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no remnant of any pre-existing MORB crust, suggesting that 
the magmatic suite of this ophiolite formed on completely 
denudated mantle, most likely upon subduction initiation. 
The architecture of this 4–5 km thick early arc crust resem-
bles oceanic crust formed at mid ocean ridges, but lacks a 
sheeted dyke complex; volcanic edifices are not observed. 
Nevertheless, low melting pressures combined with mod-
erate  H2O-contents resulted in high-Si primitive melts, in 
abundant hornblende-gabbros and in a fast enrichment in 
bulk  SiO2. Fractional crystallization modeling starting from 
the observed primitive melts (56.6 wt%  SiO2) suggests that 
25 wt% pyroxene + plagioclase fractionation is sufficient 
to form the average Khantaishir volcanic crust. Most of the 
fractionation happened in the mantle, the observed pyrox-
enite lenses and layers in and at the top of the harzburgites 
account for the required cumulate volumes. Finally, the mul-
tiply documented occurrence of highly depleted boninites 
during subduction initiation suggests a causal relationship of 
subduction initiation and highly depleted mantle. Possibly, 
a discontinuity between dense fertile and buoyant depleted 
mantle contributes to the sinking of the future dense sub-
ducting plate, while the buoyant depleted mantle of the 
future overriding plate forms the infant mantle wedge.

Keywords Boninite · Fractional crystallization · Incipient 
arc · Primitive melt · Subduction initiation · Supra-
subduction ophiolite

Introduction

Oceanic crust amounts to nearly 60% of the Earth’s surface 
and differs from the (on bulk average) andesitic continen-
tal crust by its basaltic composition, its higher density, its 
younger age (mostly ≤ 180 Ma) and its lesser thickness. 

Abstract The ~ 570 Ma old Khantaishir ophiolite is built 
by up to 4 km harzburgitic mantle with abundant pyroxen-
ites and dunites followed by ~ 2 km of hornblende-gabbros 
and gabbronorites and by a ~ 2.5 km thick volcanic unit 
composed of a dyke + sill complex capped by pillow lavas 
and some volcanoclastics. The volcanics are mainly basal-
tic andesites and andesites (or boninites) with an average 
of 58.2 ± 1.0 wt%  SiO2, XMg = 0.61 ± 0.03 (XMg = molar 
MgO/(MgO  +  FeOtot),  TiO2  =  0.4  ±  0.1  wt% and 
CaO = 7.5 ± 0.6 wt% (errors as 2σ). Normalized trace ele-
ment patterns show positive anomalies for Pb and Sr, a nega-
tive Nb-anomaly, large ion lithophile elements (LILE) con-
centrations between N- and E-MORB and distinctly depleted 
HREE. These characteristics indicate that the Khantaishir 
volcanics were derived from a refractory mantle source 
modified by a moderate slab-component, similar to boninites 
erupted along the Izu-Bonin-Mariana subduction system and 
to the Troodos and Betts Cove ophiolites. Most strikingly 
and despite almost complete outcrops over 260 km2, there is 
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More than 90% of the oceanic crust is produced at mid-
oceanic ridges (MOR), which have an average magma pro-
duction of ~ 21 km3/year, with 3 km3/year being emplaced 
as volcanic rocks on seafloor (Crisp 1984). Some oceanic 
crust is also created in supra-subduction zone settings (e.g. 
Dilek and Furnes 2014), predominantly in back-arc basins 
of intra-oceanic subduction zones. However, the processes 
and implications related with the initiation of subduction 
in intra-oceanic domains are still matter of debate and dif-
ferent tectonic models have been proposed. The two major 
scenarios that seem to be more suitable for subduction ini-
tiation along intra-oceanic arcs invoke a spontaneous or an 
induced origin (Stern 2004). Induced subduction initiation is 
mainly related to external factors, such as polarity reversal, 
slab pull or ridge-push (e.g. Gurnis et al. 2004; Stern 2004), 
whereas spontaneous subduction occurs presumably at trans-
form faults/fracture zones, when an old, denser oceanic plate 
collapses spontaneously into the asthenosphere and sinks 
below a young and buoyant lithosphere (Stern 2004). Several 
studies have suggested that the Izu-Bonin-Mariana (IBM) 
subduction system is an outstanding location to investigate 
subduction initiation and the evolution of an oceanic arc 
(e.g. Stern and Bloomer 1992; Stern 2004; Reagan et al. 
2010; Ishizuka et al. 2011; Arculus et al. 2015).

