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[1] Low-Ca boninites (LCB) are arc-related magmatic rocks enriched in large ion lithophile elements
(LILE), light rare earth elements (LREE), Zr and Hf relative to medium to heavy REE (MREE-HREE).
These signatures are commonly attributed to a unique slab-derived agent that metasomatized a depleted
mantle source but their origin in such an agent remains enigmatic. We report andesite-hosted refractory spi-
nel harzburgite xenoliths from the Kamchatka arc, which contain a series of orthopyroxene-rich veins; these
veins range in thickness, the contents of clinopyroxene and amphibole and degrees of reaction with the host.
Vein minerals in reaction zones with host harzburgites show progressive depletion in MREE-HREE at con-
stant Zr-Hf and develop patterns (U-shaped REE with Zr-Hf spikes) that mimic those of LCB. Major and
trace element modeling suggests that these veins (1) formed from a high-temperature (≥1400�C), MgO-
rich (�30 wt.%) and silicic (�54 wt.% SiO2) initial melt, strongly depleted in Al2O3, TiO2 and alkalis
and (2) record fractionation of the initial melt to form hydrous liquids; the initial melt was equilibrated with
metasomatized Kamchatka harzburgites and was similar in trace element abundances to island arc tholeiite
(LREE-depleted to flat LREE-MREE patterns, low Nb and Ta but no significant Zr-Hf anomalies, high
LILE). We argue that primary magmas of LCB formed by fluid-fluxed (LILE-rich and [Nb, Ta]-depleted
fluid) melting of a cpx-free, highly refractory (≥30% melt extraction) harzburgitic source similar to arc peri-
dotites from Kamchatka and elsewhere. This peculiar source may explain the distinctive major element fea-
tures of LCB primary magmas. We propose that the primary magmas of LCB develop their characteristic
trace element patterns through fractionation and reaction with refractory peridotites in the mantle wedge.
Slab-related components alone may explain the high LILE in LCB but not their distinctive REE patterns
and positive Zr-Hf anomalies.
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1. Introduction

[2] Boninites are enigmatic arc-related volcanic
rocks that have higher SiO2 (>52 wt.%), MgO
(>8 wt.%) and H2O (≥1.5 wt.%) and lower TiO2

than those from island arc tholeiite suites [Falloon
and Danyushevsky, 2000; Le Bas, 2000]. High-
and low-Ca boninites (LCB) are distinguished on
the basis of a bulk rock Al2O3/CaO ratio threshold
at 0.75 [Crawford et al., 1989]. LCB were reported
from several Western Pacific island arcs [Cameron,
1989; Hickey and Frey, 1982]. They contain
orthopyroxene (opx) and less common clinopyrox-
ene (cpx) surrounding corroded Mg-rich (Fo92–94)
olivine [Walker and Cameron, 1983]. Bulk rock
LCB have U-shaped or light rare earth element
(LREE)-enriched REE patterns and high Zr and Hf
relative to medium REE (MREE) [Taylor et al.,
1994].

[3] The origin of LCB is usually attributed to
re-melting of depleted mantle lithosphere fluxed by
slab-derived hydrous agents [Cameron et al., 1979;
Crawford et al., 1989; Hickey and Frey, 1982].
Some models imply that trace element budgets of
LCB are dominated by melts and/or fluids, which
selectively mobilize large ion lithophile elements
(LILE), LREE, Zr and Hf from the slab and trans-
port these incompatible elements to the melting
region [König et al., 2010; Taylor et al., 1994], i.e.,
the characteristic trace element patterns of LCB are
assumed to mimic those of slab-derived compo-
nents added to a depleted source [Hickey and Frey,
1982; Taylor et al., 1994]. Other models attribute
the unusual Zr-Hf spikes of LCB to mantle source
effects such as partial melting controlled by Zr-Hf-
rich opx in depleted harzburgite [Kamenetsky et al.,
2002] or melting of mafic veins in harzburgites
[Pearce et al., 1999]. In any case, these models fail to
explain the lack of correlation between ubiquitous
Zr-Hf enrichments and either radiogenic isotope
compositions, e.g., ɛNd and ɛHf [König et al., 2010;
Pearce et al., 1999], or MREE to heavy REE
(HREE) ratios [e.g.,Kamenetsky et al., 2002;Reagan
et al., 2010] from one LCB location to another.

[4] Recent studies of websteritic veins in peridotite
xenoliths from the andesitic volcano Avacha in
Kamchatka (Russia) outlined the presence of rem-
nants of percolating boninitic melts [Halama et al.,
2009]. We present major and trace element data
and modeling on new types of opx-rich veins of
mantle origin cutting peridotite xenoliths from
Avacha. These veins may have formed from LCB
melts infiltrating sub-arc lithospheric mantle. We

demonstrate that the characteristic trace element pat-
terns of LCB can be acquired by an initial melt with
a typical subduction-related signature similar to that
of island arc tholeiite (LREE-depleted to flat REE
patterns, low Nb and Ta but no significant Zr-Hf
anomalies and high LILE contents) through a combi-
nation of (1) melt fractionation in the mantle control-
ling trace element enrichment and (2) re-equilibration
and reaction with host peridotite to produce MREE-
HREE depletion at constant Zr-Hf abundances.

2. Analytical Techniques

[5] Major element abundances in minerals were
measured in thick (120 mm) polished sections by
Electron Probe Micro-Analysis (EPMA), using a
CAMECA SX-100 instrument at the Laboratoire
Magmas et Volcans (Clermont-Ferrand) with an
accelerating voltage of 15 kV and a current of
15 nA. Counting times were 5–10 s on background
and 20 s (Ni), 15 s (Ca and Ti) and 10 s for all other
elements on peaks. Matrix effects were corrected
using Phi (r) z modeling with Peak Sight© software
from CAMECA™.

[6] Trace element analyses were done by Inductively
Coupled Plasma Mass-Spectrometry (ICPMS) at the
Laboratoire Géosciences Montpellier, Université
Montpellier II with a FINNIGAN™ Element-2 sys-
tem. Minerals were analyzed in thick sections by
Laser-Ablation (LA) ICPMS using a MICROLAS
(Geolas Q+) platform with a EXCIMER CompEx
102 laser at 8 Hz, beam energy of 12 J.cm�2 and spot
size of 51–77 mm (amphibole [amph] and cpx) and
122 mm (opx). The NIST 612 and NIST 610 glass
standards were used for calibration. Ca and Si were
used as internal standards; BCR-2g sample was
measured for quality control (Table 1). Bulk vein
powders (�50 mg) were dissolved in HF-HClO4

mixtures; dried samples were taken up in HNO3 and
diluted to 1:2000 in 2% HNO3 shortly before the
analysis [Ionov et al., 1992]. Chemical blanks and
BIR-1 basaltic reference material were run with the
samples (Table 2).

