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Abstract The crust-mantle boundary zone of the oce-
anic lithosphere is composed mainly of olivine-rich rocks
represented by dunite and troctolite. However, we still do
not fully understand the global variations in the boundary
zone, and an effective classification of the boundary rocks,
in terms of their petrographical features and origin, is an
essential step in achieving such an understanding. In this
paper, to highlight variations in olivine-rich rocks from the
crust—-mantle boundary, we describe the compositional var-
iations in spinel-hosted hydrous silicate mineral inclusions
in rock samples from the ocean floor near a mid-ocean
ridge and trench. Pargasite is the dominant mineral among
the inclusions, and all of them are exceptionally rich in
incompatible elements. The host spinel grains are consid-
ered to be products of melt—peridotite reactions, because
their origin cannot be ascribed to simple fractional crys-
tallization of a melt. Trace-element compositions of par-
gasite inclusions are characteristically different between
olivine-rich rock samples, in terms of the degree of Eu and
Zr anomalies in the trace-element pattern. When consider-
ing the nature of the reaction that produced the inclusion-
hosting spinel, the compositional differences between
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samples were found to reflect a diversity in the origin of
the olivine-rich rocks, as for example in whether or not a
reaction was accompanied by the fractional crystallization
of plagioclase. The differences also reflect the fact that
the melt flow system (porous or focused flow) controlled
the melt/rock ratios during reaction. The pargasite inclu-
sions provide useful data for constraining the history and
origin of the olivine-rich rocks and therefore assist in our
understanding of the crust-mantle boundary of the oceanic
lithosphere.

Keywords Pargasite inclusion - Dunite - Troctolite -
Trace-element pattern - Melt—peridotite reaction

Introduction

Petrological studies of rocks from ophiolites and modern
oceanic spreading centers have revealed that the crust—
mantle boundary zone of oceanic lithosphere is composed
mainly of olivine-rich rocks such as troctolite and dunite
(e.g., Nicolas 1989; Arai and Matsukage 1996; Dick and
Natland 1996). In contrast to the well-ordered lithologi-
cal sequence observed in the Oman ophiolite, which is an
analog of a fast-spreading ridge system, the structure of a
slow-spreading oceanic lithosphere is expected to be more
variable and complicated, with perhaps a lack of crust or
an ambiguous crust-mantle boundary (e.g., Nicolas 1989;
Dick et al. 2006). However, since olivine-rich troctolite was
recognized as a possible material from the crust-mantle
boundary of a slow-spreading lithosphere, the process of
formation of troctolite has been the subject of much discus-
sion (e.g., Drouin et al. 2007, 2009, 2010; Suhr et al. 2008;
Renna and Tribuzio 2011; Sanfilippo and Tribuzio 2013a;
Sanfilippo et al. 2013).
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Most explanations of the formation of olivine-rich rocks
have involved reactions between melt and residual perido-
tite, as represented by the incongruent melting of orthopy-
roxene to precipitate olivine. Replacive dunite in the resid-
ual peridotite, which is commonly observed in the mantle
section of ophiolites, indicates that the reaction was caused
by reactive porous melt flow in the mantle (e.g., Kelemen
et al. 1997). The formation of plagioclase-bearing olivine-
rich rocks, such as troctolite, has been explained by reac-
tions related to replacive dunite formation (e.g., Arai and
Matsukage 1996; Suhr et al. 2008), and a degree of melt
stagnation in the reacting peridotite can produce a vari-
ety of olivine-bearing gabbroic rocks (e.g., Arai and Mat-
sukage 1996). The origin of troctolitic rocks can also be
explained by fractional crystallization, because the crys-
tallization sequence of a mid-ocean ridge basalt (MORB)
melt involves first the crystallization of olivine and then
plagioclase (Elthon et al. 1992). These interpretations
imply that the products of cumulate processes and reactions
should both be considered when discussing the origin of
olivine-rich rocks. In spite of their simple mineral assem-
blages and geochemical features, olivine-rich rocks are het-
erogeneous on all scales, such as in grain size, volume of
plagioclase, and enrichment in incompatible elements (e.g.,
Arai and Matsukage 1996; Dick and Natland 1996; Suhr
et al. 2008). The classification of olivine-rich rocks based
on their modal and geochemical compositions hardly dis-
criminates among them. Therefore, understanding the pro-
cess of their formation is essential when describing olivine-
rich rocks from the crust-mantle boundary zone of oceanic
lithosphere.

Cumulate rocks in the MORB system have systematic
compositional variations controlled by fractional crystalli-
zation of the melt. On the other hand, reactions probably
also produce olivine-rich rocks with wide ranges of com-
position, because reaction products are controlled mainly
by melt/rock ratios and reactant compositions. The reaction
products can be discriminated from the cumulate-origin
rocks, based on numerical modeling of the differentiation
trend of the melt (e.g., Suhr et al. 2008). Trace-element
data of minerals are also helpful to constrain the reaction
origin of olivine-rich rocks (e.g., Drouin et al. 2009). How-
ever, diversity of the reaction process has not been well
examined because of the absence of critical indicators for
comparing the reaction products between olivine-rich rock
samples. To address the question of how we can discrimi-
nate between the reaction processes that form olivine-rich
rocks, as well as characterize their petrographical features,
we examine trace-element data for spinel-hosted mineral
inclusions in olivine-rich rock samples from the ocean
floor.

Glass inclusions in spinel have been reported previously
from volcanic rocks, and they are useful for investigating
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primitive melt activity and melting conditions in the mantle
because spinel is an excellent container to preserve trapped
liquid compositions (Shimizu et al. 2001; Umino et al.
2015). In contrast to these glass inclusions, spinel-hosted
mineral inclusions are often observed in olivine-rich rocks
as well as in chromitites from the ocean floor and ophi-
olites, and the inclusions are composed mainly of hydrous
silicate minerals such as amphibole and mica that are rich in
incompatible elements. Such mineral inclusions have been
considered to be the products of melt—peridotite reactions
(Arai et al. 1997; Schiano et al. 1997; Arai and Matsuk-
age 1998; Matsukage and Arai 1998; Morishita et al. 2011;
Renna and Tribuzio 2011; Sanfilippo and Tribuzio 2013b;
Tamura et al. 2014). Tamura et al. (2014) discussed the
compositional variations in spinel-hosted pargasite inclu-
sions in terms of the genetic relationships between reacted
abyssal peridotite (harzburgite) and olivine-rich troctolite.
They suggested that evidence of the reaction sequence had
been retained within the spinel-hosted inclusions. Although
the mechanisms and dynamics of spinel-armor formation
during a reaction remain debated (e.g., Arai and Yurimoto
1994; Zhou et al. 1994), the spinel-trapping stage probably
reflects the timing of the reaction process during the forma-
tion of the host olivine-rich rock.