From a magmatic point of view, melts erupted in supra-
subduction settings range from tholeiitic and calc-alkaline 
basalts to rhyolites. Arcs also produce high-SiO2 melts 
with primitive character, typically referred to as high-Mg 
andesites (e.g. Kelemen et al. 2003). One particular type 
of high-Mg andesites are boninites with  SiO2 > 52 wt%, 
MgO > 8 wt%,  TiO2 < 0.5 wt% (Le Bas 2000) and fairly 
depleted heavy rare earth elements (HREE, e.g. Pearce 
et al. 1992). Their depleted nature suggests an origin from a 
refractory harzburgitic mantle (e.g. Hickey and Frey 1982; 
Walker and Cameron 1983; Crawford et al. 1989). Boninites 
can be further subdivided into two broad subgroups, low-Ca 
boninites (CaO/Al2O3 < 0.75) and high-Ca boninites (CaO/
Al2O3 > 0.75), which may inform on the mantle source that 
produced these magmas (e.g. Crawford et al. 1989; Cooper 
et al. 2010). Specifically, high-Ca boninites are thought to be 
produced from a mantle that is slightly less refractory (i.e. 
has a higher modal abundance of cpx) than low-Ca bonin-
ites. Although the key localities for boninites are nowadays 
in the Izu-Bonin forearc (Bonin Islands), these boninites are 
48–44 Ma old (Cosca et al. 1998; Ishizuka et al. 2006) and 
have been erupted onto MOR-like tholeiitic basalts (referred 
as forearc basalts, Reagan et al. 2010; Ishizuka et al. 2011) 
during subduction initiation of the IBM system. Boninites 
in Tonga occur in a rear-arc position, i.e. in active subma-
rine volcanoes located in proximity to the main volcanic 
arc (Resing et al. 2011) but even in the active arc (Cooper 
et al. 2010). Boninites have also been recognized in several 
ophiolitic complexes such as Troodos (Robinson et al. 1983; 

Cameron 1985), the Alley volcanic unit of northern Oman 
(Ishikawa et al. 2002) and the Ordovician Betts Cove ophi-
olite (Bédard 1999), indicating that they have been formed 
in, or at least at one point related to, a supra-subduction zone 
setting (e.g. Shervais 2001).

This study focuses on the high-Mg basaltic andesite to 
andesitic volcanic upper crust of the Neoproterozoic Khan-
taishir ophiolite with the aim to (1) present the architecture 
of this arc crust with high-Mg andesitic composition, (2) 
constrain the geochemistry, parent liquid and liquid line of 
descent of this unusually Si-rich ophiolite suite, (3) under-
stand the tectonic setting in which this arc crust formed and 
(4) draw implications for the initial arc building at the onset 
of intra-oceanic subduction.

Geology of the Khantaishir ophiolite

The ~ 570 Ma old Khantaishir ophiolite in western Mongolia 
is one of a dozen major ophiolitic bodies on the Mongo-
lian territory (Fig. 1a). These ophiolites represent former 
oceanic domains that were, through a series of collisions, 
incorporated into the Central Asian Orogenic Belt (CAOB). 
The CAOB is one of the largest accretionary orogens in the 
world (Şengör et al. 1993), built over several hundred Myr 
and extending from the Urals to the Okhotsk Sea. Tectoni-
cally, the Khantaishir ophiolite is part of the Lake Terrane 
(Badarch et al. 2002), a remnant of the Paleo-Asian Ocean, 
which in turn represents a residual portion of the Paleo-
Pacific Ocean (Ruzhentsev and Burashnikov 1996).

The Khantaishir ophiolite covers an area of ~ 260 km2 
and displays a rock association similar but not identical to 
a “Penrose-model” stratigraphy (Conference Participants 
1972), with peridotites at the bottom overlain by gabbroic 
rocks and an extrusive sequence that includes a dyke + sill 
complex and pillow lavas, but lacks a sheeted dyke layer. 
According to Matsumoto and Tomurtogoo (2003) the Khan-
taishir may be subdivided into the Taishir massif to the West 
and the Naran massif to the East (Fig. 1b). The Naran massif 
exposes the largest and least serpentinized mantle portion 
(~ 4 km thick), whereas the crustal section is relatively thin, 
on average ~ 0.8 km of gabbros and ~ 0.5 km of volcanic 
rocks (Fig. 2). On the other hand, the western Taishir mas-
sif has a mantle section of on average only ~ 2 km, overlain 
by ~ 1.8 km of gabbros and ~ 2.5 km of volcanics (Fig. 2). 
The mantle of both massifs is mainly composed of harz-
burgites, with minor lenses and channels of dunite. These 
peridotites are over large areas moderately serpentinized 
(30–40  vol%), but in part completely transformed into 
tectonized serpentinites. In the uppermost 100–700 m of 
the Khantaishir mantle the modal abundance of pyroxenes 
increases upwards, culminating in a massive 50–200 m thick 
layer of websterites (with minor clino- and orthopyroxenites) 
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at the contact to the gabbroic lower crust. Moreover, the 
Taishir mantle contains numerous tens of meters thick, hun-
dreds of meters wide lenses of pyroxenites, which are sub-
parallel to the Moho.

The lower crust of the Khantaishir is formed predomi-
nantly by a suite of isotropic hornblende gabbros and to a 
lesser extent by gabbronorites and few tonalites. The domi-
nant minerals in the gabbroic rocks are plagioclase, amphi-
bole, clinopyroxene (cpx) and orthopyroxene (opx) associ-
ated with minor chromite and magnetite. The thickness of 
the lower crust varies drastically along strike, from zero (i.e. 
volcanics directly on the mantle) to a maximum thickness 
of ~ 3 km. In the eastern Naran massif, the magmatic contact 
between the gabbroic lower crust and the underlying ultra-
mafics is mostly exposed. In the Taishir massif, the ultra-
mafic rocks are sometimes in direct contact with the lavas of 
the volcanic section without evidence of any major faulting. 
In their lower part, the gabbros of the ophiolite are intruded 
by dykes and sills of pyroxenite and/or dolerite, whereas the 
upper part is cut by volcanic dykes. Moreover, thin dykes 
(10–50 cm) of plagiogranites can be observed within the 
gabbros, where they locally form magmatic breccias.