3. Geological Setting and Samples

[7] Avacha is an active strato-volcano in the Eastern
Volcanic Front related to fast subduction (7–9 cm/a)
of the �80 My old Pacific plate beneath south
Kamchatka (Figure 1a). Avacha is located�120 km
above the slab; low P wave velocity domains
beneath the Moho are consistent with the presence
of melt [Gorbatov et al., 1997]. Xenoliths in this
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study (spinel harzburgites) were collected in recent
andesitic tephras, together with those reported by
Ionov [2010] and have generally similar major
and trace element compositions. The samples in
this study contain thin (≤5 mm), opx-rich veins
(Figures 1b and 1c). Representative major element
data for vein minerals are given in Table 1.

[8] Type A veins show no petrographic evidence
of significant melt-host reaction (Figure 1b); they

are >0.5 mm thick and consist almost entirely of
Fe-zoned opx (Wo0–5-En89–92-Fs6–8), with rare
(<1%) cpx (Wo46–48-En48–51-Fs3–4) and (Ti, Na, K)-
poor amphibole (pargasite) found as small
(<100 mm) aggregates also including empty vesicles.

[9] Type B veins have irregular margins (Figure 1c)
and common reaction zones (Figure 2a); they are
grouped into “thick” (Type B1, >0.5 mm) and
“thin” (Type B2, <0.5 mm) (Figures 1c and 2b).

Table 1. Representative Major (wt.%) and Trace Element (ppm) Data for Vein Minerals and BCR-2g Reference
Materiala

Type A Vein Type B1 Vein Type B1 Vein-r.z. Type B2 Vein
h.r. n.a.

opx core opx rim amph opx cpx amph cpx cpx cpx opx cpx amph cpx BCR-2g

SiO2 58.25 56.65 50.72 57.14 53.43 48.16 53.94 53.45 54.44 56.84 53.26 46.25 54.52 -
TiO2 - 0.02 0.21 0.04 0.06 0.11 0.01 0.06 0.06 - 0.06 0.06 - -
Al2O3 0.51 1.76 7.59 1.32 2.07 10.81 1.46 2.12 1.45 2.93 2.51 11.16 0.96 -
Cr2O3 0.01 0.67 0.57 0.41 0.87 0.44 0.75 0.60 0.76 0.17 0.85 2.30 0.32 -
FeO 5.96 6.13 3.03 6.70 2.78 4.39 2.73 2.74 2.78 6.09 3.05 3.70 2.19 -
MnO 0.08 0.15 0.02 0.18 0.07 0.11 0.11 0.11 0.11 0.13 0.04 0.09 0.06 -
MgO 35.21 33.46 20.89 33.26 17.52 19.54 17.76 17.40 17.68 33.66 17.30 18.89 18.20 -
CaO 0.29 0.94 12.49 0.96 22.79 11.36 22.83 23.02 22.70 0.37 22.73 11.86 24.15 -
Na2O 0.05 0.03 1.34 0.02 0.27 2.13 0.19 0.21 0.32 0.01 0.23 2.36 0.09 -
K2O 0.01 0.00 0.82 - - - - - - - - 0.31 - -
Total 100.50 99.89 97.79 100.09 99.95 96.34 99.83 99.79 100.36 100.25 100.07 97.10 100.54 -
Mg#b 0.913 0.907 0.925 0.898 0.918 0.880 0.921 0.919 0.919 0.908 0.910 0.901 0.937 -
Li 0.644 0.62 0.738 0.608 1.93 1.01 2.08 1.38 0.930 0.718 0.760 1.23 0.872 9.84
Sc 3.20 4.73 27 22 85 63 86 69 78 18 88 88 82 33
V 105 53 221 77 263 386 274 213 181 61 180 346 190 430
Co - - 38 60 - 44 113 52 24 56 22 68 - -
Ni - - 481 652 - 1760 2728 1244 867 622 331 1603 - -
Zn 80 74 22 39 59 23 63 28 8.76 35 9.39 26 13 -
Rb - 0.034 0.836 0.0089 0.159 0.802 0.219 - 0.058 - - 0.681 - 52
Sr 0.007 0.253 14 0.695 27 116 25 11 6.44 0.026 18 48 11 334
Y 0.044 0.142 1.97 0.272 1.94 4.92 1.62 1.22 0.577 0.026 0.410 0.733 0.671 31
Zr 0.149 0.038 0.681 0.349 3.88 16 6.92 7.64 4.91 0.499 7.83 11 0.419 168
Nb - 0.007 0.132 - 0.016 0.459 0.050 0.025 0.022 0.004 0.005 0.199 0.004 11
Ba 0.010 0.781 30 0.362 3.93 35 6.40 0.597 0.751 0.040 0.011 36 1.22 655
La 0.003 0.011 0.387 0.010 0.234 0.895 0.321 0.212 0.193 0.001 0.445 0.853 0.096 25
Ce 0.005 0.049 1.40 0.029 0.82 3.20 1.05 0.733 0.553 0.004 1.23 2.33 0.238 51
Pr - 0.007 0.220 0.006 0.138 0.553 0.153 0.122 0.081 0.001 0.156 0.295 0.037 6.57
Nd 0.004 0.048 0.876 0.041 0.751 2.81 0.718 0.512 0.288 0.005 0.537 0.982 0.163 27
Sm 0.003 0.017 0.229 0.015 0.280 0.792 0.159 0.135 0.057 0.006 0.047 0.119 0.063 6.26
Eu 0.001 0.006 0.156 0.006 0.097 0.296 0.062 0.065 0.031 - 0.020 0.036 0.019 1.93
Gd - 0.023 0.211 0.020 0.272 0.805 0.195 0.140 0.036 - 0.024 0.074 0.033 7.12
Tb 0.000 0.004 0.043 0.002 0.043 0.131 0.027 0.027 0.0067 0.001 0.004 0.011 0.011 1.06
Dy 0.004 0.040 0.337 0.031 0.332 0.898 0.244 0.190 0.064 0.001 0.038 0.083 0.081 5.69
Ho 0.001 0.008 0.070 0.011 0.075 0.196 0.061 0.055 0.021 - 0.014 0.024 0.020 1.19
Er 0.008 0.028 0.240 0.021 0.222 0.580 0.227 0.146 0.081 0.004 0.070 0.125 0.105 3.59
Tm 0.002 0.007 0.045 0.009 0.040 0.092 0.039 0.024 0.017 0.002 0.017 0.029 0.023 0.621
Yb 0.013 0.042 0.299 0.070 0.279 0.667 0.286 0.239 0.164 0.024 0.182 0.267 0.178 2.90
Lu 0.003 0.008 0.046 0.014 0.054 0.102 0.052 0.053 0.031 0.006 0.030 0.046 0.037 0.467
Hf 0.001 0.003 0.038 0.017 0.137 0.611 0.220 0.248 0.109 0.016 0.272 0.354 0.005 4.53
Ta - - 0.007 0.001 - 0.027 - 0.003 0.002 - 0.001 0.017 - 0.714
Pb 0.013 0.025 0.082 0.021 0.128 0.195 0.089 0.123 0.098 0.006 0.115 0.166 0.109 11
Th 0.014 0.031 0.030 0.003 0.016 0.015 0.028 0.025 0.0094 0.004 0.011 0.028 0.009 5.48
U 0.005 0.017 0.0183 - 0.006 0.0135 0.039 0.057 0.0113 - 0.004 0.004 0.008 1.64

