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Abstract

Geochemical characteristics of arc magmas reflect incorporation of subducted materials to their mantle wedge sources in
subduction zones. Subduction component addition has been proposed to modify the Zn isotopic budget of arc magmas. How-
ever, the lack of a systematic study on Zn isotopic compositions of arc magmas hampers a better understanding of Zn isotope
behavior in subduction zones. To address this issue, we have determined Zn isotopic compositions of 37 well-characterized arc
rocks from the Kamchatka and Central-Eastern Aleutian arcs. These rocks record contributions of fluids and melts derived
from altered oceanic crust (AOC) without overprints of sediment melts and thus allow focus on the potential effects of
AOC-derived fluids and melts on the Zn isotopic budget of arc magmas. For comparison, nine basalts from the Gakkel,
Mid-Atlantic and Southeast Indian Ridges, and the Lau Basin and nine adakites from Central America were also analyzed.
Rocks from the Kamchatka-Aleutian arcs have d66Zn from 0.16 to 0.31‰ that are mostly similar to those of mid-ocean ridge
basalts (MORBs), back-arc basin basalts (BABBs), and adakites (d66Zn = 0.23–0.33‰), but a significant number of arc
samples also display d66Zn higher than that of the depleted MORB-type mantle (DMM), indicating Zn isotope fractionation
during magmatic processes and/or modifications of the mantle wedge Zn isotopic budget by incorporation of AOC-derived
fluids and melts.

The lack of correlations of d66Zn with geochemical indicators of magma differentiation (e.g., MgO, SiO2, and Zn/FeT) indi-
cate that fractionation of olivine, pyroxene, and magnetite has a limited effect on the Zn isotopic compositions of arc magmas.
Even though the mantle sources of arc rocks investigated here are strongly affected by AOC-derived fluids and melts that have
higher d66Zn compared to the DMM, we observe no systematic variations of d66Zn with indicators of subduction components
(e.g., Ba/La, Ba/Th, Sr/Y, Hf/Lu and 87Sr/86Sr). This suggests that insignificant transport of Zn from the subducting Pacific
slab to the Kamchatka and Central-Eastern Aleutian mantle wedge. Our model calculations suggest that the observed offset of
d66Zn between the mantle and arc magmas can be attributed to isotope fractionation during partial melting with no need for
contributions from subduction components.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Arc magmas at convergent plate margins display a num-
ber of distinct geochemical features relative to magmas
erupted at mid-ocean ridges, including the enrichment of
large ion lithophile elements (LILEs) and light rare earth
elements (LREEs), and the depletion of high field strength
elements (HFSEs) (e.g., Pearce and Peate, 1995). Mid-ocean
ridge basalts form via decompression melting of the
upwelling asthenosphere mantle at nominally dry condi-
tions, while most arc magmas originate from flux-melting
of the mantle wedge above the subducting slab under
hydrous conditions. Melting is triggered by fluids and/or
melts liberated by dehydration and/or partial melting of
sediments, the underlying basaltic oceanic crust and even
the ultramafic serpentinites during oceanic plate subduction
(e.g., Kelemen et al., 2007). These fluids and melts deliver
slab-derived (i.e., subduction) components to the mantle
wedge and finally to arc magmas (e.g., McCulloch and
Gamble, 1991; Elliott et al., 1997; Metrich and Wallace,
2008). Thus, the compositions of arc magmas are deter-
mined by addition of subduction components, partial melt-
ing of the sub-arc mantle wedge that is generally more
depleted than the source of MORBs (e.g., Woodhead
et al., 1993; Nebel et al., 2015), and shallow differentiation
in crustal magma chambers.

Apart from typical trace element patterns, radiogenic
and stable isotopic compositions also allow characteriza-
tion and identification of arc magma source components.
This includes metal stable isotopes for many elements
(e.g., Li, Mg, Fe, Mo, and Cu) (e.g., Tang et al., 2014;
Liu et al., 2015; Nebel et al., 2015; König et al., 2016;
Sossi et al., 2016; Teng et al., 2016). Recently, a growing
number of Zn isotopic data shows that the d66Zn values
are 0.18–0.55‰ for altered oceanic crust (AOC), �0.05
to 1.34‰ for sedimentary materials (e.g., carbonate/silicate
sediments and shales) (Maréchal et al., 2000; Pichat et al.,
2003; Bentahila et al., 2008; Pons et al., 2011; Little et al.,
2014, 2016; Huang et al., 2016), and �0.48 to 0.52‰ for
serpentinites (Pons et al., 2011, 2016). In contrast to highly
heterogeneous Zn isotopic compositions in these potential
subduction components, the normal mantle (i.e., the man-
tle that is not affected by metasomatism) represented by
non-metasomatic peridotites have a homogeneous Zn
isotopic composition (d66Zn = 0.16 ± 0.06‰, 2SD, Sossi
et al., 2018; 0.18 ± 0.06‰, 2SD, Wang et al., 2017).
This suggests that Zn isotopes may be a new and useful tra-
cer of the nature of subduction components in arc magma-
tism and their potential contribution via recycling
processes to the source of plume-related magmatism in
intraplate settings (Liu et al., 2016; Pons et al., 2016;
Wang et al., 2017).

The elevated d66Zn (0.57–0.89‰) in fluid-derived sec-
ondary olivines from the Kohistan Paleo-Island-Arc mantle
have been attributed to metasomatism by isotopically
heavy slab-derived fluids (Pons et al., 2016). Although pre-
vious studies have proposed that such heavy slab-derived
Zn isotopic signatures should be recorded in arc magma-
tism (Pons et al., 2016), a systematic analysis of Zn isotopes
in arc magmas has not yet been done for a better under-
standing of the behavior of Zn isotopes in subduction
zones. To the best of our knowledge, there are only six scat-
tered data for Zn isotopes on fresh andesites from three vol-
canos at convergent plate margins. Five andesites from the
La Soufriere volcano, Northern Lesser Antilles and the
Merapi volcano in the central of Java, Indonesia have
d66Zn of 0.21–0.25‰ (Toutain et al., 2008; Chen et al.,
2014), falling within the range of MORBs and ocean island
basalts (OIBs, d66Zn = 0.24–0.40‰, Herzog et al., 2009;
Chen et al., 2013; Wang et al., 2017), but marginally higher
than that of the normal mantle (0.16 ± 0.06‰, Sossi et al.,
2018). One andesite from Taiwan Island at the collision
boundary between the Philippine and the Asian Continen-
tal Plate displays a heavy d66Zn of 0.55‰, which was pro-
posed to reflect either the particular characteristics of Zn
isotopic compositions in Taiwan rocks or input of isotopi-
cally heavy AOC-derived melts to the mantle wedge
(Bentahila et al., 2008).

