
1 3

Contrib Mineral Petrol (2015) 170:19
DOI 10.1007/s00410-015-1174-z

ORIGINAL PAPER

Evidence of melting, melt percolation and deformation in a 
supra‑subduction zone (Marum ophiolite complex, Papua New 
Guinea)

Mary‑Alix Kaczmarek1,2 · Leo Jonda3 · Hugh L. Davies3 

Received: 3 February 2015 / Accepted: 16 July 2015 / Published online: 4 August 2015 
© Springer-Verlag Berlin Heidelberg 2015

direction parallel to the arc. This provides new evidence 
that fast polarisation direction parallel to the arc could be 
caused by anisotropic peridotite and not by olivine [001] 
slip. After its formation, Marum ophiolite has been fer-
tilised by diffuse crystallisation of a low proportion of 
clinopyroxene (1–2  %) (P1) and formation of cm-scale 
ol-clinopyroxenite and ol-websterite veins cross-cutting 
the foliation (P2). This percolating melt shows silica-
rich magnesian affinities (boninite-like) related to supra-
subduction zone in a young fore-arc environment. The 
peridotite has also been percolated by a melt with more 
tholeiite affinities precipitating plagioclase-rich wehrlite 
and thin gabbroic veins (P3); these are interpreted to form 
after the boninitic event. The small proportion of newly 
crystallised pyroxene in the dunite shows similar orienta-
tion of crystallographic axes to the host dunite (<100>ol 
parallel to <001>cpx–opx). In contrast, the pyroxenes in ol-
clinopyroxenite, ol-websterite and the thin gabbroic veins 
in the wehrlite, record their own orientation with <001> 
axes at 45°–60° to olivine <100> axes. Our results indi-
cate that for low melt proportion the crystallisation is 
governed by epitaxial growth, and when the proportion 
of melt is higher the newly formed minerals record syn-
kinematic crystallisation. This switch of crystallographic 
axes orientation of newly formed minerals indicates a 
reorientation of the constraints during the boninitic and 
tholeiitic melts event probably due to a variation of lat-
eral mantle flow within the fore-arc area. The variation of 
the crystallographic axes orientation could be an indicator 
for the development of a young fore-arc mantle in supra-
subduction zone.

Keywords  Marum ophiolite · Depleted peridotite ·  
Fore-arc · Melt percolation · EBSD · E- and A-type 
fabrics · Arc-parallel flow

Abstract  New geochemical and microstructural data are 
presented for a suite of ultramafic rocks from the Marum 
ophiolite in Papua New Guinea. Our results describe a 
piece of most depleted mantle made essentially of dun-
ite and harzburgite showing compositions of supra-sub-
duction zone peridotite. Strong olivine crystallographic 
preferred orientations (CPOs) in dunite and harzburgite 
inferred the activation of both (001)[100] and (010)[100] 
slip systems, which are activated at high-temperature and 
low-stress conditions. Clinopyroxene and orthopyrox-
ene CPOs inferred the activation of (100)[001] and (010)
[001] slip systems, which are common for pyroxenes 
deformed at high temperature. This plastic deformation 
is interpreted to have developed during the formation of 
the Marum ophiolite, prior to melt percolation. The ori-
entation of the foliation and olivine [100] slip directions 
sub-parallel to the subduction zone indicates that mantle 
flow was parallel to the trench pointing a fast polarisation 
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Introduction

Ophiolites have been actively investigated in order to 
reconstruct margin histories in different geodynamic set-
tings. Direct samples of the mantle wedge can be drilled, 
dredged (e.g. Izu Bonin Mariana arc, Parkinson and Pearce 
1998), carried to the surface by subduction-related magmas 
(e.g. Papua New Guinea, Franz et  al. 2002; Kamchatka, 
Ionov 2010; Philippine, Maury et al. 1992) or by obducted 
ophiolite, which occupied the fore-arc zone prior to arc-
continent collision (New-Caledonia, Marchesi et al. 2009; 
Oman, Tamura and Arai 2006). In subduction zone, large 
amounts of melt and fluids derived from the subducted slab 
will change the geochemistry and the rheology of the man-
tle sequence. Most studies on mantle from supra-subduc-
tion zones (SSZs) focus on geochemistry of slab-derived 
melt and mantle wedge melt to constrain the composition 
and evolution of the melts during melting and melt-rocks 
reactions in the mantle wedge processes (e.g. Bizimis et al. 
2000; Choi et al. 2008; Grégoire et al. 2001; Ionov 2010; 
Maury et al. 1992; Parkinson and Pearce 1998). However, 
studies of the deformation history of mantle rocks in sub-
duction zones are still rare (e.g. Michibayashi et al. 2009; 
Park and Jung 2014; Song and Su 1998; Soustelle et  al. 
2010; Tasaka et  al. 2008) even though experimental and 
modelling studies of deformation processes in the mantle 
wedge have been developed during the last decades (Jung 
and Karato 2001; Kneller and van Keken 2008; Kneller 
et al. 2005). Moreover, it has been shown that the presence 
of melt could change the rheology of the mantle and lead 
to the localisation of deformation (Holtzman and Kohlst-
edt 2007; Holtzman et  al. 2003), but only rare studies in 
SSZ investigated both melt and deformation processes (e.g. 
Michibayashi et al. 2009).

The Papua New Guinea (PNG) ophiolites have been 
investigated through extensive field mapping to decipher 
the structure of the complexes, and their geochemistry has 
been characterised in a limited number of studies (Davies 
2012; Davies and Jaques 1984; Jaques 1980). The ophi-
olites and marginal basins of the New Guinea region pro-
vide a range of massifs from west to east: April, Marum 
and the Papuan Ultramafic Belt (PUB) (Davies 1971; 
Davies and Smith 1971). The three complexes occupy 
a similar structural position in the New Guinea moun-
tain system but represent different tectonomagmatic set-
tings. In each setting the subduction of the leading edge 
of the Australian continental margin has stacked a refrac-
tory fore-arc basement over a non-refractory lithosphere 
of the lower plate. In this environment, the Marum ophi-
olite represents a frozen piece of fore-arc mantle wedge, 
in an intermediate composition between refractory and fer-
tile composition (Davies and Jaques 1984; Jaques 1981). 
Therefore, the Marum ophiolite offers the opportunity to 

reconstruct the evolution of oceanic crust at various stages 
of subduction.

The Marum ophiolite is an excellent case study to char-
acterise the relationships between the composition of the 
upper mantle, melt percolation processes and mantle defor-
mation in a SSZ setting within a large structural framework. 
Here we combined field observations, chemical composi-
tion of minerals in terms of major and trace elements and 
crystallographic preferred orientations (CPOs) of minerals 
in the Marum ophiolite to discuss the evolution of melt pro-
cesses recorded by the mantle above the subducting plate.

Geological setting

New Guinea ophiolites

The New Guinea Island has the outline of a giant bird fly-
ing westward and is at the interface between the northward 
moving Australian plate and the WNW-moving Pacific 
Plate. The southern half of the island is part of the Austral-
ian continent, and the northern part has been built up by 
successive collisions with micro-continents and volcanic 
islands of the Pacific (Davies 2012; Fig. 1). Since the Mes-
ozoic, the oblique convergence between the Australian and 
Pacific plates (Baldwin et al. 2012; Daly et al. 1991; Pubel-
lier et al. 1996), produced subduction zones and the obduc-
tion of pieces of oceanic lithospheres that are now incorpo-
rated into the Australian margin (Fig. 1).

The island contains several ophiolite bodies, which are 
part of an incomplete chain of ophiolites. The main ophi-
olite bodies are Cyclops, High-Chain and Weyland in Indo-
nesian part and April, Marum and PUB in the PNG part of 
the island (Fig.  1). The ophiolite bodies are segments of 
oceanic lithosphere, which occupied the fore-arc zone prior 
to arc-continent collision (Davies and Jaques 1984; Jaques 
1981). Dating of Cape Vogel intra oceanic lavas (bonin-
ites and tholeiites) near the PUB at 59–58  Ma (40Ar/39Ar, 
Walker and McDougall 1982) (Fig. 1), and the plateau age 
of the amphiboles in the PUB ophiolite metamorphic sole at 
58 Ma 40Ar/39Ar (Lus et al. 2004) suggest that the volcan-
ism at the Cape Vogel arc was short-lived, and the interval 
between supra-subduction lithosphere generation and ophi-
olite obduction was brief. Geodynamic reconstructions and 
studies on collision and subduction processes between the 
Pacific and Australian plates show that the formation of the 
Papuan ophiolites was possibly from early Jurassic (K–Ar 
age determination on gabbroic rocks gives age of 150 Ma) 
to Paleocene in age (between 65 and 60 Ma) (Davies and 
Jaques 1984; Hill and Raza 1999; Page 1976; Whattam 
2009; Whattam et al. 2008). The formation age of Marum 
ophiolite is also not well defined and could be between 
173  Ma (K–Ar dating on plagioclase from cumulate 
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gabbros) and 59 ± 2.5 Ma (K–Ar age on hornblende from 
granophyric diorite for the Marum ophiolite (Jaques 1980).