The mineral inclusions in spinel have the potential to
provide further insights into the histories of formation of
rocks that comprise the crust-mantle boundary zone. In this
paper, we provide new trace-element compositional data
for spinel-hosted pargasite inclusions in olivine-rich rocks
from the ocean floor. Taking into account the earlier data of
Morishita et al. (2011) and Tamura et al. (2014), we discuss
the process of inclusion formation and the significance of
the pargasite compositional dataset for understanding the
diversity of olivine-rich rocks.

Studied samples from the crust-mantle boundary

We examined spinel-hosted amphibole (pargasite) inclu-
sions in plagioclase-bearing and plagioclase-free olivine-
rich rocks, such as troctolite, dunite, and harzburgite. The
rock samples were collected over the last 20 years during
various expeditions that had examined the crust-mantle
section at mid-ocean ridges with fast (EPR: East Pacific
Rise), intermediate (CIR: Central Indian Ridge), and slow-
spreading rates (MAR: Mid-Atlantic Ridge). Petrographi-
cal features and the origin of each sample have already
been described in several previous works (see Table 1). The
EPR troctolite samples are from an interval in drillcore that
was closely related to the harzburgite interval in the Hess
Deep rift, EPR (Arai and Matsukage 1996; Dick and Nat-
land 1996). The CIR samples are composed of plagioclase-
bearing dunite and troctolite. Along with gabbroic rocks,
they were collected during a submersible dive over the



Contrib Mineral Petrol (2016) 171:39

Page 3 of 14 39

Table 1 Spinel-hosted mineral inclusion bearing samples used in this study

Locality Sample Rock type References

Hess Deep, East Pacific Rise 4R-172-74 cm Troctolite Arai and Matsukage
(ODP Leg 147 Hole 895C) 4R-2 97-99 cm Troctolite (1996)

Uraniwa Hills, Central Indian Ridge 6K925R13 Plagioclase-bearing dunite Sanfilippo et al. (2015)

6K925R05 Troctolite

Atlantis Massif, Mid-Atlantic Ridge 235R Olivine-rich troctolite Tamura et al. (2008,
(IODP Leg304/305 Site1309) BH1 and BH2 Reacted harzburgite 2014)

Izu-Bonin-Mariana Arc 417R-02 Dunite Morishita et al. (2011)

Uraniwa Hills, an oceanic core-complex-like hill of ocean
floor on the CIR (Morishita et al. 2009; Nakamura et al.
2007; Morishita et al. 2014; Sanfilippo et al. 2015). The
MAR troctolite and harzburgite samples are from drillcore
intervals of the Atlantis massif on the oceanic core com-
plex at MAR30°N (Tamura et al. 2008, 2014). The MAR
troctolites have been described as “olivine-rich troctolites”
that formed by multistage reactions between melt and har-
zburgite (Drouin et al. 2007, 2009, 2010; Suhr et al. 2008).
The MAR harzburgite sample was in contact with gabbro
and represents the residual peridotite—melt reaction front
(Tamura et al. 2008, 2014). We also examined one dunite
sample collected along with harzburgite and wehrlite dur-
ing a submersible dive in the Izu—Bonin—Mariana (IBM)
forearc region (Morishita et al. 2011).

The values of Cr# (Cr/[Cr 4 Al] atomic ratios) for spi-
nels in the samples are largely constant at 0.50-0.58, and
the Fo contents of the olivines are also nearly constant at
89-90 (except for a value of 86 in the MAR troctolite).
The TiO, contents of the spinels are more variable (up to
2 wt%), and low (0.1-0.4 wt%) in plagioclase-free sam-
ples. The anorthite contents of plagioclases in the EPR
and MAR troctolites are 81-85 and 76, respectively. Sam-
ple localities and mineral chemistries are summarized in
Tables 1 and 2, respectively.

Petrography and geochemistry of the pargasite
inclusions

Subhedral to anhedral spinel grains contain single or
multiple inclusions of either single or multiple minerals.
The inclusions are round to angular in shape, and range
in diameter from 10 to 100 um. Pargasite is the dominant
phase in these spinel-hosted inclusions (Fig. la, b), and
in the cases of multi-mineral inclusions, aspidolite (Na-
phlogopite) and/or pyroxenes coexist with the pargasite
(Fig. lc, d). Irregularly shaped orthopyroxene is com-
monly observed with pargasite in the spinel-hosted inclu-
sions of the mid-ocean ridge samples. The morphologi-
cal relationships between the pargasite and other mineral
grains are often not clearly observable in thin section, but

orthopyroxene has been observed enclosed by pargasite
(Fig. 1c, e, f). Orthopyroxene inclusions are present but
rare in the spinels of the reacted MAR harzburgite (Tamura
et al. 2014), and paired inclusions of pargasite and clino-
pyroxene are characteristic of the IBM dunite sample
(Morishita et al. 2011).

Major-element and trace-element compositions of
amphibole inclusions in spinel and the host rock miner-
als were determined using an electron microprobe (JEOL-
JXA8800) and laser ablation ICP-MS (Microlas GeolLas
Q-plus and Agilent 7500 s) at Kanazawa University, Japan
(Morishita et al. 2005). Details of the analytical condi-
tions and data reduction methods are given in Tamura et al.
(2014). Compositions of amphibole inclusions are listed in
Table 3.