aBCR-2g reference material was analyzed as unknown together with the samples. Abbreviations: r.z, reaction zone; h.r., host rock; n.a., not
applicable; ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; amph, amphibole.

bMg# = Mg/(Mg + Fe) atomic ratio.
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Table 2. Trace Element (ppm) Analyses of Bulk Type A Veins With BIR-1 Standard and Analytical Blanka

Av21-2 Av21-2bis Av21-3 Av21-3bis Av20 Av20bis Av20ter BIR-1 Blank
(1:1963) (1:2018) (1:1968) (1:1884) (1:2092) (1:1490) (1:1996) (1:2527) (n.a.)

Li (ppm) 0.743 0.846 0.859 0.827 0.946 0.967 0.931 3.00 0.041
Rb 0.12 0.15 0.11 0.12 0.20 0.21 0.20 0.29 0.01
Sr 2.21 2.41 2.42 2.46 0.84 0.92 0.92 109 0.023
Y 0.665 0.785 0.628 0.632 0.373 0.403 0.394 15 0.001
Zr 0.331 0.277 0.260 0.243 0.209 0.200 0.259 19 0.023
Nb 0.026 0.020 0.022 0.024 0.024 0.027 0.029 0.577 0.004
Cs 0.006 0.007 0.005 0.005 0.008 0.008 0.008 0.009 0.001
Ba 4.45 5.64 2.14 2.33 4.36 4.70 4.59 6.92 0.05
La 0.0801 0.0942 0.0968 0.101 0.0720 0.0755 0.0775 0.6174 0.0017
Ce 0.255 0.289 0.301 0.308 0.189 0.197 0.199 1.89 0.0010
Pr 0.039 0.045 0.051 0.052 0.031 0.033 0.033 0.352 0.0002
Nd 0.200 0.231 0.259 0.269 0.157 0.171 0.169 2.34 0.0005
Sm 0.063 0.074 0.084 0.087 0.050 0.055 0.055 1.04 0.0003
Eu 0.0195 0.022 0.024 0.024 0.0141 0.0151 0.0152 0.508 0.0002
Gd 0.071 0.082 0.086 0.087 0.052 0.057 0.054 1.78 0.0002
Tb 0.0140 0.0163 0.0174 0.0172 0.0104 0.0114 0.0113 0.356 0.00004
Dy 0.104 0.119 0.131 0.128 0.077 0.087 0.083 2.64 0.0001
Ho 0.022 0.025 0.027 0.027 0.0160 0.0176 0.0171 0.581 0.00003
Er 0.068 0.077 0.082 0.082 0.050 0.054 0.053 1.65 0.0001
Tm 0.0112 0.0130 0.0142 0.0140 0.0083 0.0092 0.0088 0.241 0.00003
Yb 0.083 0.095 0.105 0.106 0.063 0.071 0.068 1.60 0.00002
Lu 0.0148 0.0169 0.0187 0.0186 0.0110 0.0123 0.0117 0.261 0.00002
Hf 0.0085 0.0084 0.0084 0.0078 0.0056 0.0054 0.0064 0.608 0.0005
Ta 0.0040 0.0036 0.0048 0.0045 0.0038 0.0079 0.0031 0.065 0.0018
Pb 0.213 0.271 0.191 0.180 0.361 0.338 0.397 3.22 0.056
Th 0.0174 0.0198 0.024 0.025 0.0183 0.0186 0.0178 0.033 0.0002
U 0.020 0.025 0.0090 0.0093 0.0092 0.0094 0.0093 0.0144 0.0001

aSamples Av21-2, Av21-2bis, Av21-3 and Av21-3bis are different parts of a single Type A vein crosscutting harzburgite Av21, while samples
Av20, Av20bis and Av20ter come from harzburgite Av20. BIR-1 standard was measured during the same run as Type A vein samples. Numbers in
parentheses in the header row are dilution factors of the samples (n.a. indicates not applicable).

Figure 1. (a) Location map of the Avacha volcano with major tectonic and volcanic zones of the Kamchatka penin-
sula (NE Russia); K-K trench, Kurile-Kamchatka trench. (b, c) Photomicrographs of polished sections (120 mm) in
transmitted light; ol, olivine; opx, orthopyroxene; sp, spinel. Figure 1b is a xenolith cut by a Type A vein; Figure 1c
is a xenolith cut by Type B1 and B2 veins.
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Type B1 veins have minor amounts of olivine
(<10%, Figure 2a), which contains more Fe (Fo89)
and less Ni (�0.2 wt.% NiO) than olivine in the
host harzburgite xenoliths (Fo90 and �0.4 wt.%
NiO reported by Ionov [2010]). Amphibole and cpx
occur near vein centers and in reaction zones
(Figure 2a) and are more common than in Type A
veins. Pyroxenes and amphiboles have lower Mg#
(e.g., opx with Wo0–2-En88–90-Fs9–10) and higher
Al2O3 (up to �3 wt.% in opx and 11 wt.% in
amphibole) and Na2O (>2 wt.% in amphibole) than
in Type A veins (Table 1).