The Marum ophiolite

The Marum complex and April Ultramafics are believed to 
have been obducted during the Paleocene and Eocene as 
a result of collision between the Australian continent and 
a Tertiary island arc (Davies 2012; Lus et  al. 2004). The 
main structure that bounds the Marum complex to the north 
is the Ramu–Markham fault. The structure that bounds it to 
the south and separates it from the Bismarck Range is the 
Bundi fault zone, which is characterised by anastomosing 
faults, vertical strata, intense shearing and the presence of 
serpentinite bodies (Fig. 2).

The Marum ophiolite complex comprises two alloch-
thons thrusted over Cretaceous to Eocene low-grade meta-
sediments (Jaques 1980, 1981). The larger allochthon con-
sists of a main-peridotite gabbro massif and the second, 
called the Tumu River Basalts, is made up essentially of 
basalt. The larger allochthon, subject of this study, covers 
an area of 1000 km2 and is 3–4 km thick (Fig.  2; Jaques 
1978, 1981). It is mainly made up of two zones: an underly-
ing ultramafic zone (tectonite) and an overlying mafic zone 
(cumulate). The ultramafic tectonite at the base mainly 
consists of foliated harzburgite and subordinate dunite, 
which are cut by discordant enstatite-rich pyroxenite dykes 
and veins. A gradational contact is apparent between the 

tectonite and cumulus peridotites (Fig.  2). At the base of 
the cumulate section (named cumulate dunite) is a thin unit 
of refractory harzburgite and minor intercalated dunite plus 
some pegmatite gabbro and enstatite dykes. This is overlain 
by cumulate peridotite part that comprises lherzolite, wehr-
lite cumulate dunite (with minor-layered chromitite), pla-
gioclase lherzolite, pyroxenite, and gabbro (Jaques 1980) 
(Fig. 2). Gabbro pegmatoid dykes and veins cut through the 
whole cumulate sequence, while occasional quartz dolerite 
dykes intrude only the top most gabbro layers.

Sampling and field observations

Our sample localities are shown on a map using GPS meas-
urements (Fig. 2b; Table A1). The map exposes cumulate 
peridotite, cumulate dunite and tectonite peridotite units 
with gradational limits forming the classical definition of 
the ophiolite (Penrose, Participants 1972). However, in 
the Marum ophiolite the limits between units are difficult 
to map due to poor access to river sections and restricted 
access to the Ramu NiCo® Kurumbukari mine site.

The studied peridotites have been sampled in these three 
units, where the exposed peridotite is mostly composed 
of massive, coarse-grained dunite (Fig.  3). In the dunite, 
foliation is marked by elongation of spinel/chromite and 
in rare places by pyroxenitic layering (Fig.  3a–c). Strike 
varies between 005° and 140° and is dipping north-east 
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to south-west (Fig.  2). Few harzburgite zones have been 
observed in the cumulate dunite area, where the contact 
between harzburgite and dunite is sharp and irregular at 
centimetre scale (Figs. 2b, 3d). The foliation and pyroxen-
itic layering in the dunite are cross-cut by clinopyroxene-
rich and orthopyroxene-rich veins (Fig.  3e). Orthopyrox-
ene-rich veins with a thickness between 1 and 4 cm have 
discontinuous and irregular contacts with the host dunite, 
while larger orthopyroxene-rich veins (thickness around 
8 cm) have sharp contacts with the dunite (Fig. 3e, f). Out-
crop K4 is a clinopyroxene-rich area with penetrative and 
discontinuous layers of clinopyroxene within the dunite 
(Fig.  3g). In some place the interlayered clinopyroxene-
rich and dunite areas form folds. These are also cross-
cut by newly formed orthopyroxenite veins with sharp 
contacts (Fig.  3c). The peridotite contains gabbro dykes 

ranging from 10 to 50 cm in width cross-cutting the peri-
dotite and pyroxenite. The gabbro dykes can be followed 
for several metres and are orientated from 150° to 170/60E 
or 040/70W. Most of the gabbros are coarse-grained 
anorthosite mainly composed of plagioclase and clinopy-
roxene with a grain size between 1 and 3 cm (Fig. 3h, i).

Petrography

Dunite, harzburgite and wehrlite

The dunites are coarse-grained granular (~10 mm) and con-
tain up to 2 % clinopyroxene (Table 1). Olivine grains in all 
samples are subhedral with a slight elongation forming a 
shape-preferred orientation, marking the foliation (Fig. 4a). 
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Fig. 2   a Schematic maps of the Marum ophiolite massif with ultra-
mafic sequence and b closer view with visited locations and sampled 
outcrops (after Jaques 1978; Jaques 1981). The Marum ultramafic 
rocks are: Tectonite peridotite is foliated harzburgite with dunite 
lenses near top. Some enstatite and dunite dykes. Cumulate dunite 
comprises dunite, some layered chromitite, serpentinite. Gabbro peg-
matite and some enstatite dykes. Cumulate peridotite: peridotite 

mostly lherzolite, wehrlite and plagioclase lherzolite, some dunite 
and pyroxenite. Cumulate phases are olivine, clinopyroxene, orthopy-
roxene and chrome spinel; post-cumulus plagioclase. Layered pyrox-
enite pyroxenite, mostly websterite. Cumulate phases are clino- and 
orthopyroxenes, some plagioclase and olivine. Layered gabbro Norite-
gabbro, gabbro, norite troctolite, plagioclase pyroxenite, pyroxenite, 
olivine norite-gabbro, ophitic textured gabbro, dolerite dykes
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The olivine grain size is up to 10  mm, with a few larger 
grains up to 35 mm. Olivine grains show undulose extinc-
tion and numerous well-developed low-angle boundaries 
(LAB), mostly perpendicular to the foliation (Fig.  4a). 
Dunite B13 is characterised by a bimodal olivine grain-
size distribution with large porphyroclasts up to 12 mm in 
size and olivine with grain size between 1 and 5 mm. The 

rare grains of clinopyroxene in the dunites are smaller than 
5 mm with interstitial shapes (Fig. 4b). Spinel grains dis-
play diamond-like shapes and measure between 0.1 and 
1 mm (Fig. 4a, b). They are often located along the olivine 
grain boundaries or included in olivine crystals (Fig. 4a).

The harzburgites (samples B17, B19) are characterised 
by a granular texture formed by 80–87 % olivine, 8–11 % 

Fig. 3   Photographs of representative outcrops in the Marum ophi-
olite. a, b Lineation marked by spinel within dunite with superfi-
cial altered crust (a) and fresh dunite (b). c Peridotite with pyrox-
enitic layering defining a foliation and a small pyroxenitic vein 
cross-cutting the structure. d Contact between dunite and harzbur-
gite. e Orthopyroxenite vein with diffuse contact with host dunite. f 

Orthopyroxenite vein with sharp contact to the coarse-grained dun-
ite. g Intercalated dunite and clinopyroxene-rich areas cross-cut by a 
pyroxenite vein. h Dunite cross-cut by several anorthosite gabbroic 
dykes. i Detail of an anorthosite–gabbroic dyke with centimetric 
grain size. Opx orthopyroxene, Cpx clinopyroxene
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orthopyroxene, 0.5–1  % clinopyroxene, and 1.5–2  % spi-
nel (Fig. 4c; Table 1). The olivine crystals display irregular 
shapes up to 6  mm in size and LAB. Large olivine crys-
tals are elongated parallel to lineation with aspect ratio 
around 2:1. The clinopyroxene is smaller than 0.1  mm. 
The orthopyroxene is randomly distributed and measures 
between 0.5 and 3 mm (Fig. 4c). Larger grains contain thin 
exsolution lamellae of clinopyroxene, and smaller grains 
display interstitial shapes without exsolution (Fig. 4d). Spi-
nel is similar to those in the dunite with diamond-like shape 
and grain size up to 1  mm. The crystals are distributed 
within olivine large crystals or along olivine grain bounda-
ries (Fig. 4c).

The fine-grained granular wehrlite (sample B14) con-
tains 81 % olivine, 13 % clinopyroxene, 0.5 % orthopyrox-
ene, 5 % plagioclase and 0.5 % spinel (Fig. 4e). The oli-
vine has subhedral shape with grain size ranging between 
0.5 and 3 mm and some larger elongated grains up to 4 mm 
with aspect ratio of 1.5:1. Large olivine crystals display 
LAB. The clinopyroxene displays interstitial shape with 
a grain size up to 1  mm (Fig.  4f). The wehrlite contains 
plagioclase (Fig.  4f), with a grain size up to 0.5 mm and 
spinel randomly distributed in the sample with anhedral or 
diamond-like shapes (Fig. 4f). A centimetric gabbroic vein 
cut across the wehrlite with diffuse contacts (Fig. 4e) and is 
composed of large grains of orthopyroxene, clinopyroxene 
and plagioclase (up to 7 mm). Orthopyroxene in the gab-
broic vein shows thin exsolution lamellae of clinopyrox-
ene and clinopyroxene contains thin exsolution lamellae of 
orthopyroxene (Fig. 4e).