The amphibole inclusions have pargasitic composi-
tions with TiO, contents up to 5.6 wt%. The pargasite
inclusions in the plagioclase-free samples (MAR har-
zburgite and IBM dunite) have low values of TiO, (1-2
and <0.6 wt%, respectively), whereas inclusions in the
plagioclase-bearing samples have high values (Fig. 2).
The incompatible-trace-element compositions of the par-
gasite inclusions are highly variable between samples,
and they display flat, LREE-enriched or M-shaped rare
earth element (REE) patterns (Fig. 3). Pargasite inclu-
sions in the EPR troctolite and CIR dunite samples have
high REE abundances (10-100 times chondrite), whereas
abundances are low in the CIR troctolite inclusions. Their
trace-element patterns characteristically show strong neg-
ative Eu and Sr anomalies, but no anomalies are seen in
the REE patterns of the MAR and IBM samples (Fig. 4).
The pargasite inclusions in the IBM dunite have lower
REE abundances (1-4 times chondrite) than those in the
mid-ocean ridge samples (Fig. 3). The trace-element pat-
terns of most pargasite inclusions show positive anoma-
lies for the high-field-strength elements (HFSEs: Nb, Ta,
Zr, Hf, and Ti) relative to the neighboring REEs, while
four out of five sets of data for the EPR samples show
a negative Ti anomaly or no anomaly at all (Fig. 4). As
shown in Fig. 5, the samples are distinguished by their
characteristic Eu and Zr anomalies.
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Table 2 Averaged compositions of olivine, spinel, plagioclase and clinopyroxene in studied samples

EPR (895C) CIR (6K925) IBM

4R-1 4R-2 RO5 R13 417R-02

Troctolite Troctolite Troctolite Plg-Dunite Dunite
Olivine n=3 n=4 n==6 n="7
Fo 89.2 0.4) 89.8 (0.6) 88.7 0.5) 89.9 0.5) na
NiO (wt%) 0.30 (0.02) 0.28 (0.02) 0.28 (0.09) 0.32 (0.07) na
Spinel n=>5 n=>5 n=>5 n=13 n=>51
Mgt 0.529 0.119) 0.559 (0.106) 0.512 (0.068) 0.569 (0.036) 0.590 (0.059)
Cr# 0.549 (0.054) 0.541 (0.056) 0.521 (0.096) 0.576 (0.040) 0.535 (0.027)
TiO, (Wt%) 1.1 (0.48) 0.89 0.27) 0.85 0.41) 2.01 (0.34) 0.13 (0.06)
Plagioclase n=3 n=4
An 84.6 0.1) 81.6 0.1) na na -
Clinopyroxene n=3 n=3 na n=2 Inc? n=11
Si0, (wt%) 52.49 (1.09) 52.65 (0.00) 52.90 0.21) 54.14 (1.28)
TiO, 0.45 (0.01) 0.50 (0.12) 0.93 (0.08) 0.10 (0.09)
Al 04 3.05 (0.29) 321 (0.28) 2.70 (0.19) 2.11 (1.92)
Cr,05 1.28 (0.26) 1.21 (0.07) 1.11 (0.09) 1.15 (0.65)
FeO* 3.08 (0.50) 3.06 0.27) 2.59 (0.01) 2.08 (1.32)
MnO 0.10 (0.04) 0.10 (0.04) 0.11 (0.06) 0.05 (0.07)
MgO 17.09 (1.23) 16.89 0.12) 17.05 (0.36) 16.46 (1.49)
CaO 22.56 (1.73) 22.71 (0.70) 21.78 (0.07) 23.14 (2.63)
Na,O 0.43 (0.09) 0.48 (0.04) 0.69 0.11) 0.95 (0.85)
NiO 0.04 (0.02) 0.02 (0.05) 0.04 (0.03) 0.02 (0.05)
Total 100.56 100.88 99.90 100.22
Mgt 0.908 (0.009) 0.908 (0.007) 0.921 (0.002) 0.934 (0.042)

n==6 n=17

Ti (ug/g) 2579 (148) 2817 (918) 4576 (1225) 712 (546)
Sr 5.8 (1.2) 7.4 3.0 6.7 (1.13) 18.3 (5.8)
Y 322 (1.1) 19.4 (5.4) 36.5 (10.3) 9.5 2.8)
Zr 28.2 4.1) 13.6 9.1) 37.8 (21.6) 14.5 (8.9
Nb 0.22 0.11) 0.28 0.01) 0.21 0.10) 0.20 0.17)
La 0.30 (0.04) 0.19 (0.03) 0.61 0.41) 0.34 (0.28)
Ce 2.03 (0.18) 1.26 (0.15) 3.92 (2.46) 222 (1.50)
Pr 0.51 (0.07) 0.31 (0.10) 0.90 (0.50) nd
Nd 3.73 0.41) 2.19 (0.86) 6.22 (3.10) 1.90 (0.48)
Sm 2.23 0.13) 1.21 (0.56) 3.16 (1.24) 0.61 0.17)
Eu 0.44 (0.05) 0.47 (0.30) 0.72 (0.20) 0.25 (0.09)
Gd 3.94 (0.09) 2.17 (0.94) 5.06 (1.79) 0.96 (0.27)
Tb 0.78 (0.03) 0.44 (0.16) 0.94 (0.33) nd
Dy 6.08 (0.16) 3.44 (1.11) 6.99 (2.18) 1.53 (0.56)
Ho 1.30 (0.10) 0.74 0.21) 1.44 0.43) nd
Er 3.62 (0.02) 2.19 (0.50) 3.93 (1.00) 1.15 (0.43)
Tm 0.49 (0.03) 0.32 (0.05) 0.53 0.12) nd
Yb 3.05 (0.19) 2.02 (0.44) 3.15 (0.55) 1.04 (0.38)
Lu 0.37 (0.04) 0.28 (0.07) 0.39 (0.08) 0.13 (0.04)
Hf 1.00 (0.16) 0.46 0.41) 1.15 (0.73) 0.74 (0.38)

Mg# = Mg/(Mg + Fe); Cr# = Cr/(Cr + Al)

For MAR sample data, see Tamura et al. (2014)

n number of analyses, 2 standard deviation in parentheses, na not analyzed because of alteration, nd not determined
 Total iron as FeO