4. Trace Element Variability in the Veins

[10] Representative trace element data for vein
minerals are given in Table 1 and illustrated in
Figure 2. Opx cores in Type A veins have low
HREE (Lu �1 ppb) relative to primitive mantle
(PM [McDonough and Sun, 1995]) estimates and
show a continuous decrease in PM-normalized
abundances fromHREE to LREE. Importantly, cores
of opx in Type A veins have high (Zr/Sm)N (�2)
and (Zr/Hf)N (�8) where N refers to PM-normalized
abundances (Figure 2c). Opx in Type A veins have
4–13 times higher MREE and LREE in their rims
than in their cores. Opx rims in Type A veins have
distinctive pronounced negative Zr and Hf anoma-
lies with (Zr/Hf)N < 1 and high Th and U. Type A
vein amphiboles have negative Zr and Hf anomalies
mirroring those in opx rims, mildly sinusoidal REE
patterns and high LILE (Figure 2c).

[11] Minerals in the centers of Type B1 veins
share important similarities with those of Type A
veins, notably almost identical REE abundances
in opx rims, but two important points are different:
(1) 2–3 times higher REE abundances in amphibole
at similarly flat REE patterns and (2) no negative
Zr and Hf anomalies in pyroxenes and amphiboles
(Figure 2c).

[12] Trace element patterns of minerals in Type B2
veins are distinct from those in both Type A and B1

Figure 2. Backscattered electron (BSE) images of
(a) a reaction zone between a Type B1 vein and host
Avacha harzburgite and (b) a Type B2 vein; cpx, clino-
pyroxene; amph, amphibole, other abbreviations are as
in Figure 1. PM-normalized [McDonough and Sun,
1995] trace element abundance patterns in (c) opx and
amphibole from Type A and B veins and (d) cpx from
Type B veins, reaction zones and host Avacha harzbur-
gite. Numbers in Figures 2a, 2b, and 2d indicate laser
pits produced during LA-ICPMS trace element analyses.
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veins. Minerals in Type B2 veins have lower HREE
than in Type B1 veins, low MREEN relative to
LREEN and HREEN (U-shaped REE patterns, e.g.,
[La/Tb]N�10 in amphiboles) whereas the Zr and
Hf abundances are close to those in Type B1 veins
(Figure 2c).

[13] Trace element patterns of minerals are highly
variable in reaction zones adjacent to Type B1
veins. Abundances of HREE and MREE in cpx
from Type B1 veins progressively decrease from
laser pit 1 (vein center) to pit 3 (reaction zone) in
Figure 2d while La, Zr and Hf do not vary signifi-
cantly. Importantly, patterns of cpx in spot 3 are
close to those for cpx in Type B2 veins (Figures 2b
and 2d, spot 4), but with lower abundances of most
incompatible REE (La and Ce).

5. Vein Crystallization Modeling

[14] Below, the word “initial” is used to typify the
most primitive and original melt intruding Avacha
peridotites (i.e., unaffected by reaction processes
with the host rock), while “parental” is used to
characterize the different melts that crystallize each
vein types (i.e., affected or not by reaction pro-
cesses with the host rock). We model the compo-
sitions of parental melts for Type B1 and B2 veins
based on major and trace element abundances in
their minerals, assuming that they are in chemical
equilibrium. For this purpose, we run equilibrium
crystallization of a melt with the “adiabat_1ph”
program [Smith and Asimow, 2005] and “pMELTS”
thermodynamic algorithm [Ghiorso et al., 2002].
The melt is set in an initial super-liquidus state and
the modeling is run at isobaric conditions suitable
for the mantle wedge (1.5 GPa). The liquid line of
descent in the lithospheric mantle is likely to be
controlled by the temperature and oxygen fugacity
( f O2) of wall rock peridotites reported earlier by
Ionov [2010]. Accordingly, the crystallization is
run at the Fayalite-Magnetite-Quartz (FMQ) buffer
until temperature drops to 900�C. Mineral/melt
partition coefficients for trace elements (Di

crystal/melt

where i is the chemical element of interest) were
assumed constant during crystallization; they are
given and referenced in Table S1 in the auxiliary
material.1 H2O is presumed to reside only in the
melt until saturation is reached.

[15] First, major element composition of the initial
melt was constrained with several modeling runs
using a range of appropriate starting compositions.

Our preferred composition matches best the modal
abundances and major element compositions of
Type B veins (see section 4) considered to be the
latest crystallization products of the liquid:
SiO2�54 wt.%, MgO�31 wt.%, �6.5 wt.% FeOtot,
1.5–1.7 wt.% CaO and Al2O3, 0.15–0.25 wt.% of
TiO2 and Na2O and H2O�5 wt.%. The modeling
shows that the liquidus phase near 1400�C is a
highly magnesian olivine (Mg#�0.94). As crystal-
lization proceeds, olivine is first joined by opx
with Mg# decreasing from 0.93 to 0.90 between
1300 and 1100�C, followed by cpx (Mg#�0.91)
at 1000–900�C and amphibole (Mg#�0.92) at
900�C. Mineral proportions and major element
contents at the late crystallization stages (1100–
900�C) correctly reproduce those of Type B veins
(Table S1). Thermodynamic data derived from the
pMELTS algorithm indicate that H2O activity
(aH2O) in the melt increases from 0.39 at 1400�C
to 1 at 1100�C when H2O saturation in the melt
is attained (Table S1).

[16] Using the major element composition con-
strained above, trace element abundances of the
parental melts of Type B1 and B2 veins were fitted
with several modeling runs in order to reproduce
trace element abundances in the vein minerals (see
section 4). Distinct trace element compositions are
required to reproduce the compositions of Type B1
and B2 veins (Figures 3a and 3b). The parental melt
inferred to reproduce Type B1 veins has a nearly
flat REE pattern at 0.1 x PM values, slightly enri-
ched in HREE relative to LREE-MREE, with Sr,
Rb and Ba spikes and low Nb and Ta (Figure 3a).
The parental melt for Type B2 veins has a U-shaped
REE pattern and Zr-Hf spikes (Figure 3b). Trace
element compositions of all minerals (opx, cpx and
amph) in the inner parts of Type B veins are cor-
rectly reproduced with these two parental melt
compositions at 1000–900�C (Figures 3c and 3d).
Importantly, measured trace element abundances in
cores of opx in Type A veins match those in opx
modeled at 1200–1100�C using the parental melt
for Type B1 veins (Figure 3c). Minor differences
between modeled and analyzed trace element
abundances in the opx from Type B veins concern
Rb, Ba and Sr and may be related to uncertainties of
Dopx/melt used in the modeling and/or high con-
centrations of these elements in micro-inclusions
and cracks in the opx. Complete modeling results
are given in Table S1 in the auxiliary material.