Ol‑clinopyroxenite

Sample B23 is an ol-clinopyroxenite vein with a por-
phyroclastic texture and comprises 75  % clinopyroxene, 
22 % olivine 4 % orthopyroxene, and 1 % spinel (Table 1; 
Fig.  4g). The large clinopyroxene grains are anhedral, 
measures between 1 and 5  mm and contain thin exsolu-
tion lamellae of orthopyroxene. The “matrix” comprises 
olivine, orthopyroxene and clinopyroxene, where olivine 
forms aggregates with a long shape parallel to the folia-
tion (Fig. 4g). Olivine has subhedral shape with grain size 
up to 0.15 mm and LAB perpendicular to the foliation. In 
the matrix, clinopyroxene and orthopyroxene have anhe-
dral shape with a grain size up to 0.5 mm. Spinel grains are 
anhedral, with a grain size between 0.05 and 0.1 mm and 
occur on grain boundaries.

Sample K4 is an ol-clinopyroxenite containing 10  % 
olivine, 4 % orthopyroxene, 86 % clinopyroxene and 1 % 
spinel with a granular texture (Fig. 5h). The sample is part 
of a clinopyroxenite-rich area illustrated in Fig.  3g. Oli-
vine grains are anhedral with grain size varying between 
0.5 and 45  mm. Some of the large olivine grains have 
undulose extinctions or formation of LAB. Clinopyroxene 
grains are anhedral, inequigranular with a grain size from 
6.6 to 0.5 mm, and show numerous thin exsolution lamel-
lae of orthopyroxene. Orthopyroxene is present only near 
the clinopyroxene and has a grain size up to 2  mm with 
anhedral shape. The spinel grains occur on grain bounda-
ries, have irregular shape, and measure between 0.05 and 
0.1 mm.

Table 1   Samples list with rock 
type, GPS location, and mineral 
proportions

Mineral proportions are estimated using optical microscope and compared with those obtained by EBSD 
mapping

Sample Facies Proportion (%)

Olivine Opx Cpx Spinel Plg

K3 Dunite 97 – 2 1 –

B5 Dunite 96 – 1 1 –

B8 Dunite 90 – 2 2 –

B13 Dunite 94 – 1 3 –

B15 Dunite 97 – 1 2 –

B21 Dunite 95 – – 4 –

B22 Dunite 98 – 1 1 –

B14 Wehrlite 81 0.5 13 0.5 5

B19 Harzburgite 87 11 0.5 1.5 –

B17 Harzburgite 80 8 1 2 –

K4 Ol-clinopyroxenite 10 4 86 1 –

B23 Ol-clinopyroxenite 22 2 75 1 –

B9 Ol-websterite 27 60 12 1 –

K3 Orthopyroxenite vein – 99 1 – –

B22 Orthopyroxenite vein – 99 1 – –

B14 Gabbroic vein 5 34 33 – 27



Contrib Mineral Petrol (2015) 170:19	

1 3

Page 7 of 23  19

Fig. 4   Photomicrographs and 
backscatter images of Marum 
peridotites. a Granular texture 
in dunite (sample K3) where 
foliation is noted as dashed 
line (crossed polars). Olivine 
displays numerous LAB mostly 
perpendicular to the foliation. b 
Backscatter image of interstitial 
clinopyroxene and orthopy-
roxene in a dunite (sample 
B13). c Granular harzburgite 
(sample B19, crossed polars). 
The dashed line underlines 
the foliation. d Backscatter 
image of interstitial orthopy-
roxene in the harzburgite. e 
Wehrlite (sample B14, crossed 
polars) containing a centimet-
ric gabbroic vein. Note that 
plagioclase is also present in 
the wehrlite (f, backscatter 
image). g Ol-clinopyroxenite 
(sample B23, crossed polars). 
The dashed line represents the 
foliation. The clinopyroxenes 
have larger grain size than 
olivine. h Ol-clinopyroxenite 
(sample K4, crossed polars). 
i Dunite with a centimetric 
orthopyroxenite vein (sample 
K3, crossed polars). j Ol-
websterite (sample B9, crossed 
polars). The orthopyroxenes 
show thin exsolution lamellae, 
undulose extinction and some 
have LAB. The clinopyroxene 
is heterogeneously distributed 
in the sample with a higher 
proportion in part A than in part 
B. The dashed line represents 
the foliation and separates parts 
A and B. Opx orthopyroxene, 
Cpx clinopyroxene, Ol olivine, 
Sp spinel, Pl plagioclase
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Orthopyroxenite veins and ol‑websterite

Dunite K3 and B22 contain a 1-cm-thick orthopyroxenite 
vein formed by 99 % orthopyroxene and 1 % clinopyrox-
ene (Fig. 4i; Table 2). The contact between the two litholo-
gies appears to be diffuse in the thin section (Figs. 3e, 4i). 
The orthopyroxene ranges in size from 8 to 10 mm, is sub-
hedral, shows numerous thin exsolution lamellae of clino-
pyroxene, and sometimes undulose extinction. Clinopyrox-
ene has a grain size smaller than 1 mm and is distributed 
randomly in the vein (Fig. 4i).

Sample B9, an ol-websterite, comprises orthopyrox-
ene 60  %, olivine 27  %, clinopyroxene 12  %, and spinel 
1 % (Table 2; Fig. 4j). The orthopyroxene is subhedral and 
has a grain size between 1 and 8 mm. It contains numer-
ous exsolution lamellae of clinopyroxene and show undu-
lose extinction and sometimes LAB (Fig. 4j). There are no 
smaller orthopyroxene grains around large grains. The oli-
vine grains are anhedral with a grain size varying between 
0.3 and 1 mm. The clinopyroxene is anhedral with a grain 
size up to 3 mm and is heterogeneously distributed in the 
sample with 5 % in the main part (part A) and 28 % in the 
rest of the thin section (part B below the dashed line on 
Fig.  4j following the foliation). The clinopyroxene forms 
aggregates generally parallel to the foliation. In part B, the 
orthopyroxene grain size is smaller (up to 5  mm) than in 
the rest of the sample.

Mineral composition

Analytical procedures

Major elements in minerals were analysed by electron 
microprobe using the CAMECA-SX100 available at the 
Microsonde Sud facility (Université de Montpellier II) 
equipped with five wavelength-dispersive spectrometers 
and using the JEOL8200 superprobe at the University of 
Lausanne. Twelve samples were analysed: seven dunites 
of which two contain centimetric orthopyroxenite vein, 
one wehrlite containing a centimetric gabbroic dyke, one 
harzburgite, two ol-clinopyroxenite, and one ol-websterite 
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Fig. 5   Major elements composition of olivine, clinopyroxene, 
orthopyroxene and spinel from peridotite and pyroxenite from 
Marum ophiolite. Data on Marum peridotite from Jaques (1980, 
1981). Cyclops and High-Chain ophiolites are reported for compari-
son (Monnier 1996). a Olivine NiO (wt%) versus Mg#. Average Mg# 
from Jaques (1980) is reported for cumulate peridotite and cumu-
late dunite as dashed lines for a NiO content lower than 0.15wt% 
(the detection limit); b clinopyroxene TiO2 versus Al2O3 (wt%). c 
Orthopyroxene Al2O3 (wt%) versus Mg#; (d) Chromite and spinel 
Cr# versus Mg#
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(Table A2). For both electron microprobes, operating con-
ditions comprised an acceleration voltage of 15 kV and a 
10 nA beam current. K and Na were counted for 20 s with 
a 10 s background, and the other elements were counted for 
30 s with a 15 s background. Natural and synthetic oxides 
were used as standards. Averages of mineral compositions 
and their standard deviations are listed in Table A2.

Trace element analyses on minerals of six samples 
(Table A3) were performed by laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) at the 
Institute of Earth Sciences, University of Lausanne (Swit-
zerland). We used a pulsed 193 nm Excimer Laser system 
(Geolas®), coupled with Perkin-Elmer ELAN 6100 DRC 
ICP-MS system. Operating conditions of the laser were 
20 Hz repetition rate, yielding a flux of ca 4.5 J/cm2 on the 
ablation site and 75–120  µm spot size. Helium was used 
as a carrier gas. The SRM612 NIST glass was chosen as 
an external standard (Jochum et al. 2011) and SiO2 as the 
internal standards. Raw data were reduced off-line using 
the LAMTRACE software (Jackson 2008).