The upper crust is characterized by a dyke + sill com-
plex overlain by pillow lavas. The whole ophiolite sequence 
is then capped by red and green cherts, various carbonates 
(sometimes containing early Cambrian archaeocyathic fos-
sils), volcanic sediments of unknown age and conglomer-
ates. To the South, the ophiolite is thrusted under the lower 
Cambrian Naran Formation (mainly terrigenous sediments) 
and the Neoproterozoic Ulaan-Shand Formation (domi-
nated by volcanoclastic). Intrusions of tonalites, granites 
and syenites, varying from 0.01 to 1.5 km in size, occur in 
the western Naran formation. The largest of these bodies 

Fig. 1  a Tectonic overview of western Mongolia (modified from Bucholz et al. 2014). b Geological map of the Khantaishir ophiolite

Fig. 2  Stratigraphic sections of the Naran and Taishir massifs (colors 
same as in Fig. 1)
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is a quartz-syenite stock, 1 × 1.5 km in size that is cut by 
the reverse fault (see Ruzhentsev and Burashnikov 1996) 
separating the Khantaishir ophiolite from the Naran Forma-
tion (see Fig. 1b). To the North the ophiolite is thrust onto 
the Altai Allochthon (Ruzhentsev and Burashnikov 1996), a 
metamorphic sequence that separates the Lake Terrane from 
the cratonic Zavkhan Terrane (Gibsher et al. 2001; Bucholz 
et al. 2014; Bold et al. 2016).

Geochronology

Limited geochronological data are available for the Khan-
taishir ophiolite. U–Pb zircon dating on plagiogranites 
yielded ages of 568 ± 4 and 573 ± 8 Ma (Gibsher et al. 
2001; Jian et  al. 2014). A similar U–Pb zircon age of 
573 ± 6 Ma (Kozakov et al. 2002) was obtained for a pla-
giogranite from the Dariv oceanic crust (~ 100 km west of 
the Khantaishir), while a gabbro from the Bayankhongor 
ophiolite (~ 350 km East of the Khantaishir) has a Sm–Nd 
isochron at 569 ± 21 Ma (Kepezhinskas et al. 1991). By 
contrast, a U–Pb zircon age of 514 ± 8 Ma of an amphi-
bolite outcropping between the base of the serpentinites of 
the Taishir massif and the metamorphic Altai allochthon is 
interpreted as the age of thrusting of the Khantaishir ophi-
olite onto the Zavkhan microcontinent (Jian et al. 2014; Bold 
et al. 2016). The amphibolitic metamorphism in Dariv was 
estimated to 490 ± 4 Ma (by U–Pb dating in zircons), while 
Ar–Ar-dating of metamorphic amphiboles in pillow basalts 
of the Bayankhongor provided an age of 485 ± 6 Ma (Delor 
et al. 2000).

Field and petrographical observations 
of the ophiolitic upper crust

The upper crustal section of the Khantaishir ophiolite is 
defined by a sequence of volcanic to hypabyssal dykes and 
sills capped by pillow lavas. In the West, the dyke + sill 
sequence is 1.0–1.8 km thick, but only 100–300 m in the 
East. Similarly, pillow lavas amount to 0.3–2.5 km in the 
west, while they are only 0.1–0.5 km thick in the East. 
Locally, the pillows of the Naran massif are not in direct 
contact with the dyke + sill complex but separated by a 
series of carbonates, volcanoclastics, plagioclase-bearing 
chlorite schists and other lithologies of the Altai-Allochthon, 
rendering the ophiolite somewhat dismembered in this part.

Volcanic dykes and sills, as well as pillow lavas, are 
aphanitic and relatively fresh, with a matrix consisting 
of plagioclase, cpx, magnetite and chromite. Occasion-
ally the rocks show (hyp)idiomorphic phenocrysts of cpx 
(0.2–2.5 mm) and, more rarely, also plagioclase (~ 1 mm). 
Sometimes chlorite + spinel pseudomorphosis after olivine 

and weathered pyrite phenocrysts may also be noticed. The 
characteristic thickness of the dykes and sills is 30–100 cm 
(Fig. 3a), and in the dykes, chilled margins are common 
(Fig. 3b). Sometimes gabbros or magmatic breccia with 
xenoliths of hornblendite occupy the inter-dyke space 
(Fig. 3c), in particular at the contact between lower crust 
gabbros and dykes of the volcanic section. Pillow lavas are 
characterized by dark red weathering colors and have typical 
diameters of 30–70 cm occasionally exceeding 1 m in size 
(Fig. 3d). Locally, pillows are cut by dykes of the dyke + sill 
complex (Fig. 3e). Vesicles, sometimes filled by secondary 
quartz or secondary calcite, are ubiquitous and can be used 
as “way-up” criteria. Based on the fact that vesicles tend to 
form at the surface of the pillow, where water first comes in 
contact with the lava, the sequence has a top-to-the-South 
orientation in agreement with the general stratigraphy. All 
volcanics from the upper crust are characterized by epidote 
and saussuritized plagioclase, indicative for greenschist-
facies metamorphism. Furthermore, secondary veins of 
epidote, quartz and calcite can be observed across the entire 
volcanic section (Fig. 3f).

