.529 38.240 11.0
B357 Baransky 130 BA (54.81) 0.703189 0.513070 8.43 18.266 15.541 38.142 4.9
B25-24=7 Volc. 7.11A 150 A (58.48) 0.703159 0.513003 7.12 18.402 15.515 38.281 6.7
B540 Bogdan Khm. 160 B (51.15) 0.702881 0.513047 7.98 18.352 15.502 38.153 3.1
B541 Bogdan Khm. 160 B (50.87) 0.702911 0.513066 8.35 18.198 15.519 38.066 4.1
BIN-111 Bogdan Khm. 160 B (51.75) 0.702978 0.513048 8.00 18.329 15.515 38.182 5.3
BIN-112 Bogdan Khm. 160 B (49.99) 0.702952 0.513054 8.11 18.342 15.544 38.263 4.8
B539 Bogdan Khm. 160 A (55.19) 0.703181 0.513010 7.26 18.394 15.509 38.242 6.8
B15-81=3 Volc. 7.1 162 B (53.41) 0.702828 0.513018 7.41 18.424 15.528 38.303 6.7
B17-42=6 Volc. 7.16 189 B (51.43) 0.702956 0.513021 7.47 18.401 15.506 38.235 5.2
B17-40=1 Volc. 8.2 193 B (53.01) 0.702809 0.513032 7.69 18.485 15.512 38.258 5.5
B17-41=3 Volc. 8.1 203 B (51.54) 0.702832 0.513019 7.43 18.415 15.500 38.207 3.8
B17-41=6 Volc. 8.11 203 B (51.25) 0.702761 0.513021 7.47 18.419 15.509 38.235 4.1

Numbers in italics are for dredged samples; B, basalt; BA, basaltic andesite; A, andesite.

10. Discussion

Primitive, high-MgO–Ni–Cr (MgO > 10 wt%)
basalts are only rarely found in Kurile volcanoes or
in other island arcs. Picrites with MgO in excess of
16 wt% have been considered as the most primitive
type of basalt [15,17], but these have not yet been
found in the Kuriles. Some of the most primitive vol-
canics in the Kuriles occur on Alaid; they are high
MgO–Ni–Cr basalts and could be in equilibrium
with a mantle source; some of them are nepheline-
normative [4]. In Vanuatu Island Arc, such rocks ex-
hibit considerable heterogeneity, and up to three dis-
tinct trace elemental magma types can be found on
one island [15]. The heterogeneity of the most prim-
itive arc magmas may indicate that they came from
small melt batches in the mantle wedge, batches
which differed in composition=differentiation histo-
ries.

In the Kurile Island Arc, the presence of sim-
ilar anorthite megacrysts (similar large sizes, mor-
phology, composition and Mg=Fe ratio) in rocks of
different alkalinity and incompatible trace element

contents is a characteristic feature of high-Al basalts
from volcanoes located at different elevations above
the seismofocal zone. Their potentially widespread
presence reflects the broadly similar major element
compositions of the main basaltic magma types in
the Kuriles, with the exception of K2O which ranges
up to ¾1.6 wt% [4–7]. Variations in K2O and in
cumulative amounts of LIL and hydrophile trace el-
ements do not seem to affect phase equilibria (see
Fig. 2).

Given this background, we propose a ‘high-Al
stage’ of basalt differentiation which is reflected
in anorthite megacrysts. The euhedral and homo-
geneous anorthite megacrysts are likely to form
in large, slowly cooling magma chambers. The
‘high-Al stage’ represents a ‘homogeneous’ stage
of mafic magma fractionation which is common for
magmas across the arc. The results of MELTS mod-
eling above and crystallization experiments indicate
that anorthite crystallizes from relatively low pres-
sure and hydrous magmas, not more than 10–15%
after early olivine C spinel fractionation. Crystal-
lization can proceed in the rather shallow and large
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Fig. 7. Isotopic variations in rocks across the Kurile island arc from this study (large empty squares). Other published ratios are smaller
filled diamonds, data from [7,8]. Grey fields with horizontal lines are ranges and averages of MORB values for Pacific [44,47,48]. Lines
indicate assumed location of mantle sources before variable addition of slab-derived fluids (arrows), based on [7,8,12]. See text for
discussion.

crustal magma chambers at 3–8 km depth which are
known under most of the Kurile’s volcanoes from
geophysical data [11]. These chambers are likely to
be drainage pools and traps for smaller, deeper and
more primitive and heterogeneous basaltic melts, and
may thus average out their differences. Basaltic an-
desites, the most abundant rock type on the Kuriles
(and other island arcs) [1] are residual magmas left
after fractionation of these more primitive, high-Al

basalts. Glass of basaltic andesitic composition often
occurs interstitially in olivine–anorthite and gabbro–
anorthositic cumulate inclusions [23,26].