Major elements

Olivine from dunite, wehrlite and harzburgite samples 
has homogeneous composition from core to rim, and is 
depleted with an Mg# [molar Mg/(Mg +  FeTot)] varying 
between 0.90 and 0.93 (Fig.  5a; Table A2). Olivine Mg# 
and spinel Cr# [molar Cr/(Cr + Al)] point out two groups 
of dunites. However, these compositions are not linked to 
their structural position in the ophiolitic sequence (Figs. 2b, 
5a). For instance, olivine from dunites K3 and B23 plots 
in the high Mg# group, while dunite B22 has lower Mg#, 
but all have been sampled in the same area (Fig. 2b). All 

these compositions encompass the olivine Mg# from cumu-
late dunite and tectonite analysed by Jaques (1980). Olivine 
in lherzolite and harzburgite from the High-Chain ophi-
olite (Fig. 1) has a composition similar to Marum olivine 
in the 0.90–0.92 Mg# range (no highly depleted composi-
tion) (Monnier 1996). In the Marum peridotites, the olivine 
with the lowest Mg# content (<0.89) and the highest FeO 
and MnO contents is from ol-clinopyroxenite (samples K4 
and B23), and ol-websterite (sample B9) (Fig. 5a) and has 
similar Mg# to olivine from cumulate peridotite analyses 
from Jaques (1980), and cpx-dunite (Mg#  <  0.88) from 
Cyclops ophiolite (Monnier 1996). Olivine NiO content 
varies between 0.15 and 0.40 wt%, with the highest content 
observed in the harzburgite (sample B17, Fig.  5a). These 
values encompass those from slow-spreading ridge spinel 
peridotite (0.23–0.44 wt%, Dick 1989).

Clinopyroxenes in dunite have low Al2O3 (0.29–0.58 
wt%) and TiO2 (0.008–0.032 wt%) contents, and high 
Na2O content (0.01–0.39 wt%), and Cr# (>0.49) (Fig. 5b; 
Table A2). This high Cr# in clinopyroxene is also observed 
in the tectonite area studied by Jaques (1980) varying from 
0.40 to 0.66 in the harzburgite. The clinopyroxene from 
the ol-clinopyroxenite (samples B23, K4) and the ol-web-
sterite (sample B9) displays similar Al2O3 content varying 
between 0.69 and 1.70 wt% and TiO2 content (0.01–0.09 
wt%) (Table A2). The Cr# compositions are similar to 
clinopyroxene from the cumulate area (Jaques 1980, 1981). 
Clinopyroxene from the wehrlite and gabbroic vein (sam-
ple B14) has high TiO2 (0.10–0.22 wt%), Al2O3 (between 
1.66 and 3.32 wt%) and Na2O (0.22–0.46 wt%) contents 
for a low Cr# (<0.21). Clinopyroxene from High-Chain 
ophiolite (Indonesian part) is enriched in Al2O3 (>2.6 wt%) 
for similar TiO2 in the wehrlite, while clinopyroxene in 

Table 2   Thermometry of 
Marum peridotites based on 
coexisting pyroxenes and 
olivine–spinel equilibrium

The temperatures are calculating for 2–12 neighbouring grains (n)

OpxWS91: Witt-Eickschen and Seck (1991); OpxBK90 and 2PrxBK90: Brey and Köhler (1990); Ol-
SpBal91: Ballhaus et  al. 1991. X represents samples where thermometer cannot be applied: see text for 
explanation

Samples Thermometers OpxBK90 OpxWS91 n 2PrxBK90 n Ol-SpBal91 n

B8 Dunite – – – X 4

B13 Dunite 969 ± 28 X 2 – X 3

B15 Dunite – – –

B21 Dunite – – – 915 ± 54 5

B22 Dunite – – – X 5

B14 Wehrlite 969 ± 54 X 4 763 ± 35 3 X 3

B17 Harzburgite 899 ± 9 X 12 – X 4

B23 Ol-clinopyroxenite – – – X 4

K4 Ol-clinopyroxenite 963 ± 67 829 ± 44 4 – X 4

B9 Ol-websterite 1059 ± 129 820 ± 31 9 777 ± 23 5 X 2

B22 Orthopyroxenite vein 845 ± 13 X 4 – –

B14 Gabbroic vein 933 ± 54 X 3 804 ± 63 3 –
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Cyclops ophiolite has both higher TiO2 (>0.32 wt%) and 
higher Al2O3 content (Monnier 1996).

The harzburgite (sample B17), a dunite (sample B13) 
and the orthopyroxenite vein (in dunite B22) contain 
orthopyroxene with high Mg# (0.92–0.94) and low Al2O3 
content varying between 0.27 and 0.65 wt% (Fig. 5c). This 
range of composition encompasses orthopyroxene compo-
sition from the tectonite part defined by Jaques (1980). The 
orthopyroxene in the wehrlite has the highest Al2O3 content 
(1.69–2.05 wt%) for an intermediate Mg# (≈0.91, Fig. 5c). 
Orthopyroxene from ol-clinopyroxenite and ol-websterite 
has a Mg#  <  0.91, and an intermediate Al2O3 (0.6–1.37 
wt%) (Table A2), composition similar to orthopyroxene 
from the cumulate part defined by Jaques (1980, 1981).

Spinel in the dunite and harzburgite displays a large var-
iation in TiO2 and Mg#, with the highest Cr# in the harz-
burgite (Table A2; Fig. 5d). High Cr# composition plots in 
the field of spinel from tectonite and cumulate dunite areas 
(Jaques 1980; Fig. 5d). Ol-clinopyroxenite and ol-webster-
ite contain spinel with lower Cr# and higher Mg# than most 
dunite. Only the wehrlite (sample B14) contains spinel 
with high Mg# (0.52–0.54) and low Cr# (<0.47) (Fig. 5d). 
The spinel from Cyclops and High-Chain ophiolites has a 
lower Mg# (up to 0.3) than Marum spinel for similar Cr# 
(Monnier 1996) (Fig. 5b).

Plagioclase analyses were performed only on the wehr-
lite (sample B14) and showed composition around An91 
(Table A2). There is no chemical variation between plagio-
clase in the wehrlite and the gabbroic vein.

Trace elements

The chondrite-normalised rare earth element (REE) pat-
terns of clinopyroxenes in ol-clinopyroxenite and ol-
websterite have flat-shape pattern from Middle(M)REE 
to High(H)REE (GdN/LuN 1.0–1.3) and are depleted in 
Light(L)REE (LaN 0.10–0.23) (Fig.  6a; Table A3). They 
are enriched in LREE to MREE compared to SSZ clino-
pyroxenes (Parkinson et  al. 1992). Clinopyroxenes in the 
wehrlite and associated centimetric gabbroic vein have 
similar shape patterns, but are REE enriched (LaN/LuN 0.07 
and LaN/LuN 0.08, respectively) compared to other clino-
pyroxenes from the Marum peridotite (LaN/LuN 0.17–0.45, 
Fig. 6a; Table A3). They plot within the abyssal peridotite 
field (Johnson and Dick 1992; Johnson et al. 1990).

All orthopyroxenes display typical REE patterns with 
high depletion in LREE (CeN/YbN 0.02–0.03 and 0.003 in 
the wehrlite) (Fig.  6b; Table A3). Marum orthopyroxenes 
have typical REE patterns, while they have more depleted 
composition than orthopyroxenes from oceanic mantle (e.g. 
Kaczmarek and Müntener 2010), and similar to or more 
depleted than orthopyroxene from SSZ (Ionov 2010; Jean 
et al. 2010; Le Roux et al. 2014). Orthopyroxene from the 

harzburgite is slightly depleted in HREE compared to other 
orthopyroxenes and is similar in composition to orthopy-
roxene from Josephine ophiolite harzburgite (Le Roux et al. 
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2014) (Fig. 6b). Orthopyroxene from the wehrlite (sample 
B14) is enriched in MREE to HREE relative to other peri-
dotites (GdN/LuN 0.06). A slight progressive enrichment 
is observed within the MREE–HREE segment from harz-
burgite (GdN/LuN 0.19), to ol-clinopyroxenite, ol-webster-
ite, and orthopyroxenite veins (GdN/LuN 0.11–0.21), and 
finally wehrlite (GdN/LuN 0.05) (Fig. 6b).

Plagioclase from wehrlite has low HREE content (ErN 
0.2) and LREE-enriched patterns with large positive Eu 
anomaly [Eu/Eu* = EuN/(SmN + GdN)/2] from 5.4 to 3.4 in 
matrix and gabbroic vein, respectively (Fig. 6c; Table A3).