[17] Four main inferences can be drawn based on
the crystallization modeling. (1) All minerals in
Type B veins are in trace element equilibrium.
Their trace element budgets are controlled by their

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GC004145.
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parental melts and do not result from Di
crystal/melt

variations during crystallization or sub-solidus
re-equilibration. (2) Major element compositions of
parental melts inferred for Type B1 and B2 veins are
similar. (3) The parental melt for Type B1 veins
forms opx at high temperature (1200–1100�C), with

trace element patterns similar to those in cores of
opx from Type A veins (Figure 3b). (4) Amphibole
in Type A veins, which has distinctive negative
Zr-Hf anomalies, is not in trace element equilibrium
with cores of coexisting opx, but appears to be
equilibrated with their rims. The parental melt

Figure 3. Comparison between modeled (pMELTS) and analyzed or calculated trace element abundance patterns of
Avacha veins (PM-normalized after McDonough and Sun [1995]). Calculated bulk veins and modeled parental
melts for (a) Type B1 and (b) B2 veins. Analyzed and modeled minerals for (c) Type B1 and (d) B2 veins. Tempera-
tures (in degrees Celsius) obtained from the pMELTS modeling are indicated in italics. Also shown in Figure 3a is the
compositional range calculated for hypothetical melts in equilibrium with the most metasomatized opx in Avacha
harzburgites from Ionov [2010] (dark-gray field). Abbreviations and symbols are the same as in Figures 1 and 2.
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obtained for Type B1 veins by both major and trace
element modeling is referred to as “modeled initial
liquid” in the following text.

6. Trace Element Compositions
of Bulk Veins

[18] Solution ICPMS analyses of Type A veins
are presented in Table 2 and shown in Figure 4.
The patterns of bulk Type A veins are very similar
to those of opx rims and amphiboles in these veins,
i.e., flat REE at low abundances (0.2–0.3 times
PM values), negative high field strength element
[HFSE] anomalies (notably Zr-Hf) and LILE spikes
(Figure 4). We conclude that the bulk Zr-Hf abun-
dances of Type A veins are controlled by opx rims
and amphiboles, which are not in chemical equi-
librium with the opx cores that formed earlier (see
section 5).

[19] Solution and laser ablation ICPMS analyses of
Type A veins and their minerals were used to cal-
culate modal abundances of opx, cpx and amphi-
bole in these veins. These modal estimates are also
used here to calculate trace element abundances of
bulk Type B veins, which are shown in Table 3.
The cpx and amphibole abundances calculated for
the Type A veins are the best estimates for Type B
veins as well because their modal compositions are
highly variable on mm scale (e.g., Figure 2a) and
cannot be assessed from vein images. The modal
estimates based on Type A veins are the only
means to compare directly the measurement-based
calculations and our pMELTS modeling. The cal-
culated bulk abundances are similar to those in the
modeled parental melts produced at 1200�C and
1100�C by pMELTS modeling for Type B1 and B2
veins, respectively (Figures 3a and 3b). Th and U
abundances in calculated bulk veins are higher than
in the modeled melts and may result from higher

Figure 4. Comparison of PM-normalized [McDonough and Sun, 1995] trace element abundance patterns for: solu-
tion ICPMS analyses of bulk Type A veins (light-gray field), calculated bulk compositions of Type B1 (white dia-
mond) and B2 veins (white triangle) and pMELTS-modeled initial liquid with temperature in degrees Celsius
(thick black pattern). Also shown are literature data on Cape Vogel LCB lavas (dark-gray field) [König et al., 2010]
and their most depleted primary melts from spinel-hosted inclusions by Kamenetsky et al. [2002] (gray triangle), “tran-
sitional” lavas (black diamond) and LCB (black circle) from the Mariana fore-arc reported by Reagan et al. [2010].
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calculated modal cpx and amphibole than those
modeled with pMELTS (see Tables 3 and S1).

7. Discussion

7.1. Melt Fractionation and Interaction
Processes

[20] Strong negative Zr-Hf anomalies are only
present in the latest materials (opx rims and amphi-
boles) to crystallize in Type A veins (Figure 2c).
Petrographic data on Type A veins suggest little
interaction with the host peridotites, thus Type A
veins can be viewed as closed systems. Late-
stage evolution (1000–900�C, i.e., host peridotite
equilibration temperature [Ionov, 2010]) of the
melt in Type A vein conduits represents massive
opx fractionation (�90%, Table S1). First, the
opx fractionation can significantly deplete the
residual liquid in Zr-Hf relative to MREE, because
DZr,Hf

opx/melt ≥ DMREE
opx/melt have been reported in high-P

experiments on element partitioning [e.g., Green
et al., 2000]. Second, massive fractionation of
nominally anhydrous opx likely produces a resid-
ual, hydrous fluid-rich melt (or supercritical liquid),
with a major element composition close to that of

andesites when re-calculated on anhydrous basis
(see the melt produced at 1000�C during pMELTS
modeling in Table S1). Experimental data show that
an aqueous fluid can be exsolved from andesitic
melts at 1000–900�C and �1.2 GPa [Kawamoto,
2006, and references therein]. Aqueous fluid exso-
lution is indicated by the occurrence of amphibole
exclusively in isolated vesicle-rich aggregates in
Type A veins (Table S1). On the other hand,
pMELTS modeling indicates a substantial increase
of aH2O in the melt during opx fractionation, which
leads to fluid (pure H2O in the model) saturation
below 1100�C (Table S1). Experimental partition
coefficients for melt/hydrous fluid (Di

melt/fluid) are
≫1 for Zr and Hf but much lower for MREE at
900–1000�C and 2 GPa [Ayers et al., 1997; Brenan
et al., 1995; Keppler, 1996]. Hence, distinctive
Zr-Hf negative anomalies in opx rims of Type A
veins and amphiboles likely reflect late-stage evo-
lution of the liquid caused by massive opx frac-
tionation and possibly by a related aH2O increase.
It follows that these Zr-Hf negative anomalies are
a result of fractional crystallization and not a sig-
nature of the initial liquid of Type A veins.