Even if subduction components mainly play a role in
lowering the solidus of but do not modify the Zn isotopic
budget of the mantle wedge, partial melting and magma dif-
ferentiation still may have an effect on the Zn isotopic com-
positions of arc magmas. Previous studies have shown that
mantle melting results in an enrichment of heavy Zn iso-
topes (e.g., 66Zn) in the partial melts relative to the residual
peridotites (Doucet et al., 2016; Wang et al., 2017; Sossi
et al., 2018). Fractional crystallization of olivine and/or
Fe-Ti oxides is likely to further enhance the heavy Zn iso-
tope enrichment in the evolved melts (Chen et al., 2013).

In order to simultaneously examine the effect of mantle
melting and magma differentiation on the Zn isotopic bud-
get of arc magmas and to test whether their Zn isotopic
compositions are sensitive to the contributions of subduc-
tion components (e.g., fluids and melts), we present the first
systematic Zn isotope investigation on a set of 37 well-
characterized magmatic rocks from the Kamchatka and
Central-Eastern (CE) Aleutian arcs, including basalts,
basaltic andesites, andesites, dacites, and intrusive equiva-
lents. The samples that we analyzed have diverse composi-
tions, experienced significant differentiation and represent
mantle wedge sources that had been modified by fluids
(e.g., EVF, CKD, and SR in Kamchatka) and slab melts
(e.g., NCKD in Kamchatka; Atka and Umnak in CE Aleu-
tians) derived from the subducted AOC without overprints
of sediment melts (Churikova et al., 2001; Münker et al.,
2004; Cai et al., 2015). Therefore, these samples allow us
to assess the effects of magmatic processes and the role of
AOC-derived fluids and melts on the Zn isotopic budget
of arc magmas. For comparison, measurements were also
carried out for seven MORBs from the Gakkel, Mid-
Atlantic and Southeast Indian Ridges and two BABBs from
the Lau Basin, because the previously-published Zn
isotopic data for MORBs are scarce (only 6 in Wang
et al., 2017). In addition, we also analyzed nine adakites
from the Central American Volcanic Arc, which result from
slab melting (Abratis and Wörner, 2001; Wegner et al.,
2011), to constrain the Zn isotopic characteristics of
AOC-derived melts.
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2. GEOLOGICAL BACKGROUNDS AND SAMPLE

DESCRIPTIONS

2.1. The Kamchatka arc

The Kamchatka arc is located at the convergent bound-
ary of the Pacific and Eurasian plates (Fig. 1). The Pacific
plate, carrying the 65 Ma old Emperor Seamount chain,
presently subducts below Kamchatka at the rate of �9
cm/yr (Geist and Scholl, 1994). At �57�N, the Kamchatka
and Aleutian arcs intersect at an angle of �90�
(Yogodzinski et al., 2001).

Twenty-seven Quaternary calc-alkaline volcanic rocks
from the Kamchatka arc were analyzed for Zn isotopes in
this study. Their major and trace element contents and
Sr-Nd-Pb-Hf-O isotopic compositions have been previously
reported (Dorendorf et al., 2000; Churikova et al., 2001;
Münker et al., 2004). Twenty-four samples come from the
Eastern Volcanic Front (EVF), the Central Kamchatka
Depression (CKD) and the Sredinny Ridge (SR) that define
a complete traverse across the arc at 56�N (Fig. 1). Most
samples are basalts and basaltic andesites with SiO2 from
47.4 to 55.8 wt%, MgO from 3.6 to 9.1 wt%, FeOT

(T = Total) from 5.2 to 11.1 wt%, and Zn from 50 to
110 ppm (Fig. 2, Churikova et al., 2001). Major and trace
elements indicate variable olivine and clinopyroxene frac-
tionation with some rocks affected by magnetite fractiona-
tion (Fig. 2, Churikova et al., 2001). An andesite and a
more differentiated dacite from the EVF are also included
to evaluate the influence of differentiation on Zn isotopic
systematics in these lavas. Trace element (Fig. 3a) and
Sr-Nd-Pb-Hf-O isotope systematics suggest that rocks from
the 56�N arc traverse originate from a heterogeneous
Fig. 1. Geological map of Kamchatka-Aleutian arcs with sample locatio
Atka and Umnak. EVF = Eastern Volcanic Front, CKD = Central K
Depression, SR = Sredinny Ridge. Maps are modified from Münker et al.
colour in this figure legend, the reader is referred to the web version of t
mantle wedge, chemically affected by adding variable
amounts of fluids derived from the subducting Pacific ocea-
nic crust and the subducted Emperor seamount chain
(Dorendorf et al., 2000; Churikova et al., 2001; Münker
et al., 2004). A significant contribution from subducted sed-
iments can be excluded based on low 207Pb/204Pb (<15.528)
and 87Sr/86Sr (<0.703665) ratios and the lack of correlation
between fluid mobile elements and Pb-isotope compositions
(Churikova et al., 2001). Another three andesites are from
Shiveluch volcano located at the northern termination of
the Central Kamchatka Depression (NCKD) adjacent to
the junction between the Kamchatka and Aleutian arcs
(Fig. 1). They have 54.6–61.1 wt% SO2, 3.6–5.6 wt%
MgO, 4.6–7.7 wt% FeOT, and 99.8–134 ppm Zn (Fig. 2,
Churikova et al., 2001). Their low 87Sr/86Sr (�0.703420),
low 207Pb/204Pb (�15.48) and high eNd (�10.0) rule out
any significant addition of subducted sediments to the man-
tle wedge or shallow level crustal contamination
(Churikova et al., 2001; Münker et al., 2004). Thus, their
high Sr/Y ratios (33.3–54.5) (Fig. 3b) have been ascribed
to addition of melts derived from oceanic crust to the man-
tle wedge (Churikova et al., 2001; Yogodzinski et al., 2001).

2.2. The Aleutian arc

The geological background of the Aleutian arc has been
discussed extensively in the literature (e.g., Yogodzinski
et al., 1995; Tibaldi and Bonali, 2017 and references
therein). Briefly, the Aleutian arc is formed by subducting
the Pacific plate beneath the American plate, and its
northwesternmost part nearly perpendicularly meets the
Kamchatka arc at ca. 57�N (Fig. 1). The Aleutian arc is
sub-divided into the Western, Central, and Eastern
ns marked with color symbols, including EVF, CKD, SR, NCKD,
amchatka Depression, NCKD = Northern Central Kamchatka
(2004) and Cai et al. (2015). (For interpretation of the references to
his article.)