Thermometry

Temperatures have been estimated for orthopyroxene using 
Witt-Eickschen and Seck (1991) thermometer based on 
Al and Cr contents (OpxWS91), Brey and Köhler (1990) 
thermometer (OpxBK90) based on Ca contents in opx, two-
pyroxenes Brey and Köhler (1990) thermometer (2PrxBK90) 
based on Fe–Mg exchange, and olivine-spinel thermometer 
(Ol-SpBal91) based on Fe2+-Mg exchange (Ballhaus et  al. 
1991) (Table 2). These thermometers have been applied at 
a pressure assumed to be 1.5 GPa, implying equilibration 
in the spinel stability field and a pressure of 1 GPa for the 
wehrlite (Sample B14), implying equilibration in the pla-
gioclase stability field. Application of the OpxBK90 ther-
mometer in dunite and harzburgite indicates temperatures 
varying between 899 ± 9 and 969 ± 28 °C (Table 2). The 
wehrlite has lower temperature (763 ± 35 °C) than dunite 
using 2PrxBK90 thermometer. The Ol-SpBal91 thermometer 
gave reasonable results to temperature higher than 800 °C 
for spinel peridotites (Ballhaus et al. 1991), and only dunite 
B21 gave a temperature higher than 800 °C (915 ± 54 °C) 
falling in the range of temperature obtained with pyroxenes 
thermometers (Table  2). The OpxWS91 thermometer has 
only been applied on ol-clinopyroxenite and ol-webster-
ite, because other orthopyroxenes fell outside the compo-
sitional range allowed for the “Cr–Al-opx” thermometer 
as defined by Witt-Eickschen and Seck (1991). The tem-
perature calculated is similar in both samples and gives 
an average of 824 ± 6 °C. The ol-websterite records high 
temperature with a large error using OpxBK90 thermometer 
(1059 ± 129 °C), which is related to high Ca contents (up 
to 1.75 wt%) in some of the orthopyroxenes.

Crystal preferred orientation

Analytical procedures

The electron backscatter secondary diffraction (EBSD) 
method was used to analyse microstructure (Adams et  al. 

1993), and olivine and pyroxene CPOs were measured in 
10 samples. Samples were cut perpendicular to the folia-
tion and parallel to the lineation (XZ sections) within the 
peridotite. CPO was measured by indexing EBSD pat-
terns using the JEOL JSM 5600 SEM-EBSD system at 
Géosciences Montpellier. Collection, indexing and analy-
sis of electron backscatter diffraction patterns (EBSP) 
were done using the CHANNEL 5.10 software by Oxford 
Instruments. Crystallographic orientation maps (usually 
20 ×  35  mm) were obtained by collecting EBSPs over a 
regular grid step ranging from 35 to 55 µm depending on 
the mean grain size of the sample. The percentage of suc-
cessful indexing was ~70  %. The EBSD data were noise 
reduced using a standard procedure (Bestmann and Prior 
2003; Prior et al. 2002). At each of these steps, the resulting 
orientation maps were compared with band contrast maps 
to ensure that the noise reduction did not compromise the 
data by, for instance, changing the shape of the minerals.

Pole figures of crystallographic orientation of olivine, 
clinopyroxene and orthopyroxene are plotted using the 
Oxford CHANNEL 5.10 software in Figs. 7, 8 and A1, A2. 
Data are plotted using lower hemisphere, equal area pro-
jections. Pole figures are represented using average Euler 
angles for one point per grain to avoid over-representation 
of large grains on thin sections. Measuring CPOs of miner-
als is a common method to infer the activated slip systems 
of a mineral. In this case the preferred orientation of crys-
tallographic axes parallel to the lineation and normal to the 
foliation corresponds to the slip direction and slip plane, 
respectively. The contours of multiples of uniform density 
(mud) is used to describe the sharpness and strength of a 
pole figure for each given crystallographic axes. J-index 
was calculated to quantify CPO strength (Bunge 1982) 
using D. Mainprice software (CareWare UNICEF pro-
grams). The value varies from 1 for random distribution, 
whereas the maximum value is dependent on crystal sym-
metry and symmetry of the crystal axis (Ben Ismaïl and 
Mainprice 1998; Michibayashi et al. 2006; Tommasi et al. 
2000).

The analyses of crystallographic axes orientation at bulk 
rock scale, combined with foliation and lineation and the 
geometrical relationship between subgrain boundaries and 
rotation axes based on EBSD mapping, are used to infer the 
activated slips (example shown in Fig. 9) (e.g. Boyle et al. 
1998; Kaczmarek and Reddy 2013; Lloyd et al. 1997; Prior 
et al. 1999, 2002; Reddy et al. 2007).

Dunite, harzburgite and wehrlite

The Marum peridotites display a well-developed olivine 
CPO with <100> axes describing a strong concentration 
parallel to the lineation X (Figs. 7, 8, 9, A1, A2). The oli-
vine J-index is high in dunite varying between 11.2 and 
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20.0, while it is 6.6 and 5.3 in the harzburgite and wehr-
lite, respectively. In dunites B15 and B13 <010> axes are 
perpendicular to the foliation plane and at low angle to Z 
(<25°), while in other dunites (B5, B8 and K3) <010> axes 
are included in the foliation plane (Figs. 7, A1). In dunite 
B13, olivine <100> axes form two point concentrations 
where the stronger is sub-parallel to X and the second is 
sub-parallel to Y (Fig. 7). The second point concentration 
corresponds to olivine grains distributed in the lower left 
corner of the thin section (purple grains on Fig. 10), which 
seem to be smaller than the grains with <100> axes paral-
lel to X. For these grains, <010> axes are sub-parallel to Z 
and <001> axes are at a low angle to X (~25°), an orienta-
tion only observed in this small olivine population. Clino-
pyroxene population in the dunite (samples B15 and B5) 
is small, but the grains analysed have their <001> axes at 

a low angle to olivine <100> axes, both sub-parallel to the 
lineation (X) (Fig. A1).

Olivine CPO in the harzburgite (sample B19) describes 
a strong concentration on <100> axes parallel to X, and 
girdle distribution of both <010> and <001> normal to the 
lineation (Fig. 7). Orthopyroxene in the harzburgite shows 
a strong concentration of <100> axes at a low angle to Z 
(~20°) and a weak concentration of <001> axes sub-paral-
lel to X, at a low angle to olivine <100> axes (Fig. A2).

Wehrlite (sample B14) olivine CPO is characterised by 
a weak concentration of <100> axes at a low angle to X 
(~25°) and a strong concentration of <010> axes perpen-
dicular to the foliation plane and sub-parallel to Z (Fig. 8). 
Clinopyroxene CPO in the wehrlite shows a strong concen-
tration of <010> axes sub-parallel to Z and a weak point 
concentration on <001> sub-parallel to Z (Fig. 8).

Ol‑clinopyroxenite

The olivine CPO in ol-clinopyroxenite show similar ori-
entation to olivine in peridotites with <100> axes parallel 
to the lineation (X) and <010> perpendicular to the folia-
tion plane (Fig.  8). In sample B23, clinopyroxene CPO 
describes <001> axes parallel to the lineation (X) and to 
olivine <100> axes, while in sample K4 clinopyroxene 
show dispersed orientation and several point concentrations 
(Fig. 8). In both samples, the orthopyroxene population is 
small (n <89) and axes do not show preferred orientation 
(Fig. A2).

Orthopyroxenite, gabbroic vein and ol‑websterite

The orthopyroxenite vein (within sample K3) has a small 
population of clinopyroxene where <001>cpx axes are 
parallel to <100>ol axes within the dunite (Figs.  7, A2). 
Orthopyroxenes from the orthopyroxenite vein have their 
<001> axes parallel to <100>ol axes and <001>cpx axes.

In the gabbroic vein, clinopyroxene CPO shows a scat-
tered distribution, but with some coincidence with the 
clinopyroxenes from the host wehrlite (Fig. A2), and 
orthopyroxene does not show preferred orientations.

The olivine fabrics in ol-websterite (sample B9) for parts 
A and B (Fig. 4j) are similar and describe a strong point con-
centration on the <010> axes within the foliation plane (par-
allel to Y) (Fig. 8). <100> and <001> axes show a weak point 
concentration sub-parallel or at low angle to the lineation (X) 
(Fig.  8). Clinopyroxene shows weak CPO, but <001> axes 
in part A are sub-parallel to the lineation X and to <100>ol 
axes, while in part B, clinopyroxenes <001> axes are at 45° 
to the lineation (Fig. 8). As observed for the clinopyroxenes, 
orthopyroxenes in part A have their <001> axes parallel to 
<100>ol, while in part B they are more dispersed (Fig. A2).
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Discussion

Origin of depleted Marum peridotite

In the mantle the origin of dunite is recognised to be the 
result of either fractionation of olivine from a mafic melt 
forming cumulative dunite; residual dunite formed by 
intensive partial melting of peridotite (Arai 1994a, b; Le 
Roux et  al. 2014; Tamura and Arai 2006); or peridotite-
melt reaction with a melt saturated in olivine and under-
saturated in pyroxene (Dick and Bullen 1984; Kelemen 
et al. 1995; Suhr et al. 2003; Zhou et al. 2005). The olivine 

Mg# and Cr# in spinel are good indicators of the degree of 
partial melting for the mantle derived spinel peridotite and 
can be used to discriminate the tectonic setting of perido-
tite (Arai 1994a; Dick and Bullen 1984; Tamura and Arai 
2006). Spinel Cr# increases with increasing degrees of 
melting, which could be related to an increasing amount of 
water (e.g. Gaetani and Grove 1998). Consequently, mid-
ocean ridge (MOR) and fracture zones peridotites are less 
than 0.6 Cr#, whereas SSZ peridotites have higher Cr# up 
to 0.8 (Arai 1994a; Choi et al. 2008; Dick and Bullen 1984; 
Gaetani and Grove 1998; Kaczmarek and Müntener 2008; 
Kelemen et al. 1995). The high Mg# in Marum olivine (up 
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to 0.93), as well as the high Cr# in spinel (up to 0.83) in 
dunite and harzburgite denote an extreme depletion of the 
peridotite as a product of intensive partial melting. High 
Cr# in Marum spinel seen in the Cr#-in-spinel versus Mg#-
in-olivine panel confirm the depleted character of the man-
tle and highlight a composition similar to mantle from SSZ 
within the fore-arc peridotite field (Fig. 11) (Arai 1994a). 
Moreover, clinopyroxenes from SSZ are depleted in Dy 
and Yb compared to abyssal peridotite (Jean et  al. 2010). 
Marum clinopyroxenes (except for the wehrlite) have very 

low Dy and Yb contents (0.15–0.21 and 0.082–0.12 ppm, 
respectively) plotting in the lower part of the SSZ field 
(Fig. 7 in Jean et al. 2010), which confirms the strong SSZ 
affinity of Marum ophiolite.