Volcanic dykes and sills are occasionally observed in 
the gabbroic section and even more rarely in the perido-
titic mantle. The dykes and sills cutting the gabbros may 
display chilled margins and may occur in association with 
dykes and (sporadic) sills of dolerite. Dolerites are mainly 
found within the gabbroic section and the dykes + sills com-
plex. They have an ophitic-intergranular texture and con-
sist of strongly saussuritized plagioclase (40 vol%), quartz 
(12 vol%), cpx (7 vol%) and minor oxides, and of abundant 
greenschist minerals such as actinolite (34 vol%), chlorite 
(6 vol%) and epidote (1 vol%). Lavas from the dykes + sills 
complex and from the pillow section have the same crys-
tallization sequence of magnetite + chromite → cpx phe-
nocrysts → plagioclase microphenocrysts + cpx microphe-
nocrysts of the groundmass.

On the other hand, dolerites have a similar crystalli-
zation sequence, showing magnetite + chromite →  cpx 
phenocrysts → plagioclase → quartz.

Dykes or sills are discriminated based on their orientation 
with respect to the bedding observed in the cherts. In the 
field, the cherts overlying the volcanic section of the ophi-
olite are oriented 61/024 (dip/dip direction). The dykes from 
the dyke + sill complex display two conjugate directions: 
With respect to the cherts rotated into a horizontal position, 
one group is oriented 63/2871 on average, the other 68/128; 
similar to the volcanic dykes cutting the pillow lavas (39/273 
and 47/176) or the gabbroic crust (51/295 and 45/192). The 

1 The following averages are all rotated: stereoplots and the original 
measurements (Online Resource 1 and Online Resource 9) are pro-
vided in the Electronic Appendix.
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rotated average orientation of the sills in the dyke + sill com-
plex is 19/215, similar to the volcanic sills in the gabbros 
(with 11/232). The dyke + sill complex is dominated by 
dykes, while sills amount to 15–20% of the outcrops. The 
doleritic dykes intruding the upper ultramafic section of the 
ophiolite define three (rotated) average directions: 45/127, 
63/302 and 56/231. The majority of the “beddings” noticed 
in the pillow lavas dips towards NW with an average of 
24/314, only few directions dip to the SW (average: 37/207).

The presence of sills associated with the dykes and a gen-
eral dip of 50°–60° for these latter suggests that the Khan-
taishir dyke + sill complex is not equivalent to a classical 
vertical sheeted dyke complex as, for example, exposed in 
the Oman ophiolite.

In the Naran massif 200–300 m of volcanoclastics are 
in tectonic contact with both pillow lavas to the South and 

carbonates to the North. Volcanoclastics are very fine-
grained and consist of quartz, plagioclase, abundant chlorite 
and some epidote.

Analytical methods

Samples were powdered with an agate mill and dried over-
night in an oven at 105 °C. About 2 g of powder was heated 
at 1050 °C for 2 h and weighted again to determine the loss 
of ignition (LOI). Subsequently, the rock powders were 
mixed with di-Lithium tetraborate  (Li2B4O7) in a 1:5 ratio 
(5 × Li2B4O7) and fused into glass discs. X-ray fluorescence 
(XRF) analyses of major elements were carried out at the 
Institute of Geochemistry and Petrology at ETH Zurich 

Fig. 3  The upper crust of the 
Khantaishir ophiolite. a Steeply 
inclined dykes. b Contact 
between two dykes with the 
dyke on the right showing a 
chilled margin. c Magmatic 
breccia with angular xenoliths 
of hornblendite filling the 
inter-dyke space in the dyke 
and sill complex. d Pillow 
lavas. e Dyke cutting pillow 
lavas. f Secondary veins of 
epidote + quartz + calcite 
within the volcanic section of 
the ophiolite
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with a wavelength dispersive XRF spectrometer (Axios of 
PANanalytical).

Laser ablation inductively coupled mass spectrometer 
(LA-ICP-MS) measurements of trace elements were also 
performed at ETH using a laser ablation unit with a 193 nm 
ArF Excimer laser from Lamda Physics. Fresh broken frag-
ments of the XRF glass discs were mounted in the ablation 
cell, together with an external glass standard (NIST 610) 
and a di-Lithium tetraborate blank, from where the ablated 
material was transported to the ICP-MS by a gas mixture of 
Ar–He. A typical cycle of analysis included two measure-
ments of the NIST 610 standard: one measurement of the 
blank and 7–8 sample measurements, each glass disc being 
analyzed at least 3 times. The laser ablation beam aperture 
was 40 μm for the external standard and 90 μm for blank 
and samples. The measured intensities were then converted 
into concentrations with the SILLS program (Guillong et al. 
2008), with the concentration of CaO determined by XRF 
used as an internal standard. Complete bulk rock chemical 
analyses and respective locations for Khantaishir samples 
are listed in the Online Resource 10.