Fig. 2. Compositional variations of arc rocks, MORBs, and BABBs as MgO versus Ni (a), CaO/Al2O3 (b), FeOT (c), and Zn/FeT (�104) (e).
Data for samples (large symbols) studied here are from Churikova et al. (2001), Gale et al. (2013), and Cai et al. (2015). Small symbols denote
a compilation for the Kamchatka (solid circles, Churikova et al., 2001) and Aleutian arc rocks (solid triangles, Yogodzinski et al., 2015), OIBs
(open triangles, Hawaii Mauna Kea volcano, Huang and Frey, 2003) and MORBs (open circles, Jenner and O’Neill, 2012). The dashed lines
in (c) and (d) denote the onset of magnetite fractionation in arc magmas (Lee et al., 2010).
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segments (Yogodzinski et al., 1995; Cai et al., 2015). The
Western Aleutians (west of 180�W) extends from the
Komandorsky Islands to the eastern end of the Rat Islands,
and the Central-Eastern (CE) Aleutians (east of 180�W)
extends from the Delarof Islands to the western end of
the Alaska Peninsula (Fig. 1) (Cai et al., 2015).

In the CE Aleutians, there are both intrusive and extru-
sive rocks. The calc-alkaline plutons have an Eocene to
Miocene (39–9 Ma) age that are exposed below the younger
Holocene tholeiitic lavas (Cai et al., 2015). Compared to the
lavas, the plutonic rocks have negligible Eu anomalies, sim-
ilar or higher Na2O + K2O and similar or lower CaO and
Al2O3 at a given Mg#, suggesting that they represent
magma compositions rather than crystal cumulates (Cai
et al., 2015). Their major and trace element contents
strongly resemble the calc-alkaline Holocene lavas with
more depleted Sr-Nd-Pb-Hf isotope ratios in the Western
Aleutians (Cai et al., 2015 and references therein). Specifi-
cally, the plutonic rocks from the CE Aleutians have high
eNd (>6.3) and eHf (>11.8) coupled with higher Th/Nd
and Hf/Lu compared to the DMM (Cai et al., 2015). These
geochemical features have been ascribed to addition of low
degree partial melts of subducted oceanic crust in eclogite
facies, where residual omphacite and garnet preferentially
retain Nd and Lu relative to Th and Hf, respectively (e.g.,
Cai et al., 2014, 2015; Yogodzinski et al., 2015). This is con-
sistent with their MORB-like 87Sr/86Sr and high Sr/Y
(Fig. 3b, Cai et al., 2015).

The Aleutian samples examined here were calc-alkaline
plutonic rocks from the Atka and Umnak islands in the
CE Aleutians (Fig. 1). Their petrology, major and trace ele-
ment contents, and Sr-Nd-Pb-Hf isotopic compositions
have been previously reported (Cai et al., 2015). Our sam-
ples are basaltic to dacitic in compositions, including gab-
bro, diorite, and granodiorite. They have SiO2 from 47.9
to 64.2 wt%, MgO from 2.2 to 5.6 wt%, FeOT from 4.4 to
8.9 wt%, and Zn from 21.1 to 110 ppm (Fig. 2, Cai et al.,
2015). Together with the NCKD samples at Kamchatka,
their Zn isotopic compositions therefore provide valuable
insights into potential contributions to arc magmas from
partial melting of subducted oceanic crust.

2.3. MORBs and BABBs

Mid-ocean ridge basalts were collected from zero-age
centered ridge sections including the Gakkel Ridge at 84–
87�N, the Mid-Atlantic Ridge at 37.1�E, and the Southeast
Indian Ridge at 43–51�S. The spreading rates vary from



Fig. 3. Kamchatka-Aleutian arc rocks and adakites from the Central American Arc in comparison to other arc systems in Th versus Ba/Th
(a) and Y versus Sr/Y (b). Data for Kamchatka-Aleutian arcs are from Churikova et al. (2001) and Cai et al. (2015), adakites from Abratis
and Wörner (2001) and Wegner et al. (2011), and arc compilations from Drummond and Defant (1990) and Hawkesworth et al. (1997).
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�10–13 cm/year for the Gakkel Ridge to �55–72 cm/year
for the Southeast Indian Ridge (Gale et al., 2013). These
basalts have distinct compositions from normal (N) to
enriched (E)-MORBs. Their major element compositions
range from 7.58 to 9.01 wt% in MgO, from 0.85 to 2.08
wt% in TiO2, from 0.04 to 0.32 wt% in K2O, and from
0.04 to 0.23 in K2O/TiO2 ratios with (La/Sm)PM from
0.42 to 1.12 (subscript PM indicates primitive mantle nor-
malization) (Fig. 2, Bézos et al., 2009; Gale et al., 2013).

As a supplement to MORB samples, two BABBs from
the Lau Basin (19–20�S) were also analyzed. The Lau Basin
comprises part of the largest and fastest-spreading Lau-Fiji
back-arc system with a spreading rate of �90 cm/year (Gale
et al., 2013). The studied BABBs have MgO contents of
�8.2 wt%, TiO2 contents of �0.90 wt%, and K2O contents
of �0.05 wt% with K2O/TiO2 ratios of �0.05 and
(La/Sm)PM of �0.43 (Fig. 2, Gale et al., 2013).

2.4. Adakites

Nine adakites were analyzed from Costa and Panama in
the Central American Volcanic Arc that extends from west-
ern Guatemala to central Panama and formed by subduct-
ing the Cocos and Nazca plates beneath the Caribbean
plate (Herrstrom et al., 1995). These adakites have ages of
<2.0 Ma, SiO2 contents of 53.8 to 68.4 wt%, MgO contents
of 0.90–6.05 wt%, and Zn contents of 38.4–88.0 ppm
(Table 2, Abratis and Wörner, 2001; Wegener et al.,
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2011). They are thought to result from partial melting of
the subducted AOC under eclogite-facies conditions, as
manifested by their high Sr/Y (92.4–171, Fig. 3b) and
La/Yb (22.7–56.5) ratios (Abratis and Wörner, 2001;
Wegener et al., 2011) that are typical for adakitic melts
from slab melting (Defant and Drummond, 1990). There-
fore, these adakites offer an opportunity to assess the Zn
isotopic feature of the AOC-derived melts, which can help
us better understand the Zn isotopic data of the
Kamchatka-Aleutian arc magmas.

3. ANALYTICAL METHODS

Zinc isotopes were analyzed at the Metal Stable Isotope
Laboratory of the University of Science and Technology of
China (USTC), China, following the procedures estab-
lished by Chen et al. (2016). Sample powders were dis-
solved in Savillex beakers using double-distilled
concentrated HF + HNO3, HCl + HNO3 and HCl succes-
sively. Separation of Zn was achieved by anion exchange
chromatography with Bio-Rad AG-MP-1M strong anion
resin in 0.5N HNO3 media. The column chemistry was per-
formed twice to efficiently purify Zn from matrix elements
(e.g., Na, Mg, Al, K, Ti, V, Cr, Fe, Ni, and Cu). The Zn
yields through column chemistry, based on analyses of
Zn contents in the elution collected before and after the
Zn cut, are �99.4%. The total procedural blanks (from
sample dissolution to mass spectrometry) are from 2.1 to
3.0 ng (n = 2), negligible compared to �2 mg Zn loaded
on the resin.