Depleted pyroxenes in dunite and harzburgite: melting 
residue or melt percolation?

The high degree of depletion recorded by Marum dunite 
suggests a high degree of partial melting (~20 %), which 
can result in complete dissolution of clinopyroxene during 
dry partial melting (Jaques and Green 1980; Kinzler and 
Grove 1993; Wasylenki et al. 2003). However, in SSZ the 
dry melting model cannot be applied and hydrous melting 
is more appropriate. In that case the proportion of enstatite 
entering the melt is enhanced relative to clinopyroxene, and 
the proportion of olivine decreases in response to the incon-
gruent melting of enstatite (e.g. Gaetani and Grove 1998). 
During such melting, residual clinopyroxene can persist to 
a higher degree melt fraction (up to 30 %) and enstatite is 
depleted more rapidly (Bizimis et al. 2000). Hydrous melt-
ing proportions result in residual harzburgite modes with 
~82 % modal olivine and ~16 % modal enstatite at clinopy-
roxene-out (Bizimis et al. 2000; Choi et al. 2008; Gaetani 
and Grove 1998) proportions observed in Marum harzbur-
gite (Table 1). Moreover, the high spinel Cr# (>0.55) that 
exceeds that of abyssal peridotite might reflect melting of 
the mantle beyond clinopyroxene-out (Dick and Bullen 
1984). Therefore, the orthopyroxene in dunite, harzburgite 
and centimetric orthopyroxenite veins in the Marum peri-
dotite must be mostly residual after melt extraction and 
probably has re-equilibrated with melt, while clinopyrox-
ene was probably completely consumed.
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Fig. 9   Orientation map and stereographic projections of crystal-
lographic data for olivine individual grains used to determine the 
activated slip. a EBSD orientation map coloured for cumulative mis-
orientation (in degrees) relative to reference orientation indicated 
by a red cross. Each pixel in image represents an orientation analy-
sis derived from a single diffraction pattern. The white arrows show 
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data point indexed on map (a). LAB observed on a are reported 
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between neighbouring data points in a are on (010) axes. The inferred 
slip for this olivine grain is (001)[100]. b and c are lower hemisphere 
equal area stereographic projections in the sample coordinate system 
(X–Z), and the number of analyses for each is shown in lower right as 
p (points)

Dunite (B13)

Olivine IPF-map

[100] [010] [001]
Olivine

n= 670

X

Z ZZ

XX

Fig. 10   Olivine inverse pole map and associated poles figures (IPF) 
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The residual hypothesis for Marum orthopyroxenes is 
supported by the diffuse contact between the orthopyrox-
ene vein and the dunite (Fig. 3), large orthopyroxene grains 
with exsolution lamellae in harzburgite (Fig. 4c) and their 
depleted major elements composition (Fig.  5c). Marum 
dunite and harzburgite orthopyroxenes are more depleted 
than pyroxenes from dunite or harzburgite from other 
SSZs, which have been interpreted as residual with partial 
re-equilibration with melt or precipitated from percolated 
melt (Choi et  al. 2008; Jean et  al. 2010; Le Roux et  al. 
2014; Monnier 1996; Song et  al. 2009; Tamura and Arai 
2006). Therefore, orthopyroxene from the centimetric vein 
showing a more HREE-enriched composition than harzbur-
gite indicates, as observed in other ophiolites, a partial re-
equilibration with melt (Fig. 6b, Jean et al. 2010; Le Roux 
et al. 2014 and references therein).

Nature of melt percolation in the mantle wedge

The low proportion of clinopyroxene (1–2 %) observed in 
highly depleted dunite and harzburgite showing interstitial 
shape (Fig. 4b) is interpreted to be the product of the pre-
cipitation of a small proportion of melt (named percolation 
1:P1). It has been showed that melt extraction by percolat-
ing through the peridotite during melting is not perfectly 
efficient, and a small proportion of melt is trapped within 
the peridotite (e.g. Faul 1997; Sundberg et al. 2010).

The olivine Mg# decreasing from dunite (0.92) to 
ol-clinopyroxenite and ol-websterite (0.87–0.89), plus 
pyroxene-rich areas, pyroxenitic dykes, or gabbroic dykes 
support a fertilisation hypothesis of the Marum perido-
tite by a focused melt percolation process. Major ele-
ment compositions of minerals from ol-clinopyroxenite 
and ol-websterite show a general enrichment relative to 
compositions observed in dunite and harzburgite (Fig.  5). 
Moreover, orthopyroxene from the ol-clinopyroxenite and 
ol-websterite is enriched in HREE relative to that in the 
harzburgite (Fig.  6b), indicating precipitation from perco-
lating melt. Dunite spinels fall into two groups following 
a trend towards ol-clinopyroxenite and ol-websterite in the 
Cr#-in-spinel versus Mg#-in-olivine (Fig.  11a). The posi-
tion of spinels from ol-clinopyroxenite and ol-websterite, 
outside the SSZ and olivine-spinel mantle array (OSMA) 
fields (Arai 1994a) suggests a possible crystal segregation 
from a magma without affinities to MORB. The high Cr# 
character of Marum spinel denotes a linkage to boninite 
and overlaps spinel compositions from boninite (Bloomer 
and Hawkins 1987; Bonatti and Michael 1989; Cameron 
1985; Sobolev and Danyushevsky 1994; Umino 1986; van 
der Laan et  al. 1992), Troodos ophiolite (Ca-rich bonin-
ite) (Cameron 1985) and fore-arc peridotite (Bloomer and 
Fisher 1987; Bloomer and Hawkins 1983; Ishii et al. 1992; 
Parkinson and Pearce 1998) (Fig. 11b).
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The nature of the equilibrium melt with Marum peri-
dotite was calculated from trace element concentrations 
of clinopyroxene from ol-clinopyroxene and ol-websterite 
using clinopyroxene/melt (boninite) distribution coeffi-
cients by Sobolev et  al. (1996). The calculated melts are 
similar not only in HREE concentrations and flat HREE 
to MREE pattern but also in LREE enrichment, compared 
to Bonin Islands (Japan) and Cape Vogel (PNG) boninites 
(Hickey and Frey 1982; König et al. 2010) (Fig. 12). It has 
been recognised that the first magma formed in response to 
subduction initiation and fore-arc extension is boninitic in 
composition, derived by partial melting of hydrated oce-
anic lithosphere in the mantle wedge (Bloomer et al. 1995; 
Pearce et al. 1984; Stern and Bloomer 1992). The chemi-
cal trend from dunite and harzburgite to ol-clinopyroxen-
ite and ol-websterite indicates the chemical evolution of 
a melt with boninitic affinities, accompanied by a change 
in the percolation mechanisms from a diffuse (dunite, har-
zburgite) to a more focused flow (pyroxenite dykes). This 
event is named P2 (percolation 2). The latter is observed 
with ol-websterite such as intrusive dyke-like morphology 
and sharp boundaries with the host dunite, suggesting that 
the dykes are probably the product of crystal fractionation 
during melt migration in the upper mantle (Fig.  13a, b). 
In that case ol-clinopyroxenite (P2a), which has more dif-
fused contact with the host dunite, could be formed prior to 
ol-websterite (P2b). This relative short timing is also sup-
ported by the slight enrichment in trace and major elements 
of clinopyroxene and orthopyroxene from ol-clinopyroxen-
ite to ol-websterite (Figs. 5, 6). The change in percolation 
mechanisms from diffuse (P1) to a more focused flow (P2) 
could be induced by an increasing proportion of melt in 
the system accompanied by cooling due to the exhumation 
of the mantle during proto fore-arc spreading. The diffuse 
contacts of ol-clinopyroxenite suggest crystallisation of 
minerals in a melt-filled dyke related to a large melt pro-
portion (P2a), and a decrease in temperature permits rock 
fracturing and dykes crystallisation with sharp contacts to 
the host peridotite (P2b).