Bulk rock compositions

According to the boninite classification of Crawford et al. 
(1989), volcanic and hypabyssal rocks of the Khantaishir 
ophiolite can be subdivided into low-Ca boninites, high-
Ca boninites and an andesitic suite. The volcanic rocks 
of the Khantaishir ophiolite are mainly basaltic andesites 
to andesites, with few dacites (Online Resource 2a) and 
have  SiO2-contents mostly ranging from 53 to 65 wt%. In 
the AFM diagram, the volcanic and hypabyssal rocks fol-
low a trend that starts in the tholeiitic field (with high-Ca 
boninites) but, instead of evolving towards the FeO-corner 
straddle the tholeiitic—calc-alkaline boundary, where the 
majority of low-Ca boninites and andesites plot (Fig. 4). 
In  K2O–SiO2 space2 the volcanic rocks evolve in the arc 
tholeiite field (Peccerillo and Taylor 1976, Online Resource 
2b). The volcanics have bulk XMg (defined as molar MgO/
(MgO + FeOtot) ranging from 0.80 to 0.38 (Fig. 5a–f). The 
highest XMg values are observed for two dykes having a high-
Ca boninite composition, whereas low-Ca boninites have 
bulk XMg mainly between 0.75 and 0.60. On the other hand, 
most of the high-Mg andesites belonging to the andesitic 
suite have XMg < 0.64. In the dykes, sills and volcanoclastic 
rocks CaO decreases with decreasing XMg, while  SiO2,  Na2O 

and  TiO2 increase with fractionation.  Al2O3 remains nearly 
constant at 15 wt % for andesites, but decreases with increas-
ing XMg for low-Ca and high-Ca boninites. By contrast,  K2O 
does not increase much with differentiation. Pillow lavas 
overlap the field of dykes and sills but are somewhat lower 
in  SiO2 at a given XMg. Dolerites and volcanoclastic rocks 
have restricted ranges of XMg of 0.74–0.58 and 0.59–0.49 
respectively, major element concentrations overlap those of 
the dykes and sills. Dolerites are mainly subdivided into 
andesites and low-Ca boninites, whereas volcanoclastic 
rocks belong to the andesite suite.

Trace elements (Fig. 6a–f) outline an increase of V and 
Zr with fractionation, whereas Sc, Ni and Cr decrease with 
melt evolution. The majority of the volcanic and volcano-
clastic rocks have Sr concentrations between 10 and 80 ppm, 
whereas in dolerites Sr increases with decreasing XMg.

Trace element patterns (Fig. 7a–c) normalized to primi-
tive mantle (McDonough and Sun 1995) show that the primi-
tive to slightly fractionated volcanic rocks (XMg = 0.80–0.60) 
have most trace element concentrations similar to primitive 
mantle: 0.5–1 orders of magnitude less than MORBs. Most 
rocks show positive Pb and Sr anomalies (with respect to 
REE), a negative Nb-anomaly as well as a slight enrichment 
in large ion lithophile elements (LILE; Cs, Rb, Ba) and in U. 
The more evolved rocks (XMg < 0.60) are enriched in LILE, 
Th, U and in REEs. Together with a clear Nb-anomaly they 
display variable attitudes for Pb and Sr, with negative and 
positive anomalies for both elements.

Fig. 4  AFM diagram for volcanic and hypabyssal rocks of the Khan-
taishir ophiolite. Color shading for the Khantaishir: magenta = high-
Ca boninites, pink  =  low-Ca boninites and yellow  =  high-Mg 
andesites of the andesitic suite. Data for the Mariana backarc basin 
and Izu-Bonin-Mariana boninites are from GEOROC (http://georoc.
mpch-mainz.gwdg.de/georoc) and PetDB (http://www.earthchem.
org/petdb). Data for the Troodos ophiolite were compiled from König 
et al. (2008) and Regelous et al. (2014)

2 One volcanic dyke is a completely un-metamorphosed alkali basalt 
(KT12-53, Electronic Appendix), not co-genetic to the rest of the 
suite. In analogy to other volcanism in the area it may be of tertiary 
age.

http://georoc.mpch-mainz.gwdg.de/georoc
http://georoc.mpch-mainz.gwdg.de/georoc
http://www.earthchem.org/petdb
http://www.earthchem.org/petdb
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The REE patterns of the Khantaishir ophiolite 
(Fig. 7a–c, REE alone in Online Resource 3) are character-
ized by  LaN/SmN = 0.47–9.38 for dolerites, 0.38–4.08 for 
dykes and sills and 0.24–0.77 for pillows, while  DyN/YbN 
is 0.37–0.97 for dolerites, 0.50–2.14 for dykes and sills 
and 0.60–1.04 for pillow lavas. The volcanoclastics are 
comparable to dykes/sills and pillow lavas, with  LaN/SmN 
and  DyN/YbN of 0.92–1.11 and 0.83–0.95, respectively.

Stratigraphic chemical variations within the Khantaishir 
ophiolite upper crust have not been observed; there is nei-
ther a discernible vertical nor lateral systematics in the 

dyke + sill complex and the pillows (see Online Resource 
4 and Online Resource 5).

Discussion

The upper crust of the Khantaishir ophiolite, defined by 
the dyke + sill complex, dolerites, pillow lavas and vol-
canoclastics, is made of basaltic andesites to andesites with 
strongly depleted trace element patterns that have (1) high 
field strength elements (HFSE) at primitive mantle levels 

Fig. 5  Bulk major elements (normalized to 100% on anhydrous 
basis) for the volcanic and hypabyssal rocks of the Khantaishir ophi-
olite. Color shading for the Khantaishir: magenta  =  high-Ca bonin-
ites, pink = low-Ca boninites and yellow = high-Mg andesites of the 
andesitic suite. Primitive melt composition as defined in section “The 

primitive melt parental to the boninite-suite” and reported in Table 1. 
Data for the East Pacific Rise (EPR), the Mariana backarc basin and 
Izu-Bonin-Mariana boninites are from GEOROC and PetDB. Data 
for the Troodos ophiolite were compiled from König et al. (2008) and 
Regelous et al. (2014)
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and (2) a moderate slab component expressed in increased 
LILE, a negative Nb-anomaly and (for most samples) posi-
tive Pb- and Sr-anomalies. The identical chemical composi-
tion in both major and trace elements between dolerites and 
andesitic dykes/sills indicates that dolerites were formed by 
andesitic melts that had enough time to cool down and to 
form a coarser-grained matrix than the other lavas.