Zinc isotope ratios were determined using a Thermo-
Fisher Neptune Plus multi-collector inductively coupled
mass spectrometry (MC-ICPMS) at the USTC. A
sample-standard bracketing method without Cu doping
was applied to correct instrumental mass bias and time
drifts (Maréchal et al., 1999; Chen et al., 2016). Five Zn
isotopes (64, 66, 67, 68, and 70) were collected by L2, C,
H1, H3, and H4 cups, respectively. A Ni(X) + Ni (Jet)
cone assembly was used with the 64Zn sensitivity of ca.
25 V/ppm at low mass resolution conditions. Zinc isotope
ratios are reported in standard d-notation in per mil
relative to Zn standard JMC Lyon 3-0749L: dXZn =
[(XZn/64Zn)sample/(

XZn/64Zn)JMC Lyon 3-0749L – 1]� 1000 (‰),
where X = 66, 67, 68, or 70. During the course of this
study, repeated analyses of IRMM3702 yielded d66Zn of
0.27 ± 0.05‰ (2SD, n = 51, Table S1), consistent with that
of a previous study (0.29 ± 0.05‰, 2SD, Moeller et al.,
2012). The long-term external reproducibility for d66Zn is
±0.05‰ (2SD) for this study. Six international whole rock
standards (i.e., AGV-2, BHVO-2, BCR-2, BIR-1, GSP-1,
and W-2) were processed through column chemistry
together with samples for accuracy checks. Their d66Zn val-
ues agree well with previously published values within error
(see the detailed compilation of previous and our values in
Table S1). This, combined with consistent results for
repeated analyses (Table 1), assures the accuracy and pre-
cision of our data.

Supplementary data associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
gca.2018.07.012.
4. RESULTS

Zinc isotopic compositions of the Kamchatka-Aleutian
arc rocks, MORBs, BABBs, and adakites are listed in
Tables 1 and 2, respectively. In a plot of d66Zn versus
d68Zn (Fig. 4), our data fall on the theoretical mass-
dependent line of slop 1.94 (i.e., d68Zn � 1.94 � d66Zn,
Schauble, 2004), indicating that Zn isotopes obey the
mass-dependent fractionation law. Thus, we only discuss
the d66Zn values in this study. Rocks from the Kamchatka
and CE Aleutian arcs have a total range in d66Zn from 0.16
to 0.31‰. There are no systematic differences in d66Zn
among the samples that are dominantly affected by (1)
slab-derived fluids (e.g., EVF, CKD, and SR in Kam-
chatka) and (2) oceanic crust-derived melts (e.g., NCKD
in Kamchatka, Atka and Umnak in CE Aleutians)
(Fig. 5). The average d66Zn are 0.23 ± 0.04‰ for EVF
rocks (2SD, N = 12), 0.23 ± 0.05‰ (2SD, N = 6) for
CKD rocks, 0.26 ± 0.07‰ (2SD, N = 6) for SR rocks,
and 0.24 ± 0.07‰ (2SD, N = 3) for NCKD rocks in the
Kamchatka arc. Rocks from the CE-Aleutian arc have an
average d66Zn of 0.24 ± 0.10‰ (2SD, N = 10). These val-
ues are similar to those of MORBs (0.21–0.31‰ with an
average of 0.27 ± 0.05‰, 2SD, N = 13) reported in Wang
et al. (2017) and this study. Because melt extraction has a
negligible effect on the Zn isotopic composition of the man-
tle residue, the d66Zn of the DMM should be identical to
that of the PM (0.16 ± 0.06‰, Sossi et al., 2018). Relative
to the DMM, many arc lavas, but also MORBs show statis-
tically higher d66Zn (Fig. 5).

Two BABBs from the Lau Basin have an identical d66Zn
of �0.25‰, and nine adakites from the Central American
Volcanic Arc have d66Zn from 0.23 to 0.33‰ (Fig. 5).

5. DISCUSSION

5.1. The influence of fractional crystallization

Based on a systematic study of chemically differentiated,
cogenetic igneous rocks from the Kilauea Iki lava lake,
Hawaii, Chen et al. (2013) found that the d66Zn values show
a negative correlation with MgO contents (Fig. 5a) and pos-
itive correlations with SiO2 and Zn contents. This indicates
Zn isotope fractionation during magma differentiation with
the evolved melts exhibiting 66Zn enrichment. In the
Kilauea Iki lava lake, the chemical compositions of rocks
with MgO > �11 wt% were affected by various extents of
olivine accumulation (Helz, 1987, 2009). Their d66Zn values
decrease with increasing MgO contents (Fig. 5a), suggesting
that olivine is enriched in 64Zn relative to basaltic melts,
consistent with direct measurements on olivine (d66Zn �
0.15‰) that is isotopically lighter compared to basaltic
rocks (d66Zn � 0.25‰) (Sossi et al., 2015; Wang et al.,
2017). However, the increasing d66Zn in rocks with MgO
< 5 wt% (Fig. 5a) cannot be explained by fractionation of
olivine (Chen et al., 2013) because it stops forming below
�6.5 wt% MgO (Helz, 1987). Instead, Fe-Ti oxide fraction-
ation starts at MgO � 5 wt% (Helz, 1987, 2009) and con-
tributes to the elevated d66Zn of the highly evolved melts
in the Kilauea Iki lava lake (Chen et al., 2013). Such rocks

https://doi.org/10.1016/j.gca.2018.07.012
https://doi.org/10.1016/j.gca.2018.07.012


Table 1
Zinc and its isotopic compositions and selected major element contents of the Kamchatka-Aleutian arc magmas.