Another enrichment of the peridotite is identified as 
the precipitation of clinopyroxene with high Al2O3 con-
tent (1.66–3.32 wt%) associated with plagioclase forming 
locally wehrlite and centimetric gabbroic veins (Figs. 4e, f, 
5b, 13c). In the wehrlite, olivine has the same composition 
as olivine in the dunite, but clinopyroxene and orthopy-
roxene register the more enriched compositions observed 
in the studied Marum peridotites (Figs.  5, 6). Wehrlite 
clinopyroxene REE composition plots in the abyssal peri-
dotite field (Johnson and Dick 1992; Johnson et al. 1990) 
(Fig. 6a), and spinel has a composition plotting close to the 
abyssal peridotites and partially overlapping the back-arc 
basin basalts field (Dick and Bullen 1984) (Fig. 12a). Pla-
gioclase is similar in composition to plagioclase originating 

from melt percolation (Kaczmarek and Müntener 2008, 
with similar trace element and positive Eu anomaly) and 
in the Cr#-in-spinel versus Mg#-in-olivine diagram the 
depleted group of dunite shows a slight trend towards the 
wehrlite. All together these results suggest another type 
of fertilisation with tholeiite affinities (Fig. 11a), an event 
named P3 (percolation 3). Indeed, calculated equilibrium 
melt with clinopyroxene from wehrlite using clinopyrox-
ene/melt (basalt) distribution coefficients by Hart and Dunn 
(1993) shows a trend similar to tholeiite (Fig. 12) (Hickey 
and Frey 1982). Pearce et  al. (1984) suggest that during 
subduction processes, the magma composition changes 
from boninite to island arc tholeiite and significant volumes 
of boninite lavas have been shown to be overlain by tholei-
itic arc lavas in Cyprus—Troodos (Cameron 1985) and 
PNG—Cape Vogel (Walker and McDougall 1982). Moreo-
ver, in Cape Vogel, tholeiitic basalts and boninite lavas have 
similar K–Ar and 40Ar/39Ar ages (58.8 and 58.9 for bonin-
ite and tholeiite lavas, respectively) indicating contempora-
neous volcanism (Walker and McDougall 1982). This suite 
has been interpreted as evidence for continuous magma 
extraction from a progressively depleted and hydrated 
mantle wedge (Crawford et  al. 1989). This indicates that 
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the formation of wehrlite (P3) was contemporaneous with 
or later than the formation of ol-clinopyroxenite (P2a) and 
ol-websterite (P2b) during the boninitic percolation event 
though there have been no field observations to confirm this 
(Fig.  13c). Finally, large gabbroic dykes (anorthosite and 
minor olivine gabbro) cross-cut the previous structures and 
probably are the result of a larger amount of melt within 
the mantle sequence focusing into dykes (Fig. 3h, i).

All temperatures estimates are in the same range 
from depleted dunite to ol-websterite or wehrlite with 
an average of 948  ±  66  °C using OpxBK90, a tempera-
ture of 915 ± 54 °C in a dunite (Ol-SpBa91) and lower for 
2PrxBK90 781 ±  20  °C. These temperatures are similar to 

temperatures recorded for most other supra-subduction 
peridotites varying between 700 and 975 °C (Kim and Jung 
2014; Michibayashi et  al. 2007; Mizukami et  al. 2004; 
Skemer et al. 2006; Wang et al. 2013; Webber et al. 2008). 
These temperatures are relatively low for high degree of 
melting and melt percolation processes. They suggest a fast 
diffusion of major elements after melting and melt percola-
tion processes, and they record post-melting thermal equili-
bration at subsolidus conditions.

Inferred slip systems in dunite and harzburgite

In dunite and harzburgite (depleted samples) olivine CPOs 
<100> axes describe a strong point concentration parallel 
to the lineation and <001> or <010> axes perpendicular to 
the foliation plane, LAB (Figs.  7, 9, A1), suggesting that 
olivine was deformed by dominant (001)[100] E-type slip 
system in most samples (Jung et  al. 2006; Karato et  al. 
2008; Katayama et al. 2004), and by (010)[100] A-type slip 
system (Jung et al. 2006; Nicolas and Poirier 1976) in dun-
ites B15 and B13 (Fig. A1). E-type fabrics are widespread 
in the asthenosphere, have been also identified in the litho-
sphere (Kaczmarek and Reddy 2013; Karato et  al. 2008; 
Palasse et al. 2012; Sawaguchi 2004) and are developed at 
relatively low-stress, modest or low water content and high 
temperatures (Katayama et  al. 2004; Palasse et  al. 2012). 
(010)[100] is the more common slip system observed in 
oceanic and continental lithosphere and is recognised to be 
favoured at low-stress, high-temperature conditions (Ben 
Ismaïl and Mainprice 1998; Nicolas et  al. 1971). Moreo-
ver, in SSZs, (010)[100] and (001)[100] slip systems have 
been observed to be the most common activated slip sys-
tems (Harigane et  al. 2013; Hidas et  al. 2007; Kim and 
Jung 2014; Michibayashi et al. 2009, 2007; Park and Jung 
2014; Soustelle et al. 2013; Wang et al. 2013; Webber et al. 
2008) after the (100)[001] B-type (Jung et  al. 2006) pre-
dicted to be activated in the fore-arc mantle wedge (Kneller 
2007) and observed in natural peridotite from subduction 
environments (e.g. Mizukami et  al. 2004; Park and Jung 
2014; Skemer et  al. 2006; Tasaka et  al. 2008). In dunite 
B13 the smaller olivine grains (purple grains on Fig.  10) 
have their <001> axes at low angle to X, <010> axes per-
pendicular to the foliation plane and <100> axes within the 
foliation plane (parallel to Y), indicating a possible acti-
vation of (010)[001] (B-type) slip system. This variation 
could be related to melt segregation during deformation has 
observed in experiments (Holtzman et al. 2003). However, 
B-type is considered to be minor fabric in the Marum ophi-
olite and will not be further discussed.

The orthopyroxene population in the harzburgite (sam-
ple B19) and in the centimetric vein in the dunite (sample 
K3) have their <001> axes parallel to lineation (X) and 
<100> axes or <010> axes perpendicular to the foliation 
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plane, respectively (Fig. A2). The deformation of orthopy-
roxene was dominated by the activation of (100)[001] and 
(010)[001] slip systems, which are common for pyroxenes 
where deformation is presumed to be at high temperature 
(e.g. Dornbush et al. 1994; Nicolas and Poirier 1976). The 
maximum concentration of olivine <100>ol axes and of 
<001>opx axes when parallel to the lineation are the domi-
nant glide directions for these minerals at high-tempera-
ture, low-pressure conditions (Nicolas and Poirier 1976; 
Tommasi et al. 2000). <100>ol and <001>opx axes are usu-
ally sub-parallel in dunite, harzburgite and the centimetric 
orthopyroxenite vein and so indicate syn-kinematic defor-
mation or epitaxial growth (Baptiste et  al. 2012; Kacz-
marek and Tommasi 2011) (Figs. A2, 13a). The centimetric 
orthopyroxene vein in the dunite (Fig. 4i), which is thought 
to be residual after peridotite melting based on geochem-
istry and petrology, and the olivine constituting dunite and 
harzburgite probably record the deformation condition of 
the mantle prior to melt percolation.

Relationships between mineral orientation and melt 
percolation

Geochemical data indicate a complex sequence of events 
with fertilisation of a highly depleted mantle by boninitic 
(P1–P2) and tholeiitic (P3) melts, and a progression from 
diffuse percolation of a small melt fraction to a focused 
percolation of large melt fraction. This scenario is also sup-
ported by the behaviour of olivine and pyroxene CPOs.

In the dunite, the small population of clinopyroxene 
grains derived from diffuse melt percolation (P1), have 
<001>cpx axes sub-parallel to lineation and a CPO pattern 
resembling that of olivine (<100>ol axes parallel to linea-
tion, Figs. 13a, A1). This indicates syn-kinematic deforma-
tion or epitaxial growth of olivine and clinopyroxene (Bap-
tiste et al. 2012; Kaczmarek and Tommasi 2011) as already 
observed in the harzburgite, and orthopyroxenite vein in the 
dunite (<001>opx axes sub-parallel to <100>ol, Figs.  13a, 
A2).