® Clinopyroxene data of IBM dunite is from inclusions in spinel
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Fig. 1 Back-scattered electron
images of spinel-hosted mineral
inclusions in the studied sam-
ples from the EPR and CIR. a,
b Multiple inclusions in spinel
sometimes composed just of
pargasite or sometimes poly-
mineral phases (pargasite and
aspidolite). c—f Poly-mineral
inclusions: pargasite—orthopy-
roxene—aspidolite, pargasite—
aspidolite, and pargasite—
orthopyroxene. The inclusions
of (¢) and (e) coexisted, as
shown in (a). Ti-rich particles
(white spots) are observed in the
pargasite (lighter part) in (f).
Note that orthopyroxene com-
monly coexists with pargasite,
but in the IBM dunite the par-
gasite—clinopyroxene pair has
been observed (see Morishita
etal. 2011)

Discussion
Hydrous mineral inclusions in spinel and their origin

Hydrous silicate minerals, such as pargasite and aspido-
lite, which are characteristically rich in incompatible ele-
ments (e.g., Na, H,O, HFSEs, and REEs), have often been
reported as spinel-hosted inclusions in troctolite, dunite,
and reacted harzburgite as well as in chromitite (e.g., Arai
et al. 1997; Tamura et al. 2008, 2014; Renna and Tribuzio
2011). Tamura et al. (2008, 2014) reported spinel-hosted
pargasite inclusions from a reacted harzburgite and sug-
gested that they are the products of reaction between melt
and residual peridotite. On the other hand, many olivine-
rich rock samples are not equivalent to a residual perido-
tite (such as a harzburgite), although the chemical compo-
sitions of their minerals may indicate a reacted peridotite
origin rather than a cumulate origin (e.g., Arai et al. 1997,

' Troctolite 4 ,
. (EPR) | & S

Troctolite

Troctolite
(EPR)

parg

= 10 pm

@ Troctolite
3 . (CIR)
rg&Ti-phase 3

7

-

parg

Suhr et al. 2008; Sanfilippo et al. 2015). Here, as a first
approach, we discuss the formation of spinel-hosted
hydrous minerals in the context of the origin of the oli-
vine-rich rock: was it a cumulate from a MORB melt or a
reacted mantle peridotite?

Pargasite and aspidolite are exceptionally found as the
spinel-hosted inclusions in all our studied samples. Frac-
tionation of a MORB melt can primarily form olivine-
rich gabbroic rocks, including troctolite, because the first
mineral to crystallize is olivine, followed by plagioclase
and clinopyroxene (e.g., Elthon et al. 1992; Grove et al.
1992). On the other hand, hydrous minerals are commonly
observed in evolved gabbroic rocks from the ocean floor,
and the formation of an amphibole-bearing gabbroic rock,
for example, requires the presence of an evolved hydrous
silicate melt or water—rock reactions (e.g., Coogan et al.
2001; Gillis and Mayer 2001). In contrast to olivine-rich
rocks, amphibole-bearing gabbros rarely contain spinel,

@ Springer
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Table 3 Major- and trace-element compositions of spinel-hosted amphibole inclusions

EPR CIR IBM

895C4R-1 895C4R-2 6K925-R13 6K925-R05 417R-02

Troctolite Troctolite Plag-Dunite Troctolite Dunite

S301  S302  S303  S001  S101 102 202 203 3012  501-2  101-2 spx109 spx111
Si0, (Wt%) 4390 44.13 4429 4405 4494 4247 4339 43,13 43,18 43.60 46.76 4842  46.56
TiO, 3.32 3.26 397 3.10 2.78 5.64 4.90 5.08 5.14 4.05 2.24 0.23 0.28
AlL,O,4 11.23  11.53 1122 1172 11.23 11.04 1072 11.13 1093 10.87 10.00 9.81 10.60
Cr,04 224 2.23 2.04 2.04 2.02 2.14 2.05 2.03 2.37 2.29 1.69 1.87 2.38
FeO 4.20 4.13 4.19 3.45 3.58 4.24 3.99 4.01 3.74 4.08 4.06 2.06 2.88
MnO 0.09 0.09 0.10 0.03 0.07 0.09 0.08 0.09 0.07 0.06 0.10 0.03 0.04
MgO 1771 1790 17.65 1839 1890 16.13 1657 1678 1722 16.79 18.98 20.81 19.77
CaO 1077 1085 1149 1196 1092 1078 11.44 1134 11.01 11.66 12.35 1131 11.22
Na,O 397 4.06 3.85 3.67 3.73 4.30 3.85 4.14 4.16 4.24 2.35 4.24 4.38
K,0 0.03 0.06 0.05 0.07 0.03 0.01 0.05 0.01 0.02 0.02 0.03 0.00 0.02
NiO 0.07 0.08 0.07 0.08 0.09 0.10 0.08 0.10 0.08 0.09 0.02 0.04 0.06
Total 97.51 98.31 9891 9854 9829 9694 97.12 9784 9791 97.74 98.56 98.82  98.20
Mgt 0.883 0.885 0.883 0905 0.904 0.871 0.881 0.882 0.891 0.880 0.893 0947  0.924
LA 30/5 30/5 30/5 20/5 30/5 30/5 20/5 20/5 20/5 20/5 20/5 20/5 20/5
Ti (ug/g) 20,498 18,838 24916 19,628 18,246 40,612 31,417 33,600 31,336 25932 14,008 1947 2606
Cr 16,120 13,101 16,621 12,341 11,435 16,701 14,411 14,425 14,075 16,977 8632 15,804 14,631
Sr 8529 67.54 86.92 108.21 7524 101.71 71.80 63.04 7546 97.82 46.61 1622 52.14
Y 88.58 66.07 73.74 9328 12697 94.12 112.05 46.77 52.80 60.09 21.53 6.32 6.13
Zr 418 388 511 265 683 1042 788 769 741 1105  66.8 31.87 48.10
Nb 34.63 2813 7123 11.57 2358 86.04 114.15 68.78 24.65 3.60 3.51 10.04  29.57
Ba 2.59 4.31 2.92 2.63 1.40 1.10 3.04 1.13 1.12 1.20 1.02 <0.64 <0.64
La 1.91 1.51 3.56 2.72 2.31 6.32 6.50 5.67 8.67 6.62 0.80 0.27 0.52
Ce 11.30 8.02 28.13 1388 1568 73.19 51.79 4523 5334 3735 6.55 1.30 1.99
Nd 21.64 1450 2641 1652 2130 6847 5289 4998 31.04 1794 9.36 1.30 1.83
Sm 1040 7.21 7.17 7.32 1073 11.77 1310 11.73 743 3.09 2.42 <0.50  0.39
Eu 1.52 1.18 1.23 0.74 1.28 2.43 1.89 1.82 1.44 0.69 0.37 0.23 0.15
Gd 1395 9.78 7.77 1246 1746 1072 1480 9.70 7.65 3.16 2.04 0.59 0.52
Dy 1636 1190 11.37 18.87 24.10 13.64 1896 7.43 9.08 8.95 3.25 1.04 1.07
Er 8.86 7.09 1051 1021 10.14 1056 11.73  4.29 5.14 9.10 2.30 0.76 0.82
Yb 6.46 5.80 11.12 7.69 7.33 10.54 857 3.51 451 8.77 3.13 0.65 0.81
Lu 0.78 0.71 1.36 0.86 0.85 1.28 0.93 0.37 0.51 1.00 0.47 <0.11 <0.11
Hf 1271 1095 15.89 8.08 16.55 33.06 27.01 28.65 26.60 26.06 3.15 0.95 1.43
Ta 1.81 1.31 4.10 0.94 1.12 6.09 6.79 493 1.94 0.21 0.39 0.43 1.52