Location Sample Rocka type DTTb km SiO2
c wt.% MgOc wt.% FeOT

c wt.% Znc ppm d66Znd ‰ 2SDe d68Znd ‰ 2SDe Nf

Kamchatka

EVF GAM-07 B 200 51.6 5.4 8.8 72.0 0.24 0.01 0.45 0.12 3

EVF GAM-14 BA 200 55.8 3.6 8.4 67.0 0.23 0.01 0.47 0.01 3

EVF GAM-26 B 200 50.6 4.9 11.1 101 0.22 0.01 0.46 0.02 3

EVF GAM-28 B 200 49.8 6.2 10.3 80.0 0.21 0.02 0.38 0.07 3

EVF KIZ-01/1 D 230 63.6 2.4 5.2 55.0 0.21 0.06 0.40 0.10 3

EVF KIZ-19 B 230 50.3 5.2 10.7 94.0 0.19 0.02 0.37 0.02 3

EVF KIZ-24 BA 230 54.7 4.2 8.3 72.0 0.26 0.05 0.53 0.07 3

EVF SHM-01 B 198 50.6 8.1 9.3 78.0 0.26 0.05 0.48 0.03 3

EVF SHM-03 A 198 59.1 2.2 6.9 50.0 0.22 0.02 0.47 0.02 3

EVF SHM-04 B 198 50.9 6.9 9.1 81.0 0.23 0.05 0.49 0.09 6

Replicateg 0.25 0.02 0.49 0.02 3

EVF KOM-02/2 BA 202 53.7 7.3 8.2 75.0 0.24 0.04 0.48 0.06 6

EVF KOM-06 B 202 51.7 8.2 9.3 81.0 0.22 0.04 0.44 0.05 6

CKD KLU-03 B 280 53.7 8.9 8.3 79.0 0.24 0.02 0.50 0.25 3

CKD KLU-06 B 280 53.5 8.3 8.5 81.0 0.20 0.02 0.41 0.03 3

CKD KLU-12 B 280 54.0 5.0 8.2 87.0 0.21 0.04 0.44 0.08 3

Replicateg 0.27 0.02 0.53 0.01 3

CKD KLU-15 B 280 53.4 8.7 8.3 77.0 0.22 0.05 0.44 0.10 6

CKD TOL-96-01 B 275 52.1 4.7 9.5 96.3 0.27 0.04 0.54 0.07 6

CKD TOL-96-03 B 275 50.9 9.1 9.5 74.9 0.25 0.04 0.49 0.09 3

SR ESO-08 B 375 50.6 6.5 8.6 81.0 0.23 0.06 0.47 0.13 3

SR ACH-01 A 335 54.4 5.1 7.2 74.0 0.22 0.04 0.46 0.05 6

SR ICH-02 A 400 54.9 4.8 7.7 92.0 0.23 0.06 0.46 0.11 3

SR ICH-05 B 400 47.4 7.4 9.9 85.0 0.31 0.04 0.61 0.07 6

Replicateg 0.31 0.04 0.65 0.12 6

SR ICH-10 B 400 47.8 8.6 9.9 85.0 0.29 0.05 0.60 0.06 6

SR ICH-69 B 400 50.5 6.9 9.0 93.0 0.25 0.04 0.52 0.06 6

NCKD SHIV-01-01 A 200 61.2 3.6 4.6 100 0.24 0.02 0.51 0.01 3

NCKD SHIV-01-05 A 200 54.6 5.6 7.7 134 0.20 0.02 0.41 0.03 3

NCKD SHIV-01-12 A 200 61.1 3.7 4.8 99.8 0.28 0.01 0.57 0.02 3

CE Aleutians

Atka 877-7-2 G ND 47.9 5.6 4.6 45.7 0.19 0.05 0.36 0.03 3

Atka 877-12-8 Dt ND 53.6 5.6 6.4 47.2 0.31 0.03 0.65 0.05 3

Atka 877-14-5II Dt ND 59.0 4.7 4.7 81.0 0.16 0.03 0.33 0.06 3

Atka 877-15-10 Dt ND 55.1 4.9 5.8 22.7 0.29 0.01 0.60 0.01 3

Atka 877-15-4 Dt ND 58.8 2.7 5.0 41.1 0.29 0.04 0.56 0.10 3

Atka 877-16-6 GD ND 64.2 2.2 2.4 21.1 0.28 0.00 0.53 0.04 3

Umnak 47ABy3 Dt ND 60.1 3.1 4.5 74.0 0.22 0.04 0.47 0.07 3

Umnak 47ABy31 A ND 60.5 3.4 8.9 110 0.22 0.03 0.48 0.01 3

Umnak 47ABy34 Dt ND 61.9 2.2 7.6 76.5 0.27 0.04 0.56 0.09 3

Umnak 47ABy41 Dt ND 55.4 4.8 8.2 101 0.21 0.02 0.45 0.02 3

a A = Andesite, B = Basalt, BA = Basaltic andesite, D = Dacite, G = Gabbro, GD = Granodiorite, Dt = Diorite.
b DTT = Distance to trench, ND = Not Available.
c Data for SiO2, MgO, FeOT and Zn are taken from Churikova et al. (2001) and Cai et al. (2015).
d dXZn (‰) = [(XZn/64Zn)sample/(

XZn/64Zn)JMC Lyon 3072 – 1] � 1000, where X = 66 or 68 and JMC Lyon 3072 is an international Zn isotope-normalized standard.
e 2SD = two times the standard deviation of the population of n repeated measurements of the same solution.
f N represents the times of repeat measurements of the same purified solution by MC-ICP-MS.
g Replicate = repeated the whole procedure, including sample dissolution, column chemistry and mass spectrometry.
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Table 2
Zinc and its isotopic compositions and selected major and trace element contents of MORBs, BABBs, and adakites.

Sample Segments Type SiO2
a (wt.%) MgOa (wt.%) (La/Sm)PM

a Zna (ppm) d66Znb (‰) 2SDc d68Znb (‰) 2SDc Nd

Gakkel Ridge

HLY0102-023-027 GAKK16 N-MORB 50.3 7.58 0.76 76.1 0.27 0.03 0.54 0.10 3
HLY0102-038-029 GAKK13 E-MORB 50.8 8.80 1.12 67.2 0.26 0.01 0.54 0.04 3
HLY0102-053-21 GAKK10 N-MORB 49.2 8.31 0.94 74.5 0.30 0.02 0.58 0.05 3

Mid-Atlantic Ridge

AII0127 D7-2 MARR92 N-MORB 52.3 8.88 0.53 77.6 0.21 0.03 0.43 0.05 3

South East Indian Ridge

VEM0033-1-001-002 SEIR69 E-MORB 48.8 9.01 1.04 82.6 0.31 0.01 0.60 0.08 3
VEM0033-1-005-005 SEIR67 N-MORB 50.6 8.69 0.59 66.1 0.25 0.02 0.50 0.04 3
VEM0033-1-003-004 SEIR70 N-MORB 49.5 8.45 0.78 75.9 0.24 0.02 0.50 0.04 3

Lau Basin (BABBs)

KLM0417-005-001 BLAU7 Basalt 51.0 8.21 0.42 73.4 0.25 0.04 0.48 0.09 3
KLM0417-007-001 BLAU7 Basalt 49.1 8.14 0.45 98.8 0.25 0.03 0.47 0.04 3

Replicatee 0.24 0.05 0.45 0.08 3

Central America Arc

ALT-60 Costa Rica Adakite 53.8 6.05 74.5 0.31 0.02 0.62 0.08 3
ALT-63 Costa Rica Adakite 57.7 3.75 68.0 0.29 0.03 0.61 0.04 3
VIT-54 Costa Rica Adakite 55.4 4.96 78.0 0.33 0.04 0.62 0.11 3
PAN-06-165 Panama Adakite 59.7 2.93 66.9 0.26 0.03 0.48 0.01 3
PAN-06-177 Panama Adakite 57.0 3.30 72.2 0.25 0.00 0.50 0.06 3
PAN-06-043 Panama Adakite 62.9 1.23 50.0 0.28 0.02 0.54 0.02 3
PAN-05-047 Panama Adakite 68.4 0.90 38.4 0.30 0.01 0.61 0.07 3
PAN-06-014 Panama Adakite 55.6 3.21 82.0 0.23 0.01 0.44 0.08 3
PAN-06-006 Panama Adakite 59.4 3.30 88.0 0.28 0.03 0.54 0.05 3

a Major and trace element contents for MORBs and BABBs are taken from Gale et al. (2013) and for adakites from Abratis and Wörner (2001) and Wegner et al., 2011). Subscript PM in
(La/Sm)PM denotes Primitive Mantle-normalization.