The crystallisation of ol-clinopyroxenites B23 and K4 
and ol-websterite B9 have been interpreted to be derived 
from melt percolation with boninitic affinities (P2), and 
the wehrlite B14 has derived from melt with tholeiitic 
affinities (P3). In ol-clinopyroxenites, olivine which is not 
the dominant phase (up to 22 %, Table 1) shows <100>ol 
axes describing a strong concentration parallel to the line-
ation and <010> axes perpendicular to the foliation plane 
(Figs.  8, A2, 13b), suggesting the dominant activation of 
(010)[100] slip system. In the wehrlite, olivine CPOs pat-
tern are similar to those in ol-clinopyroxenites with the 
possible activation of an (010)[100] slip system, but with 
an obliquity to ol-clinopyroxenite patterns (<100>ol axes 
at 30° to the lineation, Fig.  13c). Olivine CPOs from 

ol-websterite B9 show <100> axes describing a weak con-
centration parallel to the lineation and <010> axes a strong 
concentration within the foliation plane indicating the pos-
sible activation of a (001)[100] slip system (Fig.  8) (e.g. 
Jung et al. 2006; Karato et al. 2008; Katayama et al. 2004). 
(010)[100] and (001)[100] slips are the same slips as those 
observed in dunite and harzburgite from the Marum ophi-
olite. However, olivine CPOs are weaker than in dunites 
and harzburgite (mud up to 4.96 against >6.72 in dunite and 
harzburgite) and have a J-index between 3 and 10, while it 
is higher than 11.2 in the dunites (Figs.  7, 8), suggesting 
a melt participation in the system. It has been shown that 
when plastic deformation occurs after and/or simultane-
ously with partial melting, the newly crystallised grains are 
expected to weaken any strong pre-existing mineral fabrics 
(e.g. Morales and Tommasi 2011; Tommasi et  al. 2004), 
and melt can favour melt-enhanced diffusional creep and 
lead to a decrease in mineral fabric intensity (e.g. Hirth and 
Kohlstedt 1995; Holtzman and Kohlstedt 2007).

In ol-clinopyroxenite B23 (P2a), clinopyroxene exhib-
its <001> axes at a low angle to the lineation (~15°), and 
<010> axes perpendicular to the foliation plane indicating 
the activation of (010)[001] slip system (Fig. A2). Clino-
pyroxene CPOs of ol-clinopyroxene K4 is weak but shows 
the activation of the same slip system with a small popu-
lation of <001> axes parallel to the lineation and <010> 
axes perpendicular to the foliation plane. This slip system 
is common for clinopyroxene deformed at high temperature 
(e.g. Bascou et al. 2001; Van Roermund and Boland 1981). 
In ol-clinopyroxenite <100>ol axes parallel to <001>cpx 
axes suggest a possible syn-kinematic deformation or epi-
taxial growth (Baptiste et  al. 2012; Kaczmarek and Tom-
masi 2011). The same observation can be made within the 
ol-websterite (P2b) part A, where <001>cpx and <001>opx 
axes are parallel to <100>ol axes, while they are discord-
ant in part B (45° to the lineation) where the proportion of 
clinopyroxene is higher (Figs. 4j, 8, 13b). The concordance 
of olivine and pyroxene crystallographic axes in part A sug-
gests epitaxial growth, while where the melt proportion 
has increased pyroxenes crystallised under their own con-
straints and crystallographic axes became discordant. This 
is also illustrated with the distribution of <001>cpx axes in 
ol-clinopyroxenite K4 (P2a) showing several point con-
centrations and where one population has <001>cpx axes 
clearly discordant to <100>ol axes, at 60° to the lineation 
(Figs. 8, 13b). This population also occurred in the wehrlite 
(60°) (Figs. 8, 13c). The high angle between <001>cpx axes 
and <100>ol axes indicates a reorientation of the constraints 
of almost 60° from the “primary” mantle (conditions prior 
to melting or during melting) to the crystallisation of boni-
nitic (P2) and tholeiitic (P3) melts.

Altogether, these observations suggest that the first frac-
tion of melt (P1) crystallised under the same deformation 
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constraints as the depleted dunite or by epitaxial growth 
for a low melt proportion diffused in the peridotite. This 
has also been observed with P2b within ol-websterite 
(B9) where the dispersed clinopyroxenes record the same 
orientation as the primary minerals (part A), but when 
the proportion of melt increases (part B) newly crystal-
lised pyroxenes record their own orientation, which are at 
an angle between 45° and 60° to the olivine of the dunite. 
The wehrlite (P3) crystallised in the same constraints as 
P2 with clinopyroxene <001> axes at 60° to olivine <100> 
axes. This similarity between P2 and P3 is not surprising 
because both boninitic and tholeiitic events are similar in 
age (Walker and McDougall 1982).

Conclusions and geodynamical implications

The Marum ophiolite represents a frozen piece of one of 
the most depleted peridotite among worldwide in a fore-arc 
position (Figs. 5, 6, 11). The ophiolite records two stages 
of melt percolations by both boninitic and tholeiitic melts 
(Fig.  13). Despite local enrichment the Marum mantle 
rocks remain more depleted than other peridotites such as 
ophiolites from the Indonesian part of the island (Monnier 
1996), or other ophiolite complexes from supra-subduction 
settings (Choi et al. 2008; Le Roux et al. 2014; Tamura and 
Arai 2006; Webber et al. 2008).

In a fore-arc position olivine B-type fabrics are pre-
dicted to operate (Kneller et al. 2007) but are almost non-
existent in the Marum ophiolite (small population in dunite 
B13, Fig.  10), while E- and A-type fabrics dominate the 
deformation in the host dunite and harzburgite (Figs.  7). 
Absence of olivine B-type has already been observed in 
other SSZ peridotites (Harigane et  al. 2013; Mehl et  al. 
2003; Soustelle et  al. 2013) and could be related to not 
favourable conditions to initiate [001] slip, or short activ-
ity (few Ma) of the Marum ophiolite. The coarse-grained 
texture and olivine strong crystal fabrics (strong J-index) 
could be formed at near-subsolidus temperature during 
asthenospheric flow consistent with the foliation and line-
ation in the dunite. Moreover, activation of A- and E-type 
slip systems are consistent with high-temperature, low-
stress mantle deformation (Nicolas et al. 1971; Ben Ismaïl 
and Mainprice 1998; Jung et  al. 2006) and are probably 
the result of plastic deformation during the formation of 
the Marum ophiolite (60–65 Ma, Davies and Jaques 1984; 
Jaques 1980; Whattam 2009; Whattam et al. 2008), prior to 
melt percolation in the mantle wedge (Paleocene, 59 Ma, 
Walker and McDougall 1982) and the obduction of the 
ophiolite (58 Ma, Lus et  al. 2004). The orientation of the 
foliation and olivine [100] slip directions are sub-parallel 
to subduction zone (Figs. 1, 2, 14a), indicating that mantle 
flow was parallel to the trench. This is, to our knowledge, 
the second record for analogue fast polarisation directions 

parallel to the arc axis after Mehl et al. (2003) in Central 
Alaska, suggesting that the fast polarisation direction paral-
lel to the arc could be caused by anisotropic peridotite and 
not by olivine [001] slip.

Percolation of boninitic melt is related to young and 
warm arc in a spreading fore-arc position (Crawford et al. 
1989; Kim and Jacobi 2002). The newly formed pyroxenes 
in the ol-websterite, ol-clinopyroxenite and the wehrlite 
with pyroxenes <001> axes at 45–60° to the olivine line-
ation (<100>ol axes) suggest a change in the constraints 
during the percolation of boninitic and tholeiitic melts at 
59 Ma (Walker and McDougall 1982) (Fig.  14b). Olivine 
pre-existing CPOs can be modified with progressive strain 
(Skemer et al. 2011), but have not been overprinted at this 
stage in the Marum peridotite. Only the newly formed 
pyroxenes are oriented relative to the applied stress. The 
change in the orientation has happened between the forma-
tion of the ophiolite (60–65 Ma, Davies and Jaques 1984; 

Australian 
plate motion

Australian 
plate motion

(a) Early Paleocene 
(60-65Ma)

(b) Paleocene 
(59Ma)

(100)ol (001)opx

Pacific plate 

(001)opx, cpx

arc

Fig. 14   Sketch of mantle flow during arc formation within the 
Marum ophiolite. a Ophiolite formation (early Paleocene), with 
trench parallel mantle flow (foliation is parallel to the trench). b 
Mantle flow during arc formation, where the newly formed minerals 
related to melt percolation P2 and P3 (boninitic and tholeiitic melts, 
respectively) recorded an orientation varying from 30° to 60° to the 
primary foliation. Arrows represent variation of lateral mantle flow 
within the mantle wedge
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Jaques 1980; Whattam 2009; Whattam et al. 2008) and the 
melt percolation at 59 Ma (Walker and McDougall 1982) 
in the young spreading fore-arc. This indicates that olivine 
pre-existing CPOs need more than 5  Ma to be modified 
in this context. This change in the orientation can be the 
result of complex mantle flow within the mantle wedge, 
producing different flows such as upwelling and/or lateral 
asthenospheric flow under low stress (Fig. 14b) (Harigane 
et al. 2013; Mehl et al. 2003). The variation from ol <100> 
axes parallel to the trench to variation up to 60° could be an 
indicator for the development of young fore-arc mantle in a 
supra-subduction zone.
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