[21] Late-stage minerals are more common and
have lower Mg# and higher Al, Na and REE in
Type B1 veins than in Type A veins (Table 1 and
Figure 2c). Anhydrous to hydrous mineral assem-
blages in metasomatic veins and host peridotites
may result from continuous differentiation of a
single initial melt during its percolation as indicated
by experimental work [Pilet et al., 2010] and data
on mantle peridotites [Ionov et al., 2006]. Crystal-
lization modeling shows that the parental liquids
inferred for Type B1 veins can produce high-
temperature opx (1200–1100�C), which is similar
in major and trace element composition to opx
cores in Type A veins (Figure 3c). The modeling
indicates a continuous differentiation process
(combined with increasing aH2O), with progressive
enrichment in incompatible elements in a unique
initial melt to produce first Type A and then
Type B1 veins (Table S1). We conclude that
Type B1 veins crystallized from fractionated,
hydrous derivates of melts forming Type A veins.

[22] Trace element variability in reaction zones
adjacent to Type B1 veins is the key to understand
their links to Type B2 veins (Figure 2d). The pro-
cess that formed U-shaped REE patterns in the
reaction zones (Figures 2a and 2c) produced only
minor changes in Zr and Hf abundances to yield
patterns that mimic those in Type B2 veins
(Figure 2d). Olivine in host rocks has much lower
MREE, LREE and Zr-Hf than HREE [Ionov,

Table 3. Calculated Bulk Veinsa

Modal%: opx: 82%; cpx: 10%; amph: 8%b

Vein Type B1 Vein Type B1-r.z.c Vein Type B2

Ti (ppm) 157 118 52
Sr 9.67 6.30 6.30
Y 0.496 0.377 0.127
Zr 1.74 3.21 2.57
Nb 0.035 0.047 0.026
La 0.0896 0.146 0.136
Ce 0.303 0.420 0.363
Nd 0.259 0.239 0.150
Sm 0.066 0.056 0.021
Eu 0.027 0.026 0.0085
Gd 0.071 0.056 0.0155
Dy 0.084 0.058 0.0144
Er 0.063 0.045 0.022
Yb 0.091 0.078 0.056
Lu 0.0166 0.0139 0.0105
Hf 0.057 0.088 0.073
Pb 0.071 0.040 0.037
Th 0.040 0.021 0.0198
U 0.0126 0.0141 0.0070

aBulk veins were estimated with individual LA-ICPMS analyses of
vein minerals and modal proportions calculated by least square
regression from Sol-ICPMS and LA-ICPMS analyses of Type A
veins and their minerals.

bAbbreviations: opx, orthopyroxene; cpx, clinopyroxene; amph,
amphibole.

cAbbreviation: r.z., reaction zone.
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2010]; some olivine in the reaction zones may be
relics of the host peridotite following its partial
assimilation. We attribute the formation of the
U-shaped REE patterns to progressive re-equilibration
of the melt with the host olivine, possibly accom-
panied by fluid-assisted peritectic reaction of the
olivine with the Si-rich melt in the reaction zones:

olivineþ SiO2 � rich melt1 → orthopyroxeneþmelt2

at decreasing liquid mass [Müntener et al., 2001].
HREE-MREE in the reacted melt (melt2) are buff-
ered by the host mantle while the abundances
of the highly incompatible LREE, which reside
in the reacted melt, increase. The REE-decoupling
resembles that predicted for chromatographic pro-
cesses, which may produce similar U-shaped REE
patterns [Bodinier et al., 1990]. Such a process is
difficult to model based on mineral compositions in
reaction zones of Type B1 veins because they are
highly variable on a small scale suggesting the lack
of chemical equilibrium. On the other hand, crys-
tallization modeling shows that trace element pat-
terns of parental melts for Type B2 veins must have
been modified through a process similar to that
recorded in reaction zones (Figures 3b and 3d). It
follows that percolation of the modeled initial liquid
in peridotites may lead to a complete modification
of its trace element signatures at low melt/wall rock
ratios.

7.2. An Alternative Model for Low-Ca
Boninite Petrogenesis

[23] Calculated bulk trace element abundances of
Type B veins are compared in Figure 4 to the
modeled initial liquid, solution ICPMS data on
Type A veins as well as recent literature data on
LCB. The estimates for bulk Type B veins share the
distinctive patterns of worldwide LCB, in particular
their range of enrichments in LREE relative to
MREE-HREE with ubiquitous Zr-Hf spikes, as
shown in Figure 4 for the Mariana fore-arc (transi-
tional lavas and LCB in Reagan et al. [2010]), the
Bonin Islands and Mariana trench and the Cape
Vogel LCB lavas. Bulk Type B2 veins with
strongly U-shaped REE patterns mimic some LCB
from Chichijima (Bonin Islands) [Pearce et al.,
1999; Taylor et al., 1994]. Importantly, all the
Avacha bulk veins and the modeled initial liquid
have HREE abundances that match those of the
most depleted liquid reported by Kamenetsky et al.
[2002] for spinel-hosted melt inclusions from Cape
Vogel LCB. The similarities in HREE abundances
suggest that the Cape Vogel LCB and the modeled

initial liquid may derive from similar mantle sour-
ces (see section 7.3.2.).

[24] If the Type B vein patterns mimic those of
most LCB worldwide (Figure 4), they appear to be
the result of a process distinct from those previ-
ously proposed for all LCB magmas; these alter-
native models are discussed below.