b dXZn (‰) = [(XZn/64Zn)sample/(
XZn/64Zn)JMC Lyon 3072 – 1] � 1000, where X = 66 or 68 and JMC Lyon 3072 is an international Zn isotope-normalized standard.

c 2SD = two times the standard deviation of the population of n repeated measurements of the same solution.
d N represents the times of repeat measurements of the same purified solution by MC-ICP-MS.
e Replicate = repeated the whole procedure, including sample dissolution, column chemistry and mass spectrometry.
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Fig. 4. Three Zn isotope diagram for samples and standards analyzed in this study. All data fall on the theoretical mass-dependent
fractionation line of slope 1.94 (Schauble, 2004). 2SD = 2 � Standard Deviation.
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with MgO < 5 wt% also have the heaviest Fe isotopic com-
positions (Teng et al., 2008), suggesting that the segregated
Fe-Ti oxides predominantly consist of ilmenite rather than
magnetite because the former is enriched and the latter is
depleted in the light Fe isotopes relative to melts (Du
et al., 2017 and references therein).

Determined Zn/Fe exchange coefficients between miner-

als and melts (KZn=Fe
Dðmineral=meltÞ) are �0.9–1 for olivine, �0.6 for

clinopyroxene, 0.2 for ilmenite, and 0.5 for magnetite
(Ewart and Griffin, 1994; Le Roux et al., 2010), suggesting
that olivine fractionation has a limited influences on
Zn/FeT of the residual melts but fractionation of clinopy-
roxene, ilmenite and magnetite fractionation may cause
an increase in Zn/FeT. Major and trace element variations
indicate that magmas in the Hekla volcano (Iceland) under-
went extensive titanomagnetite fractionation during differ-
entiation (Schuessler et al., 2009). However, variably
evolved Hekla magmas (SiO2 < 55 wt% to >67 wt%) all
have identical Zn isotopic compositions within analytical
uncertainties (±0.04‰), indicating that magnetite fraction-
ation has an insignificant effect on d66Zn of the highly
evolved melts (Chen et al., 2013). Thus, only ilmenite frac-
tionation is likely to cause the positive correlation between
d66Zn and Zn/FeT in the highly differentiated lavas of the
Kilauea Iki (Fig. 5c).
Our results for the Kamchatka and CE Aleutian arc
rocks do not show correlations of d66Zn with MgO and
Zn/FeT (Fig. 5b, d), suggesting that fractional crystalliza-
tion of olivine, clinopyroxene and magnetite cause limited
variations in d66Zn of subduction-related magmas at con-
vergent plate margins. This is further supported by the con-
stant d66Zn of mafic to highly evolved rocks from the EVF
in the Kamchatka arc (Fig. 6a). Thus, we conclude that
magma differentiation has no significant effect on the Zn
isotopic compositions of the studied Kamchatka and CE
Aleutian arc rocks.

5.2. The influence of subduction components

Geochemical characteristics of arc magmas reflect incor-
poration of subduction components to their mantle wedge
sources in subduction zones (e.g., Pearce and Peate, 1995;
Kelemen et al., 2007). The first systematic Zn isotopic data
for arc rocks presented here allow us to assess the effect of
subduction components on the Zn isotopic budget of arc
magmas.

5.2.1. Oceanic crust-derived fluids

Barium/thorium and barium/lanthanum ratios have
been widely used to trace slab-fluid enrichment, as Ba is



Fig. 5. d66Zn versus MgO and Zn/FeT (�104) for all samples (a, c) and only Kamchatka-Aleutian arc rocks (b, d). Literature Zn isotopic data
for MORBs (Wang et al., 2017) and Hawaii Kilauea lavas (Chen et al., 2013). Sources for major and trace element data are the same as in
Fig. 2. Blue bars define the range of d66Zn (Sossi et al., 2018) and Zn/FeT (Lee et al., 2010) for the normal mantle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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more mobile than Th and La in fluids but their compatibil-
ities are generally similar during mantle melting (Kogiso
et al., 1997; Arevalo and McDonough, 2010). In Ba/Th ver-
sus Th space (Fig. 3a), the EVF + CKD + SR rocks in
Kamchatka cover the whole compositional range of fluid-
dominated intra-oceanic arcs and thus represent an end
member for a fluid-dominated sub-arc mantle regime
(Churikova et al., 2001; Münker et al., 2004). Their Sr-
Pb-O isotopic compositions reveal that the fluids are pre-
dominantly derived from the Pacific AOC (Dorendorf
et al., 2000; Churikova et al., 2001). Measurements of melt
inclusions hosted in olivine phenocrysts indicates that the
AOC-derived fluids in the front-arc EVF are enriched in
B, Cl, F, S, LILE (e.g., U, Th, Ba, and Pb), and LREE
(La and Ce), in the CKD are enriched in S and U, and in
the back-arc SR are enriched in F, Li, Be, LILE, and LREE
(Churikova et al., 2007). If the AOC-derived fluids had a
significant contribution to the Zn isotopic budget of the
Kamchatka arc rocks, then their d66Zn should co-vary with
the established fluid tracers (e.g., Ba/Th and Ba/La).
However, no co-variations are observed between d66Zn
and element ratios that characterize slab-derived fluids
(e.g., Ba/Th and Ba/La, Fig. 7a, b). There is also no
correlation of d66Zn with Sr isotopic compositions
(Fig. 8). In addition, potential mixing trajectories between
AOC-derived fluids and the DMM deviate significantly
from the regimes defined by our arc rocks in the plot of
d66Zn versus 87Sr/86Sr (Fig. 8). Furthermore, there is no
systematic variation in d66Zn of the EVF + CKD + SR
rocks along the 56� arc traverse from trench to back arc
(Fig. 6b). Finally, the average d66Zn of the Kamchatka
rocks (0.24 ± 0.06‰, 2SD) is indistinguishable from that
of MORBs (0.27 ± 0.05‰, 2SD, Wang et al., 2017; this
study). Thus, we conclude that addition of fluids derived
from the subducted AOC has an insignificant effect on the
Zn isotopic budget of the mantle wedge in Kamchatka
and CE-Aleutians. This is consistent with the observation
that no detectable Zn isotope fractionation occurs during
dehydration of basaltic oceanic crust because only a small
proportion of the total Zn is extracted from the subducted
mafic lithologies by fluids (Inglis et al., 2017).