Total iron as FeO

Mg# = Mg/(Mg + Fe) atomic ratio

For MAR and IBM sample data, see Tamura et al. (2014) and Morishita et al. (2011)
LA laser ablation condition for laserspot diameter (um)/repetition rate (Hz)

because spinel is a mineral that develops from less-evolved ~ hydrous melt to be trapped during the crystallization of
basaltic melts (e.g., Roeder and Reynolds 1991; Barns  spinel.

and Roeder 2001). It is unlikely, therefore, that the spinels Several researchers have already shown that olivine-
would have included amphibole grains during fractional  rich rocks can be produced by reactions between melt
crystallization. Similarly, one would not expect an evolved  and mantle peridotite (e.g., Arai and Matsukage 1996;
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Fig. 2 Na,O-TiO, compositional relationships in pargasite inclu-
sions in the olivine-rich rocks. Open symbols are pargasite inclusions
with trace-element data discussed in this study. Gray closed symbols
show other pargasite inclusions in each sample. MAR samples and
IBM dunite data are from Tamura et al. (2014) and Morishita et al.
(2011), respectively

Suhr et al. 2008; Dick et al. 2010), and based on our pre-
vious study (Tamura et al. 2014), we propose here that
the spinel-hosted hydrous minerals provide evidence that
the studied olivine-rich rocks are the products of reac-
tions involving mantle peridotite. This proposition is sup-
ported by the likelihood that simple fractionation of a
MORB melt could not have produced spinels with such
inclusions.

Arai et al. (1997) and Schiano et al. (1997) described
spinel-hosted hydrous mineral inclusions in olivine-rich
rocks from the ocean floor and from ophiolites, and they
suggested that the inclusions were formed from melts that
had been trapped in the spinels. To explain the formation
of hydrous silicate minerals within the spinel, Arai et al.
(1997) suggested that the trapped melt had formed by reac-
tions between an olivine-saturated melt and a residual peri-
dotite (such as lherzolite or harzburgite) and that the pro-
cess involved the incongruent melting of orthopyroxene
to precipitate olivine. The compositions of this secondary
melt were not only selectively enriched in SiO, and incom-
patible elements including H,O, but also in Cr due to oli-
vine precipitation. If such a SiO,-rich melt were mixed
with an olivine-saturated melt, the precipitation of spinel
would have been enhanced (Arai and Yurimoto 1994; Arai
and Matsukage 1998; Arai and Miura 2015).

The reaction between a melt and a residual peridotite, as
stated above, primarily corresponds to the formation of a
replacive dunite, which is commonly observed in the man-
tle section of ophiolites (e.g., Kelemen et al. 1997; Akizawa

et al. submitted). These replacive dunites are formed from
residual peridotites by porous melt flow in the mantle (e.g.,
Kelemen et al. 1995). Primitive MORB melts are produced
by partial melting of source mantle beneath a mid-ocean
ridge, and they eventually produce a basaltic oceanic crust
(e.g., Grove et al. 1992). Such primitive MORB melts are
reactive to residual peridotites (especially their orthopyrox-
enes) during melt extraction and transportation, because the
melts were formed at high pressure and are then in disequi-
librium with mantle peridotites under lower-pressure condi-
tions (e.g., Kelemen et al. 1995; Arai and Matsukage 1996).
We suggest, therefore, that the spinel-hosted hydrous min-
erals would be expected to form when replacive dunite is
formed in the mantle.

As an analog of the reaction product between a melt
and a residual peridotite, Arai and Abe (1995) described
olivine—clinopyroxene—spinel-glass aggregates along the
boundaries between orthopyroxenes in mantle xenoliths
and the host alkali basalt melt. Su et al. (2012) indicated
that olivine, amphibole, feldspar, and glass (rich in SiO,
and alkalis) in mantle xenoliths were formed from second-
ary melts generated by reactions in the mantle between the
orthopyroxene and the host magma. Experimental studies
by Shaw et al. (1998) and Shaw (1999) demonstrated that
Si0, and alkali elements were preferentially concentrated
along the reaction zone between orthopyroxenes and alkali
basalt melt and that the reaction consequently enhanced
the extensive crystallization of olivine. Although we are
unable to constrain the melt-entrapment dynamics during
spinel crystallization, these previous studies support the
idea that the orthopyroxene decomposition reaction has a
high potential for simultaneously producing enrichments of
incompatible elements in the melt and during the crystal-
lization of spinel.