[25] Slab melts may selectively mobilize some
HFSE [Klemme et al., 2002] and have been recently
inferred to be responsible for Zr-Hf spikes in Cape
Vogel LCB [König et al., 2010]. However, some
of the arguments for a slab-melt component, e.g.,
high (Gd/Yb)N or low ɛNd and ɛHf [König et al.,
2010], do not apply to other LCB such as those
from the Mariana arc [Pearce et al., 1999; Reagan
et al., 2010]. The LCB from the Mariana arc
have U-shaped REE patterns and Zr-Hf spikes
(Figure 4) in combination with Nd-Hf isotopic
compositions typical of mid-ocean ridge basalts
(MORB) [Pearce et al., 1999; Reagan et al., 2010].
In the case of the Avacha veins, slab-melt affinity is
also hard to reconcile with low (Th/U)N (�0.7),
high (Ba/Nb)N (up to 5) and (LREE/MREE)N < 1
(see experimental results at 1000�C and 4 GPa of
Kessel et al. [2005]) in the modeled initial liquid
(Figures 3a and 4). Furthermore, thermal modeling
of the south Kamchatka mantle wedge [e.g.,Manea
et al., 2005] and geochemical data on erupted
magmas [e.g., Duggen et al., 2007] argue against
slab melting below the arc front and support meta-
somatism of the mantle wedge by slab fluids. Our
modeling suggests that the parental melts of Type
B2 veins have Zr-Hf spikes (Figures 2c, 2d, 3b and
4) but strong Zr-Hf enrichments relative to MREE
are not a feature of any previously proposed slab-
derived aqueous or supercritical fluid [e.g., Brenan
et al., 1994; Kessel et al., 2005]. We conclude that
Zr-Hf “enrichments” over MREE observed in
erupted LCB, like in Type B2 veins, may not result
from the addition of a metasomatic component to
their melting source.

[26] LCB magmas have (La/Sm)N up to 3 (e.g.,
Cape Vogel LCB reported by Kamenetsky et al.
[2002] and shown in Figure 4). It follows, assum-
ing a metasomatic origin for their U-shaped REE
patterns and using experimental DLa,Sm

opx/melt [Gaetani
et al., 2003; McDade et al., 2003] and DLa,Sm

peridotite/fluid

[Ayers et al., 1997], that slab-derived metasomatic
fluids in equilibrium with mantle opx in the LCB
melting source had similar (La/Sm)N. Such high
(La/Sm)N can be generated in the melting source of
LCB as shown by experiments on fluids in equi-
librium with an eclogitic MORB at 700–900�C and
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4 GPa [Kessel et al., 2005], which produced LREE-
rich metasomatic agents (e.g., aqueous fluid) with
(La/Sm)N ranging from 7 to 20. On the other hand,
U-shaped REE patterns with high (La/Sm)N, like
those in our samples, may form by chromato-
graphic reactive porous flow of melt through
residual peridotites [Bodinier and Godard, 2003]
and are very common in fore-arc and ophiolite
peridotites [e.g., Parkinson and Pearce, 1998]. It
follows from the data on reaction zones of Type B1
veins (Figure 2d) that U-shaped REE patterns with
Zr-Hf spikes in LCB may not be formed during the
generation of their primary magmas.

[27] To sum up, our results suggest that the degrees
of “enrichment” of Zr-Hf relative to MREE, and of
LREE relative to MREE-HREE, in LCB magmas
may not be related exclusively to the overprint of a
unique slab component on their mantle source,
contrary to what has been proposed in numerous
earlier studies [Hickey and Frey, 1982; König et al.,
2010]. We put forward a new model for LCB pet-
rogenesis, which does not involve a (LREE, Zr,
Hf)-rich slab component, and argue that the relative
Zr-Hf “enrichments” in these magmas may be gen-
erated through melt fractionation and interaction
along a continuous liquid line of descent during its
ascent in the mantle wedge above the melting zone.
The model of fractionation and reactive percolation
proposed here could also account for the broad
magnitude of Zr-Hf “enrichments” (or more likely
MREE-HREE depletions) found in LCB [e.g.,
Hickey and Frey, 1982; Taylor et al., 1994] without
invoking complex melt source heterogeneities. In
our model, the shape and scale of the MREE-HREE
depletion, controlling in turn those of Zr-Hf spikes,
are mainly constrained by the type of mantle rocks
percolated by an initial LCB melt during its ascent
and by percolation distance.

7.3. Inferences for Initial Liquid, Mantle
Source, Metasomatic Component and
Geological Setting of Low-Ca Boninites

7.3.1. Initial Liquid

[28] If our model is correct (see section 7.2.),
Type A and Type B1 veins crystallized from an
initial LCB liquid, which reacted only slightly with
the host mantle. Initial MgO estimates from primi-
tive, spinel-hosted, melt inclusions in LCB from
Cape Vogel yield values similar to that of the
modeled initial liquid in the most Mg-rich pri-
mary LCB liquid (30.4 wt.% MgO in sample 6A-9
from Kamenetsky et al. [2002]). Furthermore, the

modeled initial liquid produces liquidus olivine at
1400�C with high Mg# (0.94, Table S1) matching
those identified in erupted LCB [e.g., Walker and
Cameron, 1983]. The refractory major element
composition of the modeled initial liquid (low Ca,
Al, Ti and alkalis) is in line with published data on
bulk rock and mineral compositions of LCB [Walker
and Cameron, 1983]. The only significant difference
between the modeled initial liquid and the melt
inclusion in sample 6A-9 reported by Kamenetsky
et al. [2002] is lower Al2O3 (1.7 versus 4.3 wt.%).
Significant Al exchange between melt inclusions and
host spinel was recently reported by Ionov et al.
[2011], and such a process may have also affected
the compositions reported by Kamenetsky et al.
[2002]. Finally, we used �5 wt.% H2O in the mod-
eled initial liquid, which is above estimates of
Kamenetsky et al. [2002] (�3 wt.%) for the Cape
Vogel LCB melt inclusions.

[29] The trace element pattern of the modeled ini-
tial liquid is similar to those of typical island arc
tholeiites. This suggests that the LCB may be
produced at late stages of melting events that ini-
tially generate island arc tholeiites in the mantle
wedge, as previously inferred from close field
associations of these two rock types [Cameron,
1989; Crawford and Keays, 1987]. However, our
model differs from those put forward previously in
that it implies no significant evolution of trace
element signatures of the slab-derived metasomatic
components during the transition from island arc
tholeiites to LCB (see section 7.3.3.).

7.3.2. Mantle Source

[30] Type A and B veins have fine-grained, magmatic
textures and are likely to record a recent magmatic
event, which took place shortly before the entrain-
ment of the Avacha harzburgites in host magma.
Hence, the latest equilibration conditions of the Ava-
cha xenoliths may give important information on the
mantle source of the modeled initial liquid.