5.2.2. Oceanic crust-derived melts

Bentahila et al. (2008) reported that one andesite from
Taiwan Island has d66Zn up to 0.55 ± 0.05‰. Such a heavy
Zn isotopic signature was attributed to (1) the particular Zn
isotopic characteristics of Taiwan rocks, since Taiwan sed-
imentary rocks (e.g., pelites) also have heavy Zn isotopic



Fig. 6. (a) d66Zn versus SiO2 in EVF rocks and (b) d66Zn in arc rocks along an traverse in Kamchatka. Distance to trench and SiO2 contents
are from Churikova et al. (2001).
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compositions (d66Zn up to 0.48 ± 0.05‰) and thus being
not representative at a global scale or (2) incorporation of
slab melts derived from partial melting of the AOC that
is assumed to have particularly high d66Zn (Bentahila
et al., 2008). However, direct Zn isotopic measurements
of altered basalts and gabbros recovered from IODP Site
1256 at the East Pacific Rise showed that the AOC in fact
has an MORB-like average d66Zn of �0.27‰ (Huang
et al., 2016). In addition, the studied adakites, thought to
represent partial melts of the subducted AOC (Abratis
and Wörner, 2001; Wegner et al., 2011), have d66Zn of
0.23–0.33‰ (Table 2). The d66Zn of both the AOC and
its derivative melts are lower than that of the Taiwan ande-
site and thus inconsistent with the second interpretation of
Bentahila et al. (2008).

Strontium/yttrium and hafnium/lutetium can be used as
sensitive tracers of partial melts of the subducted AOC in
eclogite facies, where garnet preferentially retains Lu and
Y compared to Hf and Sr, leading to higher Sr/Y and
Hf/Lu in the AOC-derived melts than in the DMM (e.g.,
Kay, 1978; Defant and Drummond, 1990; Cai et al.,
2015). The NCKD rocks from the Shiveluch volcano in
Kamchatka have higher Sm/Yb and Sr/Y ratios (Fig. 3b)
than those of the EVF + CKD + SR rocks from the fluid-
dominated mantle sources. Such a pattern is typical for
adakites, which are thought to be derived from slab melting
(Kay, 1978; Defant and Drummond, 1990). In addition, an
alkali-rich adakitic component in the NCKD lavas is man-
ifested by their unusually high (SiO2)6.0, (K2O)6.0 and
(Na2O)6.0 values (subscript 6.0 indicates normalization to
6 wt% MgO, Churikova et al., 2001). The NCKD volcanos
are located directly along the extension of the subducted
transform boundary between the Pacific and Komandorsky
plates (Fig. 1). Here, the Pacific plate is torn, surrounded,



Fig. 7. d66Zn versus Ba/Th (a), Ba/La (b), Sr/Y (c), and Hf/Lu (d) in the Kamchatka and Aleutian arc rocks. Trace element abundance data
are from Churikova et al. (2001), Münker et al. (2004), and Cai et al. (2015). Blue bars define the range of d66Zn for the normal mantle (Sossi
et al., 2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and heated by hot convecting mantle, and it partially melts
to generate adakitic magmas which become a component in
arc magmas erupted in this region (Yogodzinski et al.,
2001).

The AOC-derived melts may also be involved in the pet-
rogenesis of the Eocene to Miocene (�9–39 Ma) plutonic
rocks from the Atka and Umnak islands in the CE-
Aleutians (Cai et al., 2015). These rocks display high eNd
(>6.3) and eHf (>12.1) with higher Th/Nd and Hf/Lu than
the DMM source for MORBs (Salters and Stracke, 2004).
Such geochemical features are consistent with significant
contributions from melts of subducted AOC at eclogite
facies, where omphacite and garnet preferentially retain
Nd and Lu in the solid residues compared to Th and Hf
(Cai et al., 2014, 2015; Yogodzinski et al., 2015). In the
plots of eNd versus Th/Nd and eHf versus Hf/Lu, mixing
models indicate that at most 10% AOC-derived melts were
added to the mantle sources of the CE-Aleutian plutons
(Cai et al., 2015). The AOC-derived melts, represented by
the adakites investigated here (Table 2), have an average
d66Zn of 0.28‰ and Zn content of 68.7 ppm. Incorporation
of 10% such adakitic melts could only increase the DMM
d66Zn from 0.16‰ (Sossi et al., 2018) to 0.17‰ (Fig. 8).
This, together with the lack of correlations of d66Zn with
Sr/Y and Hf/Lu (Fig. 7c,d), suggests that the AOC-
derived slab melts play a minor role in modifying the Zn
isotopic budget of the Kamchatka-Aleutian arc magmas.

Collectively, recycling of oceanic crust in the subducting
oceanic lithosphere cannot significantly modify the d66Zn of
the mantle wedge sources for magmas from the Kamchatka
and CE-Aleutian arcs.

5.3. The influence of mantle melting

Since the high d66Zn of most Kamchatka and CE-
Aleutian arc rocks (Fig. 5) cannot be attributed to crystal
fractionation during magma differentiation or the incorpo-
ration of subduction components into the mantle wedge
sources, mantle partial melting offers a plausible explana-
tion for the Zn isotopic discrepancies between the DMM
and arc magmas investigated here. A measurable Zn iso-
tope fractionation during mantle melting has been previ-
ously proposed to explain the heavier Zn isotopic
compositions of MORBs and OIBs compared to the nor-
mal mantle (Doucet et al., 2016; Wang et al., 2017; Sossi
et al., 2018).