In the following sections, we will discuss the impact of 
hydrothermal metamorphism, identify the parent melt of this 
magma suite, model the liquid line of descent and discuss 
modern analogues and the tectonic situation in which the 

basalt-andesitic to andesitic crust of the Khantaishir ophi-
olite formed.

Evaluation of the hydrothermal metamorphism

Similar to other ophiolitic complexes (see review by Gillis 
and Banerjee 2000), the volcanic rocks of the Khantaishir 
ophiolite are overprinted by low greenschist-facies meta-
morphism. This metamorphism is mainly characterized by 
the presence of saussuritized plagioclase, actinolite and 
epidote. The lack of massive metasomatism (leading, e.g. 

Fig. 6  Bulk trace elements for the volcanic and hypabyssal rocks of 
the Khantaishir ophiolite. Color shading: magenta = high-Ca bonin-
ites, pink = low-Ca boninites and yellow = high-Mg andesites of the 
andesitic suite. Primitive melt composition as defined in section “The 
primitive melt parental to the boninite-suite” and reported in Table 1. 

Data for the East Pacific Rise (EPR), the Mariana backarc basin and 
Izu-Bonin-Mariana boninites are from GEOROC and PetDB. Data 
for the Troodos ophiolite were compiled from König et al. (2008) and 
Regelous et al. (2014)
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to rodingites) suggests that the circulating fluids were lim-
ited in volume but it remains unclear whether the overprint 
occurred at the oceanic floor and/or during the obduction 
of the ophiolite. The effects of extensive plagioclase saus-
suritization may be recognized in the large scatter displayed 
by  Na2O (Fig. 5d). The dispersion in  Na2O concentrations 
is analogous to the one observed in the boninitic suite of 
the Troodos ophiolite (König et al. 2008) and, therefore, 
is interpreted to derive from magmatic differentiation. 

Nevertheless, it cannot be excluded that some samples 
from the Khantaishir ophiolite (especially the high-Mg 
andesites) may have suffered minor Na-enrichment, due to 
the albitization of Ca-rich plagioclase. By contrast, most 
of the analyzed rocks have lower  K2O concentrations than 
typical boninites from the IBM arc (except for one dolerite 
showing a clear K-enrichment by fluids, Fig. 5f), suggesting 
that greenschist metamorphism in the Khantaishir ophiolite 
may have removed some K to different extents (leading to 
some scattering in the variation diagram). This can be also 
recognized in normalized trace element patterns, where K is 
mostly depleted compared to typical low-Ca boninites with 
similar XMg intervals (and for some samples even depleted 
than primitive mantle values). Other mobile elements, such 
as Pb and Sr, show random positive and negative anomalies 
(especially Pb) in the normalized trace patterns. However, 
we notice that there is no systematic enrichment or depletion 
between the different lithologies (i.e. boninites and high-Mg 
andesites), suggesting that Pb (and partially Sr) may have 
been locally redistributed at outcrop-scale. Furthermore, the 
dominant positive anomalies for Pb and Sr vary in the range 
observed for boninites and forearc basalts dredged along the 
IBM subduction system. It is, therefore, assumed that these 
positive anomalies are primary magmatic and not the result 
of alteration processes.

The primitive melt parental to the boninite‑suite

Melts in equilibrium with mantle olivine and chromite have 
XMg = 0.65–0.74 (at  Fe3+/Fetot = 0.2) and Ni and Cr contents 
of 100–500 and 300–1100 ppm, respectively. Two dykes 
from the dyke + sill complex (KTB-4 and KT11-83) and one 
pillow lava (KTP-1) yield calculated equilibrium olivines 
with XMg = 0.89–0.92 (using Roeder and Emslie 1970) 
employing  Fe3+/Fetot = 0.2 as characteristic for near-prim-
itive arc basalts (e.g. Kelley and Cottrell 2009). Calculated 
 Niolivine varies within 2200–3400 ppm, using a temperature 
of 1100 °C and the equation of Li and Ripley (2010). These 
ranges are comparable to those of olivines from the harz-
burgitic mantle of the Khantaishir ophiolite, where  Niolivine 
is 2400–3400 ppm and XMg = 0.92–0.93 (Gianola, unpubl. 
data).