[31] The Avacha veins are opx-rich (exceeding
90% in Type A veins), in line with the formation of
LCB mainly through opx fractionation [Jenner,
1981] and/or accumulation [König et al., 2010].
The opx-rich veins may be produced by crystalli-
zation of a melt with a primitive opx-rich compo-
sition at ≥1400�C and relatively high pressure
(≥1.5 GPa), according to MgO-SiO2 phase rela-
tionships [Thompson et al., 2007] and our pMELTS
modeling. This is consistent with melting at high
temperature (≥1400�C), as previously inferred from
LCB studies [e.g., Kamenetsky et al., 2002], though
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the relatively high pressure of LCB melt generation
indicated by our results, differs significantly from
previous estimates (e.g. <1 GPa by Walker and
Cameron [1983]). A high pressure (≥1.5 GPa) for
the formation of Avacha veins is consistent with
available major element data on (1) the host bulk
xenoliths, which constrain the depth of formation
of their refractory protolith by flux-melting and
(2) the minerals in the host xenoliths, which yield
thermo-barometric estimates of their final equili-
bration conditions [Ionov, 2010].

[32] The major element composition of the modeled
initial liquid suggests that the mantle source is a
refractory, cpx-free harzburgite like those from
Avacha [Ionov, 2010]. Recent modeling [Parman
and Grove, 2004] and experiments [Falloon and
Danyushevsky, 2000] on harzburgite hydrous
melting suggest that melts produced at 1500�C and
below 2 GPa can contain up to �27 wt% MgO and
�54 wt.% SiO2. However, the melting experiments
of Falloon and Danyushevsky [2000] were per-
formed with lower H2O in the melts produced
(≤2 wt.%) than in our modeled initial liquid. On the
other hand, low HREE abundances in the modeled
initial liquid suggest that the liquid was generated
from a more depleted mantle source than those
proposed for MORB (Figure 3a and 4).

[33] We calculate the range of trace element com-
positions of theoretical melts in equilibrium with
the most metasomatized opx in the Avacha harz-
burgites studied by Ionov [2010] (e.g., sample Av11)
using Di

opx/melt determined in peridotite melting
experiments at mantle wedge conditions [McDade
et al., 2003]. Importantly, the calculated melt has a
trace element pattern similar to that of the modeled
initial liquid. If our fractionation and reaction model
is correct, the initial melt of LCB may be derived
from highly refractory harzburgites similar to fore-
arc peridotites [e.g., Parkinson and Pearce, 1998],
which are characterized by higher opx and SiO2

and lower cpx, Al2O3 and CaO abundances than
refractory peridotites in other tectonic settings
[Ionov, 2010]. These features can result from high
degrees (30–35%) of melting induced by silica-rich
fluids, inferred to occur at �1.5 GPa, and which
produced island arc basaltic magmas [Ionov, 2010;
Soustelle et al., 2010]. Such a refractory source
implies that melting phase relationships for LCB
may be controlled by low-Al opx at ≥1.5 GPa (see
the evidence for pressure conditions of flux-melting
in Ionov [2010]) that could explain the unusual
major element composition of LCB initial melt such
as high SiO2 (Table S1). In turn, high SiO2 in the
produced melt will enhance reaction of this melt

with mantle olivine during ascent above the melting
zone (see section 7.1.).

7.3.3. Metasomatic Component
and Geological Setting

[34] The modeled initial liquid of Type A and B1
veins has flat LREE-MREE patterns, low Nb and Ta
and high LILE abundances (Figure 3a). These fea-
tures are consistent with the widely accepted, “clas-
sical” trace element signatures of metasomatic agents
proposed for subduction zones [Keppler, 1996;
Kessel et al., 2005]. Niobium depletion and high
LILE in the modeled initial liquid are likely to be
related to fluxing by slab-derived silica-rich fluids
generated in equilibrium with residual, refractory
eclogitic phases [e.g., rutile, Brenan et al., 1994].
Silica-rich fluids can be produced at depths down to
100 km [Bureau and Keppler, 1999, and references
therein] and are in good agreement with the “cold”
south Kamchatka subduction geotherm [e.g., Manea
et al., 2005]. On the other hand, slab-related melts
would require unusually high temperature at the slab-
mantle interface (≥1000�C [Kessel et al., 2005]).

[35] Cameron et al. [1979] concluded that LCB can
only occur in a fore-arc setting with subduction
initiation along spreading centers. Ridge subduction
[Crawford and Keays, 1987], oceanic subduction
underneath a hot lithosphere [Crawford et al., 1989]
and slab rollback extension [Bédard, 1999] were
also proposed as LCB geological settings. The
occurrence of high temperature melts, like those of
LCB, inferred in this study to be present in the
mantle beneath the mature southern Kamchatka arc,
may indicate that this type of magmas is much more
widespread than previously thought and may be
generated at different stages of arc formation. It may
explain some complex field relations observed for
these magmas, such as when they overlie andesites
[Crawford and Keays, 1987].

8. Conclusions

[36] Spinel harzburgites from Avacha contain opx-
rich veins of mantle origin. Veins that do not react
with the host harzburgites have LREE-depleted to
flat REE patterns, high LILE abundances, Nb neg-
ative anomalies and no Zr-Hf anomalies. Veins
reacting with the host harzburgites have U-shaped
REE patterns with Zr-Hf spikes, which mimic trace
element signatures of LCB.

[37] Major and trace element modeling indicate that
all veins formed from an MgO-rich (�30 wt.%) and
silicic (�54 wt.% SiO2) initial liquid, strongly
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depleted in incompatible elements (Al2O3, TiO2 and
alkalis) and with trace element signatures similar
to those of typical island arc tholeiites. This liquid
experienced strong fractionation in the mantle wedge
lithosphere.

[38] Trace element signatures of LCB magmas
(U-shaped REE patterns and Zr-Hf spikes) may
be produced by a combination of strong melt
fractionation and reaction with mantle rocks
above the source regions of their initial liquids.

[39] The mantle source of LCB, inferred from veins
in Avacha xenoliths, is a highly refractory, opx-
and Si-enriched harzburgite metasomatized by
LILE-rich and (Nb, Ta)-poor slab-fluids.

[40] These inferences provide an alternative to cur-
rent models, which argue that the trace element
patterns of LCB magmas mimic those of slab-
derived metasomatic components.

[41] LCB magmas may be produced at different
stages of arc formation.
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