On this basis, the use of plagioclase megacrysts
and other early liquidus phases may be a conve-
nient way of comparing magmas at the same stage of
their evolution and of understanding more precisely
the magnitude of across-arc chemical variations. The
use of cores of relic plagioclase megacrysts allows
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one to see back through the effects of fractional crys-
tallization, mixing and secondary alteration to the
more primitive, high-Al basaltic compositions which
may not otherwise be present. Plagioclase serves as
a stable host for these trace elements, and the al-
teration processes affecting many volcanic rocks on
the surface or under water do not seem to affect
contents in the cores of plagioclase megacrysts. The
use of plagioclase megacrysts, however, is limited to
elements which can be measured with high precision
on the ion microprobe

The results of this study reveal the linear increase
or decrease of trace element concentrations and ra-
tios across the Kurile Island Arc (e.g., Figs. 4 and 6).
Trends are especially clear for several incompatible
trace elements whose concentrations are measured
with high precision. The sequence and magnitude
of trace element enrichments (Ba > K > Sr >
LREE, see Fig. 5) are similar to experimental results
involving fluids [49–51], and confirm the role of
fluid-release as an important transfer mechanism for
trace elements at different depths as subduction pro-
ceeds. This is especially supported by the across-arc
variations of Be, B, and Pb concentrations and B=Be,
B=Nb, and Pb=Ce ratios [4,9,43–45], since the dis-
tribution of B and Pb is dominantly controlled by
fluid addition [46]. and for which plagioclase=melt
partition coefficients are non-negligible.

The discovered linearity of many trends, as op-
posed to hyperbolic (Rayleigh-type) increase or de-
crease, expected as a result of a single process of
devolatilization or partial melting, deserves special
comments. Linearity is likely to prove critical for
modeling across-arc processes. Linearity is likely to
reflect a combination of two or more petrogenetic
factors: variations in fluid release and the decrease in
the degree of partial melting with depth, change of
the melting source [47]. Across the Kuriles, falling
143Nd=144Nd and Zr=Nb ratios but rising contents of
HFSE indicate a steady transition to less depleted
mantle sources towards the rear arc [7,8]. At the
same time, linear increase in K and related incom-
patible trace elements, and the inferred water content
[10] which is believed to behave as an incompatible
component during crystallization, can be linked to
the decrease in magma volumes, and imply a steady
fall in the percentage of melt remaining.

Further insight is provided by across-arc isotopic
variations (Fig. 7). 87Sr=86Sr does not correlate pos-
itively with Pb isotopic ratios and negatively with
143Nd=144Nd, as seen in NE Japan [48], and is taken
as the evidence of sediment-derived fluid addition.
In the Kuriles, 87Sr=86Sr correlates positively with
143Nd=144Nd [7] and no clear correlation is seen on
Sr–Pb and Nd–Pb isotopic plots, since Pb isotopes
are homogeneous and MORB-like across the arc.
Compared to NE Japan [47], the high 143Nd=144Nd
ratios and low 87Sr=86Sr, 206Pb=204Pb, 207Pb=204Pb,
and 208Pb=204Pb ratios in Kuriles volcanic rocks
point to a reduced influence of sediment-derived
fluids on a depleted MORB-type source mantle. Mi-
nor metasomatism of sub-arc mantle by fluids with a
sedimentary spike is required to explain variations in
B and Be systematics [6,9,43,52] and in Th=U, K=Cs
and Rb=Cs ratios [12]. In detail, 87Sr=86Sr ratios
down to 0.7028 in rear-arc volcanics point to normal
levels of depletion in the underlying mantle, whereas
the increasing 143Nd=144Nd ratios in volcanics closer
to the fore arc [7] imply that their source was
even more depleted and can be characterized as
ultra-depleted [12]. Such an ultra-depleted mantle,
with exceptionally low Pb isotopic ratios, allows
the observed Pb isotopic ratios and their across-arc
monotony to be explained by a small addition of sed-
iment-derived fluids (see Fig. 7). At the same time,
considerable fluid may have been released from the
altered oceanic crust and this would be consistent
with the observed combination of relatively high Sr
isotope but low Pb isotope ratios, as well as high
δ11B values [9,44–46], in the fore-arc volcanics. In
addition, the increase in Sr and Nd elemental con-
centrations toward the rear arc and slight decrease in
Pb concentrations, coupled with the Sr, Nd and Pb
isotopic ratios across-arc variations above, may also
imply the gradual change of the dominant source for
Sr, Nd and Pb elemental and isotopic source toward
mantle-wedge-controlled (MORB-like).

Future work should aim to more precisely moni-
tor these various elemental and isotopic parameters
and needs to be carried out on samples from a
narrowly defined, preferably more primitive stage
of magmatic evolution. It is here demonstrated that
anorthite megacrysts are useful for retrieving the
chemistry of these early stages.
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