These three primitive samples are tholeiitic high-
Mg andesites with on average 56.5  ±  4.0  wt%  SiO2, 
 Na2O + K2O = 1.9 ± 0.7 wt%,  FeOtot = 8.0 ± 1.2 wt% and 
MgO = 10.0 ± 1.2 wt% (Table 1 and Online Resource 11). 
This composition lies in the range of the boninites of the 
Khantaishir ophiolite (Figs. 5, 8). In projection from diop-
side they fall into the quartz-normative field of the basalt 
tetrahedron (Fig. 9; Ulmer 2001), similar to primitive bonin-
ites recovered from Expedition 352 at site U1439 (Reagan 
et al. 2015). Pressure contours of the olivine-opx cotectic 
on the (Jd + CaTs + Lc)–Ol–Qz surface for 3 wt%  H2O 

Fig. 7  Trace element normalized patterns for the volcanic rocks 
of the Khantaishir ophiolite. a XMg  <  0.60. b 0.60  <  XMg  <  0.70. 
c XMg  >  0.70. Color shading: magenta  =  high-Ca boninites, 
pink  =  low-Ca boninites and yellow  =  high-Mg andesites of the 
andesitic suite. The field for the Izu-Bonin boninites (data from 
GEOROC and PetDB), the Mariana forearc basalts (Reagan et  al. 
2010), the IBM transitional lavas (Reagan et  al. 2010) and the pat-
terns for N-MORB and E-MORB (Sun and McDonough 1989) are 
also plotted as reference
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Table 1  Averaged bulk rock 
compositions (normalized to 
100% on anhydrous basis)

a Calculated using 36% of lavas from the dyke + sill complex + 55% of pillow lavas + 1% dacites + 5% 
dolerites + 3% volcanoclastics
b Boninites from the Izu-Bonin arc

Khantaishir ophiolite lithologies Primitive compositions

Dyke and 
sill com-
plex

Pillow lavas Dacitic lavas Average 
volcanic 
 crusta

Khantaishir High-Ca 
 boninitesb

Mariana BAB

Majors (wt%)
 N 26 6 3 43 3 10 27
 SiO2 57.46 56.49 66.71 57.11 56.54 55.75 50.95
 TiO2 0.41 0.40 0.41 0.40 0.28 0.23 0.80
 Al2O3 15.08 16.39 13.89 15.74 13.43 12.03 16.05
 FeOtot 7.62 8.51 6.73 8.08 7.97 8.36 8.09
 MnO 0.13 0.15 0.07 0.14 0.16 0.13 0.15
 MgO 7.89 5.86 3.43 6.74 9.98 11.04 9.81
 CaO 7.93 7.28 4.54 7.49 9.59 10.32 11.16
 Na2O 3.21 4.72 4.11 4.07 1.73 1.67 2.10
 K2O 0.17 0.14 0.05 0.14 0.17 0.43 0.71
 P2O5 0.04 0.03 0.05 0.03 0.02 0.02 0.18
 XMg 0.627 0.523 0.479 0.570 0.690 0.701 0.682

Traces (ppm)
 Cs 0.08 0.07 0.08 0.07 0.10 0.30 0.21
 Rb 1.29 1.79 0.25 1.49 2.23 8.59 6.97
 Ba 24.82 22.33 17.07 22.57 18.82 31.28 122.40
 Th 0.20 0.09 0.26 0.14 0.10 0.70 0.46
 U 0.13 0.11 0.15 0.12 0.12 1.70 0.18
 Ta 0.08 – 0.11 0.04 – 0.02 0.08
 Nb 0.44 0.21 0.48 0.31 0.24 0.92 2.82
 La 1.05 0.50 1.35 0.76 0.54 1.68 5.16
 Ce 3.03 1.75 3.70 2.34 1.49 2.52 10.28
 Pb 0.41 0.45 0.21 0.43 0.54 0.97 2.03
 Pr 0.42 0.24 0.52 0.33 0.19 0.47 1.56
 Sr 59.11 22.01 49.61 38.27 77.27 106.09 303.79
 Nd 2.45 1.64 2.96 2.01 1.16 1.44 7.36
 Hf 0.62 0.57 0.79 0.58 0.46 0.51 1.28
 Zr 18.36 12.98 22.95 15.23 11.06 23.25 67.49
 Sm 0.92 0.89 0.96 0.89 0.60 0.58 2.20
 Eu 0.34 0.28 0.35 0.30 0.21 0.23 0.80
 Gd 1.36 1.22 1.46 1.27 0.96 0.98 2.62
 Tb 0.24 0.20 0.24 0.22 0.16 0.15 0.47
 Dy 1.72 1.59 1.90 1.63 1.31 1.18 2.84
 Y 10.45 9.23 11.05 9.62 7.95 8.00 20.41
 Ho 0.38 0.35 0.45 0.36 0.29 0.27 0.63
 Er 1.23 1.17 1.22 1.18 0.94 0.81 1.81
 Tm 0.18 0.14 0.20 0.16 0.12 0.14 0.27
 Yb 1.30 1.26 1.21 1.26 0.98 0.78 1.74
 Lu 0.20 0.17 0.21 0.18 0.15 0.12 0.27
 Sc 34.33 33.70 28.24 34.00 36.58 39.37 35.11
 V 217.01 217.27 185.85 215.71 210.09 186.38 218.73
 Cr 255.78 156.29 15.17 204.94 563.58 870.83 493.16
 Ni 80.51 47.32 25.79 63.27 129.42 212.37 187.39
 Co 32.78 32.72 23.00 32.53 37.92 45.27 37.49
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(Ulmer 2001) indicate equilibrium with their mantle source 
at ≤ 1 GPa, possibly as low as 0.5 GPa. Nevertheless, this 
has to be taken with caution as pressure and  H2O have oppo-
site effects, − 0.1 GPa being roughly equivalent to + 3 wt% 
 H2O.  