Numerical modeling of residual peridotite composi-
tions indicates that fractional melting takes place dur-
ing melt extraction from the mantle beneath a mid-ocean
ridge. Thus, the incompatible-element compositions of par-
tial melts from the source mantle are not consistent with
those of MORB (Johnson et al. 1990). This type of melt-
ing regime suggests that a fraction of enriched melt, such
as alkali basalt, can be produced and then undergo reac-
tion with the residual peridotite. Hence, the analogs of the
reaction process discussed above are likely to occur, even
beneath a mid-ocean ridge. Spinel grains with hydrous
mineral inclusions are rarely observed in residual perido-
tites such as lherzolite and harzburgite, and this is consist-
ent with the proposal that reaction processes (that form
replacive dunite) are necessary for the formation of the
mineral inclusions beneath a mid-ocean ridge, rather than
partial melting processes.
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Fig. 3 Rare earth element patterns of pargasite inclusions in the studied samples. MAR samples (gray lines harzburgite) and IBM dunite data
are from Tamura et al. (2014) and Morishita et al. (2011), respectively. Chondrite values are from Sun and McDonough (1989)

Interpretation of pargasite geochemistry and the
formation of olivine-rich rocks

The reactions that form replacive dunite from residual peri-
dotite are expected to involve the formation of olivine-rich
rocks along mid-ocean ridges (Arai and Matsukage 1996;
Suhr et al. 2008; Dick et al. 2010). Here, we discuss the
variations in trace-element compositions of spinel-hosted
pargasite inclusions in order to discriminate and constrain
the conditions of the reaction processes that form olivine-
rich rocks along the crust-mantle boundary of the oceanic
lithosphere.

In each of our studied sample, the incompatible-trace-
element compositions of the pargasite inclusions are very
similar, even though the coexisting inclusion minerals are
variable. The incompatible-element partitioning between
pargasite inclusions and the host rock clinopyroxene is
relatively constant in the mid-ocean ridge samples (Fig. 6),

@ Springer

whereas the trace-element compositions of the pargasite
vary among samples (Figs. 2, 3, 4). However, the element
partitioning is distinct from the typical partitioning for
coexisting amphibole—clinopyroxene pairs in gabbros and
peridotites (Fig. 6). This indicates that the pargasite inclu-
sions did not crystallize from an evolved melt in equilib-
rium with the host rock clinopyroxene. This evidence of
disequilibrium probably supports the proposals given above
for the origin of inclusions, with the pargasite inclusions in
the studied samples being formed by reaction. Assuming
that the spinel crystallization in the reaction (when melt or
minerals were trapped in spinel) occurred during the initial
formation of the host olivine-rich rock, the differences in
pargasite inclusion compositions reflect the diversity of the
reactions in the rock-forming history.

The REE patterns of pargasite inclusions in the EPR
and CIR samples characteristically show negative Eu
anomalies (Fig. 3). This implies that the pargasite was
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Fig. 4 Incompatible-trace-element patterns of pargasite inclusions in
the studied samples. MAR samples (gray lines harzburgite) and IBM
dunite data are from Tamura et al. (2014) and Morishita et al. (2011),
respectively. Compositions of host rock clinopyroxenes are shown for

crystallized from an evolved melt that had already frac-
tionated plagioclase. As shown in Fig. 5a, in terms
of the values of Euw/Eu* (= Eucy/[Smey*Gden]'?;
CN: chondrite normalized value) and Zr/Zr* (= Zrqy/
[Ndey*Smey]?) in the pargasite inclusions, the EPR and
CIR samples can be clearly discriminated from the MAR
samples. Therefore, these compositional features should
be useful in deciphering the origin of the pargasite inclu-
sions. Here, we tentatively consider a melt that is crystal-
lizing pargasite with Eu and Zr anomalies based on the
partition coefficients between pargasite and melt, which
do not cause the fractionation of Zr and Eu (i.e., Dy,
7+ < 1, Dgypex = 1; Ozawa and Shimizu 1995). The Eu
and Zr anomalies in the pargasites of the EPR and CIR
samples are unlikely to be explained by the compositions
of the secondary melt produced by the reaction involv-
ing orthopyroxene decomposition. Orthopyroxene in the
residual harzburgite is a better host for Zr relative to Nd
and Sm (Fig. 5b), as indicated by the partition coeffi-
cient Dy, = 4.95 (Ozawa and Shimizu 1995), and the
incongruent melting of orthopyroxene possibly creates

I
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comparison. No clinopyroxene data are available for the CIR trocto-
lite in (b). Spinel-hosted clinopyroxene inclusion data for the IBM
dunite are given in (d). Chondrite values are from Sun and McDon-
ough (1989)

the high-Zr/Zr* secondary melt. However, crystallization
of the host spinel and olivine, as well as mixing with the
primitive melt, should be taken into account because of
the high compatibility of Zr in spinel (D« > 100) and
the fact that the pargasite in the MAR samples shows no
significant enrichment in Zr (Fig. 5a). In either case, the
secondary melt itself could not have caused the low val-
ues of Euw/Eu* in the pargasites because the specific frac-
tionation of Eu is unrealistic during the precipitation of
olivine and spinel. Hence, the reactant melt composition
is most probably responsible for the Eu and Zr anomalies
in the pargasite inclusions.

In the numerical model, the Eu/Eu* values of the par-
gasite inclusions in EPR and CIR samples can be attained
by 30-85 % fractionation of plagioclase from the MORB
melt. The Eu/Eu* values of the calculated melt in equi-
librium with the host rock clinopyroxene are equivalent
to those of the pargasite inclusions (Fig. 5). The fact that
the values of Zr/Zr* and Eu/Eu* in the calculated melt can
be reproduced by the fractional crystallization of plagio-
clase and clinopyroxene after olivine suggests that such an
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Fig. 5 a Compositional relationships between Eu/Eu* and Zr/Zr*
values of pargasite inclusions in the studied samples. MAR samples
(x, troctolite; +, harzburgite) and IBM dunite data are from Tamura
et al. (2014) and Morishita et al. (2011), respectively. Note that par-
gasite coexists with clinopyroxene, as spinel-hosted inclusions, in
the IBM dunite (see text). EwWEu* = Bucy/(Smey*Gdey)'; Zr/
Zr¥ = Zroy/(Ndoy*Smey)'%; CN chondrite normalized value (Sun
and McDonough 1989). b Compositions of the calculated melt in
equilibrium with host rock clinopyroxene in the studied samples.
Partition coefficients used for the calculations were selected from
Ozawa and Shimizu (1995) and Gurenko and Chaussidon (1995).
Arrows indicate tentative compositional trends of MORB melt during
fractional crystallization of plagioclase and clinopyroxene, respec-
tively. Ticks indicate crystal fraction (F = 0.1, 0.2, 0.3, 0.5, 0.8, and
0.9). The MORB melt composition is from Reynolds and Langmuir
(1997). Gray field shows the composition of orthopyroxenes that
coexist with spinel with mineral inclusions in the MAR harzburgite
(Tamura et al. 2008)