Fig. 8. d66Zn versus 87Sr/86Sr in the Kamchatka-Aleutian arc rocks in comparison to the mixing results between DMM and fluids/melts
derived from subducted AOC. Modelling parameters for the average DMM are Zn = 55 ppm, Sr = 7.66 ppm, d66Zn = 0.16‰, and 87Sr/86Sr
= 0.702630 (Salters and Stracke, 2004; Workman and Hart, 2005; Sossi et al., 2018). Isotopic compositions of AOC fluids and melts are
assumed to equal to those of the AOC and adakitic melts studied here (87Sr/86Sr = 0.704575, d66Zn = 0.28; Hochstaedter et al., 2001; this
study). The elemental concentrations of AOC fluids are inferred from a high pressure vein within an eclogite with affinity of oceanic crust in
South Western Tianshan (Li et al., 2013) and the modelled AOC fluids (Hochstaedter et al., 2001), which are Zn = 92.8 ppm and Sr = 558
ppm. AOC melts Sr (1316 ppm) and Zn (68.7 ppm) concentrations are represented by those of the adakites studied here (Abratis and Wörner,
2001; Wegner et al., 2011). Solid and open circles on lines denote 10% increments.
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Experimental results of Extended X-Ray Absorption
Fine Structure Spectroscopy (EXAFS) indicate that Zn
has a tetrahedral coordination (IVZn) in basaltic melts with
IVZn-O distances of 1.95 Å (Dumas and Petiau, 1986; Le
Grand et al., 2000). Divalent Zn (Zn2+) has an ionic radius
(0.74 Å) similar to those of Fe2+ (0.78 Å) and Mg2+ (0.72
Å) (Shannon, 1976) and substitutes for them on the tetrahe-
dral sites of spinel and the octahedral sites of olivine and
pyroxene. Mass balance calculations revealed that olivine
and pyroxene account for >80–95% of the total Zn budget
in peridotites (O’Reilly et al., 1991; Re Loux et al., 2010).
The similar d66Zn between bulk rock, olivine, and pyrox-
ene, despite of variable spinel modal abundances (0.80–
2.9% by mass, Wang et al., 2017 and references therein),
further suggests that olivine and pyroxene predominantly
control the Zn isotopic budget of peridotites. Thus, the dif-
ference in d66Zn between basaltic melts and peridotites may
be attributed to isotope fractionation between tetrahedrally
co-ordinated Zn (IVZn2+) in the melts and octahedrally co-
ordinated Zn (VIZn2+) in residual mantle minerals (Sossi
et al., 2018) because the former has a shorter Zn-O bond
and thus prefers heavier isotopes relative to the latter
(Schauble, 2004; Sossi and O’Neill, 2017).

Zinc isotopic measurements of mineral separates docu-
mented that the equilibrium fractionation factor of Zn iso-
topes between olivine and spinel is –0.13‰ at �850 �C (i.e.,
D66ZnOl-Sp = d66ZnOl – d66ZnSp = –0.13‰) (Wang et al.,
2017). Taking the effect of temperature on isotope fraction-
ation factors into account, Sossi et al. (2018) obtained
D66ZnOl-Sp = –0.17 � 106/T2 (T in Kelvin). Accordingly,
D66ZnCpx-Sp � D66ZnOpx-Sp � D66ZnOl-Sp = –0.17 � 106/T2

because clinopyroxene and orthopyroxene have Zn isotopic
compositions similar to olivine (Wang et al., 2017). It is
noted that peridotitic spinel and basaltic melts have an
identical d66Zn of �0.28‰ (Wang et al., 2017), reflecting
the same coordination number (CN = 4) of Zn2+ in spinel
and basaltic melts (Dumas and Petiau, 1986; Le Grand
et al., 2000). Thus, it is reasonable to assume that the Zn
isotope fractionation factor between melts and spinel
should be close to zero (i.e., D66ZnMelt-Sp = 0 � 106/T2)
during mantle partial melting (Sossi et al., 2018).

Although the mantle wedge is more depleted in incom-
patible elements than the mid-ocean ridge mantle (e.g.,
Woodhead et al., 1993; Nebel et al., 2015), the d66Zn of
the Kamchatka-Aleutian arc rocks are similar to those of
MORBs (Fig. 5a, c). This indicates that the effect of melt
extraction on the Zn isotopic composition of the mantle is
negligible, consistent with the results of komatiites and man-
tle peridotites (Sossi et al., 2018). We therefore suggest that
the d66Zn of the mantle wedge is similar to that of the DMM
and PM (0.16 ± 0.06‰, Sossi et al., 2018). Based on the
fractionation factors outlined above, we modeled the
behavior of Zn isotopes during mantle melting using the
non-modal and fractional melting equations developed for
isotope partitioning by Sossi and O’Neill (2017). The
parameters for modeling and the modeled Zn isotopic
compositions of primary melts are outlined in Fig. 9 where
we compared the modeled results with the d66Zn of
the Kamchatka and CE-Aleutian arc rocks. According
to fractionation-corrected major and trace element



Fig. 9. Average d66Zn of arc rocks in individual locations in comparison to those of primary magmas generated using two melting models.
Non-modal batch and fractional melting models are adopted from Sossi et al. (2018) and Sossi and O’Neill (2017). The DMM source has a
mineral modal abundance of 57% for olivine, 28% for orthopyroxene, 13% for clinopyroxene, and 2% for spinel (Workman and Hart, 2005)
and d66Zn of 0.16‰ (Sossi et al., 2018). The melting reaction is 0.652Opx + 0.470Cpx + 0.049Sp = 1Melt + 0.167Ol (Niu, 1997). Partition
coefficients (mineral-meltDZn) are 0.96 for olivine, 0.45 for orthopyroxene, 0.33 for clinopyroxene, and 5.2 for spinel (Davis et al., 2013).
Fractionation factors between melt and mineral (D66Znmelt-mineral) are 0.17 � 106/T2 for olivine, orthopyroxene, and clinopyroxene and 0 �
106/T2 for spinel (Sossi et al., 2018). Temperature for the melting zone of the sub-arc mantle is assumed to be 1473 K (Manning, 2004).
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concentrations at MgO = 6 wt%, Churikova et al. (2001)
proposed that degrees of mantle melting are �7% for
NCKD, �12% for CKD, �10% for SR, and 20% for EVF
rocks. Cai et al. (2015) suggested that the CE-Aleutian
magmas were formed by �10% partial melting. Because of
limited Zn isotope fractionation during differentiation of
arc magmas outlined in Section 5.1, we use the average
d66Zn of rocks in individual locations to represent those
of primary melts for comparison. In the plot of d66Zn
versus melting fraction (F in Fig. 9), the d66Zn values in
modeled primary melts overlap with those in the
Kamchatka-Aleutian arc rocks. This implies that their Zn
isotopic compositions could be predominantly controlled
by partial melting of the mantle wedge.

6. CONCLUSIONS

High precision Zn isotopic analyses were performed for
37 well-characterized subduction-related rocks from the
Kamchatka and CE Aleutian arcs. Combining with Zn iso-
topic data for seven MORBs, two BABBs and nine ada-
kites, the following conclusions can be made:
(1) Magmas at convergent plate margins have d66Zn
from 0.16 to 0.31‰, similar to those erupted in mid-
oceanic ridges, back-arc basins, and ocean islands.

(2) The d66Zn values are not clearly correlated with indi-
cators of magma differentiation (e.g., MgO, SiO2,
and Zn/FeT) or subduction components (e.g.,
Ba/La, Ba/Th, Sr/Y, Hf/Lu, and 87Sr/86Sr),
suggesting that magma differentiation and slab-
derived fluids/melts have a limited influence on the
Zn isotopic budget of arc magmas.

(3) Most arc magmas have statistically higher d66Zn
(>0.22‰) than that of the DMM (0.16 ± 0.06‰,
Sossi et al., 2018). This discrepancy can be explained
by Zn isotope fractionation during partial melting of
the mantle wedge with melts being enriched in
heavier isotopes relative to the residual mantle.
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