evolved melt was available during the period of rock for-
mation. However, it is difficult to reproduce the high values
of Zr/Zr* in the pargasite inclusions by simple fractionation
of plagioclase and clinopyroxene from the MORB melt, but
they could be produced by further differentiation of the sec-
ondary melt (Fig. 5b). Here, we expect that the secondary
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Fig. 6 Trace-element partitioning between spinel-hosted pargasite
inclusions and the host rock clinopyroxene. Averaged concentrations
were used. An error bar of 30 % is shown with the data for the MAR
troctolite. The black line shows the partitioning between the pargasite
and clinopyroxene inclusions in the IBM dunite (see text). The thin
gray lines show the partitioning of coexisting amphibole—clinopyrox-
ene pairs in peridotites and gabbros (compiled by Tamura et al. 2014)

melt coexisted and reacted with the evolved melt, although
the nature of any elemental exchange between those two
melts is uncertain. Coogan et al. (2000) suggested that the
extensive Zr enrichment in the clinopyroxenes of gabbroic
rocks could be accomplished by mixing of a highly evolved
melt, such as an interstitial melt, with the melt flowing
through the crystal mush. A similar mixing mechanism
may be locally responsible for the reaction that produced
the high values of Zt/Zr* in the pargasites of the EPR and
CIR samples. Accordingly, the formation of spinels with
mineral inclusions in the EPR and CIR samples probably
involved the crystallization of plagioclase and clinopyrox-
ene from evolved melts in the host rock.

Based on the compositional differences in the pargasite
inclusions of the EPR and CIR samples versus those in the
MAR troctolite, we can now discuss the history of the con-
version of mantle peridotites to olivine-rich rocks. Beneath
a mid-ocean ridge, the migration of partial melts in the man-
tle results in the formation of replacive dunites in residual
peridotites; however, most of the partial melt accumulates as
a MORB melt that eventually forms the oceanic crust (John-
son et al. 1990; Grove et al. 1992; Kelemen et al. 1995).
Therefore, it can be expected that MORB melts coexist with
reacted mantle rocks, which eventually form the crust-man-
tle boundary zone. An example is the dunite or gabbroic
rock coexisting with harzburgite, as observed at the top of
the mantle section in the Oman ophiolite (e.g., Akizawa
et al. 2012). The compositions of pargasite inclusions in
the EPR and CIR samples probably reflect the contribu-
tions of the evolved melt to the reaction. For the formation
of the EPR and CIR samples, we suppose that the reaction
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between melt and residual peridotite (i.e., spinel crystalliza-
tion) occurred at a site where plagioclase-fractionated melts
were produced at the same time. To account for the coex-
istence of secondary and evolved melts, reactions between
melt and residual peridotite in the melt-focusing zone, per-
haps in the presence of high melt/rock ratios, seem reason-
able, as the initiation of crystallization from a MORB melt
can be assumed to take place in a zone of focused melt flow
rather than in a zone of porous melt flow in the mantle.

The trace-element patterns of the pargasite inclusions in
the MAR harzburgite and MAR troctolite are slightly dif-
ferent (Fig. 4c). Pargasite inclusions in both samples are
characterized by the absence of negative Eu anomalies
and the presence of weak positive Zr anomalies (Figs. 3,
5). The compositional features indicate that the formation
of spinel-hosted pargasite was not affected by an evolved
MORB melt. Suhr et al. (2008) reported that the MAR
troctolite was finally formed by the crystallization of pla-
gioclase and clinopyroxene from a pervasive MORB-like
melt in the replacive dunite. Tamura et al. (2014) suggested
that the inclusions provide evidence that the MAR trocto-
lite was formed by the conversion of a residual harzburgite
via replacive dunite. The spinel grains with hydrous min-
eral inclusions in the MAR troctolite had already started
to form during the formation of the replacive dunite from
the residual peridotite, or at least prior to the crystalliza-
tion of plagioclase in the troctolite sample. During the
formation of replacive dunite, the melt should only rarely
have stagnated and been differentiated during porous flow
and extraction of the partial melt from the upper mantle,
and this would have been in contrast to the situation with
focused melt flow.

The trace-element compositions of spinel-hosted par-
gasite inclusions probably reflect the differences in the
melt flow style during the reaction, such as the initiation
of olivine-rich rock formation. Determination of the timing
and condition of inclusion formation (i.e., initiation of spi-
nel crystallization) would be helpful in characterizing the
formation histories of the olivine-rich rocks that comprise
the crust-mantle boundary zone where residual peridotite
and melt coexisted.

Inheritance from mantle peridotite

The secondary melts contributing to the formation of spi-
nels and their inclusions were generated by a combination
of orthopyroxene decomposition and olivine crystalliza-
tion in the residual peridotite. The compositions of inclu-
sion minerals depend mainly on the compositions of the
reactants; i.e., the residual peridotite and the melt. There-
fore, the variations in pargasite compositions should partly
reflect the residual peridotite compositions, which are con-
trolled mainly by the degree of partial melting.

The incompatible-trace-element abundances in pargasite
inclusions in spinels of the IBM dunite are clearly low
relative to those of pargasites in mid-ocean ridge samples
(Figs. 2, 3). Because no plagioclase grains were observed in
either the IBM dunite or the MAR harzburgite, interference
from an evolved melt can be ignored in the formation of the
inclusions. The incompatible-element compositions of resid-
ual peridotite, especially the HREE abundances, are con-
trolled primarily by the degree of melting (e.g., Hellebrand
et al. 2001). The HREE abundances of pargasites in the IBM
dunite (Yb = 0.65-0.81 ppm) are lower than those in the
MAR harzburgite (Yb = 0.79-1.62 ppm) (Fig. 3), indicat-
ing that the precursor residual peridotite that was involved in
the formation of the IBM dunite was rather depleted. This
inference is consistent with the fact that residual peridotites
from a forearc region, such as the IBM region, are more
depleted than those from a mid-ocean ridge (e.g., Parkinson
and Pearce 1998; Tamura and Arai 2006), although the Cr#
values in spinels, which also provide an indication of the
degree of partial melting (e.g., Arai 1994; Hellebrand et al.
2001), are not critically different between the studied sam-
ples (Cr# = 0.52-0.57; Table 2). With regard to other spi-
nel-hosted inclusion minerals, clinopyroxene coexists with
pargasite in the IBM dunite whereas orthopyroxene is com-
monly observed in the mid-ocean ridge samples. The com-
positional relationships between pargasite and clinopyroxene
inclusions in the IBM dunite sample are consistent with the
typical partitioning between amphibole and clinopyroxene,
which was probably accomplished by fractional crystalliza-
tion (Fig. 6). This indicates that the clinopyroxene—pargasite
inclusions crystallized from a melt, probably caused by the
reaction specifically related to the depleted peridotite.

As shown in Fig. 3, the pargasites in the CIR samples
and the MAR troctolite show flat to slightly LREE-enriched
patterns, whereas the pargasites in the EPR sample show
M-shaped LREE-depleted REE patterns. The compositions
of residual peridotite also influenced the compositions of
pargasites, although the contributions of evolved melt can-
not be ignored. This can be inferred from the fact that resid-
ual peridotite from the EPR is more depleted than residual
peridotite from the CIR and MAR, based on the spinel
compositions (e.g., Dick and Natland 1996; Hellebrand
et al. 2002; Tamura et al. 2008; Sanfilippo et al. 2015).

Implications and conclusions

Spinel-hosted hydrous mineral inclusions in the studied
olivine-rich rocks are the products of reaction between melt
and residual peridotite, and it is unlikely that they formed
as a result of fractional crystallization of MORB melt
beneath a mid-ocean ridge. The inclusions provide evi-
dence for the participation of residual mantle peridotite in
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Fig. 7 Schematic cartoon of the classification of olivine-rich rocks
formed in terms of reactions between residual harzburgite and
olivine-saturated melt. Variations in the reactive melt flow (A, B)
involved in the formation of olivine-rich rocks were expected from
the melt/rock ratios in the reaction, based on the compositions of the
spinel-hosted pargasite inclusions in the EPR and CIR samples (a)
and MAR samples (b, ¢). Olivine-saturated melt corresponds to the
reactive melt. The secondary melt, which was produced by incongru-
ent melting of orthopyroxene (Opx) to crystallize olivine, contributed
to the production of spinel with mineral inclusions. The crystalliza-
tion of spinel can be enhanced by mixing the secondary melt with the
olivine-saturated melt (e.g., Arai and Yurimoto 1994). (a) Reaction
between harzburgite and a stagnant melt under high melt/rock ratios

the formation of the olivine-rich rocks and help distinguish
them from rocks of cumulate origin. The trace-element
compositions of the spinel-hosted pargasite inclusions are
a reflection of whether or not the reactions between melt
and residual peridotite progressed together with plagioclase
crystallization. The diversities of the histories of formation
of the olivine-rich rocks are responses to whether the reac-
tions took place under porous melt flow (producing repla-
cive dunite) or focused melt flow (accompanying fractional
crystallization).

On the basis of the compositions of the spinel-hosted
pargasite inclusions in the mid-ocean ridge samples, the
variations in the ways the olivine-rich rocks formed are
summarized in Fig. 7. As an example from the CIR and
EPR samples, an evolved melt caused by plagioclase
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caused by focused melt flow (A). The secondary melt coexisted with
and reacted with an evolved melt, which was produced separately by
the fractionation of plagioclase (Plg) and clinopyroxene (Cpx) that
followed on from olivine. The spinels with mineral inclusions were
formed when the Plg and Cpx that make up the host troctolite crystal-
lized. (b) Troctolitic rock formed from replacive dunite by the injec-
tion of a melt crystallizing Plag and Cpx. The replacive dunite with
spinel-hosted mineral inclusions first began to form during reactions
under porous melt flow in the mantle (B). (¢) Melt-starving reaction
with residual harzburgite. This example supports the proposition that
the spinels with inclusions were produced by reactions between melt
and residual harzburgite, such as during the formation of replacive
dunite in (b) (Tamura et al. 2014)

crystallization was involved during the decomposition of
orthopyroxene in the residual peridotite, and the samples
probably represent a crust—-mantle boundary zone that was
produced both by fractional crystallization of a MORB melt
and by reaction of that melt with residual peridotite. Such a
boundary zone is probably defined by the transition zone
from porous melt flow in mantle peridotite to focused melt
flow, where olivine-rich or gabbroic cumulates are formed
by fractional crystallization of MORB melt (Fig. 7a). In
contrast, the pargasite inclusions in the MAR troctolite
were formed during the conversion of residual harzburgite
to replacive dunite. This indicates that the formation of the
MAR troctolite was initiated under porous melt flow in the
mantle, prior to plagioclase crystallization (Fig. 7b). The
MAR harzburgite was produced by an incomplete reaction
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that formed replacive dunite (Fig. 7c), and the evidence
from this sample supports the proposition that the forma-
tion of spinel-hosted mineral inclusions can be interpreted
in terms of reactions between melt and residual peridotite
(Tamura et al. 2014).

Accordingly, one troctolite sample was formed directly
from the harzburgite together with gabbroic rocks by reac-
tions between melt and harzburgite. This locally caused
heterogeneities involving both mantle and crustal material.
Another troctolite was created from replacive dunite by the
further injection of melts that formed gabbroic rocks, and
such replacive dunite consequently produced heterogenei-
ties in the crustal material. This implies that the formation
of replacive dunite in the mantle is sometimes obscured by
the later formation of troctolite.
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