Similar to the entire rock suite, the primitive melts have 
a moderate enrichment in LILE, negative anomalies for 
Nb, P and Zr and positive anomalies for Sr and Pb. These 
features, in particular the positive Sr or Pb, are hence not 
related to crystal fractionation or accumulation but derive 
directly from the subduction component. The Khantaishir 
primitive melts are notably different from those related to 

mid-oceanic ridges and backarc basins (Online Resource 
6a–c), but comparable to primitive melts from modern 
intra-oceanic subduction zones and the Troodos ophiolite 
(Online Resource 6b–d).

Original  H2O-contents cannot be quantified, but signifi-
cant  H2O-concentrations are indicated by the preponder-
ance of cpx phenocrysts over plagioclase (which is mainly 
observed in the groundmass), implying that plagioclase 
saturation was probably delayed by  H2O (Gaetani et al. 
1993). Also, the crystallization of hornblende in the lower 
crustal gabbros suggests several wt%  H2O at this stage.

Fig. 8  Bulk major elements (normalized to 100% on anhydrous 
basis) and trace elements for the volcanic and hypabyssal rocks of the 
Khantaishir ophiolite plotted against MgO. Color shading for Khan-
taishir: magenta  =  high-Ca boninites, pink  =  low-Ca boninites and 
yellow  =  high-Mg andesites of the andesitic suite. Data for forearc 

basalts and transitional lavas are from Reagan et al. (2010). Data for 
IODP Expedition 351 are from Arculus et  al. (2015) and data for 
IODP Expedition 352 are from Reagan et  al. (2015). Data for the 
Troodos ophiolite were compiled from König et al. (2008) and Rege-
lous et al. (2014)
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Experiments have shown that boninitic melts may be gen-
erated by  H2O-assisted melting of a harzburgitic refractory 
mantle at pressures between 0.3 and 2 GPa (e.g. Umino and 
Kushiro 1989; Van der Laan et al. 1989). At these pressures, 
peritectic melting of opx at elevated  H2O-contents leads to 
the formation of silica-rich melts similar to those observed 
in the Khantaishir ophiolite. This interpretation is supported 
by field observations, with the underlying harzburgitic man-
tle containing pyroxenite cumulates and lower crust gab-
bronorites containing abundant opx.

Fractional crystallization model

The primitive melt average and the upper crust volcanics are 
suitable to reconstruct the magma evolution and liquid line 
of descent of the Khantaishir ophiolite. In the absence of any 
contaminant, magma evolution is modeled by pure fractional 
crystallization, subtracting measured cumulate mineral com-
positions from the evolving melt (Figs. 5a–f, 6a–f). For this 
endeavor, we first use the more primitive mineral compo-
sitions of the abundant mantle pyroxenites and then those 
from cumulative pyroxenites, gabbros and gabbronorites of 
the lower crust (see Online Resource 12).

To cover the range of observed compositions, two 
fractional crystallization end-members were modeled 

(Figs. 5a–f, 6a–f). One resulted in five, the other in six frac-
tionation intervals. A new interval was set when the liq-
uid lines of descent did not follow the analyzed data any-
more. For both models and at every fractionation step, the 
XMg of olivine, cpx and opx in equilibrium with the melt 
are calculated [Kd (Fe–Mg)Ol = 0.30 (Roeder and Emslie 
1970), Kd (Fe–Mg)Cpx = 0.23 (Sisson and Grove 1993) 
and Kd (Fe–Mg)Opx = 0.29 (Putirka 2008)] and appropri-
ate observed mineral compositions selected, first from the 
mantle pyroxenites, then from the crustal pyroxenites and 
then from the gabbros and gabbronorites. Trace elements 
are modeled using partition coefficients from the literature 
(see Online Resource 13). Apart from a few compatible ele-
ments (such as Ni concentrated in olivine, Cr in chromite 
and Sc in cpx), most trace element concentrations increase 
moderately through passive enrichment with progressing 
fractionation. Several trace element trends have scatters that 
are almost as large as the enrichment through fractionation. 
One of the trace elements, Sr, is little constrained by its aver-
age concentration of 77.3 ± 72.6 ppm (2σ) in the primitive 
melt. Therefore, we adjusted the Sr concentration (48 ppm 
in model 1 and 45 ppm in model 2) by averaging only KTP-1 
and KT11-83, such that the fractionation trend follows the 
majority of the volcanics.

Model 1 begins with the fractionation of olivine and chro-
mite followed by two fractionation intervals with chromite, 
magnetite,  cpxmantle and  opxmantle. The fourth interval is simi-
lar to intervals 2 and 3, except for the additional fractiona-
tion of plagioclase. The fifth short interval involves crustal 
minerals (plagioclase,  cpxcrust,  opxcrust and amphibole). In 
total, there are 5.4 wt% of olivine fractionation (to decrease 
Ni in the melt until Ni is controlled by cpx), 8.6 wt% of chro-
mite (delimited by Cr-concentrations in the parent magma), 
1.6 wt% of magnetite, 18.0 wt% of cpx and 11.0 wt% of opx 
with mantle compositions, 13.3 wt% of plagioclase (1.3 wt% 
in the mantle and 12.0 wt% in the crust), 0.6 and 2.0 wt% 
of cpx and opx with crustal compositions and 3.2 wt% of 
amphibole.

The second fractionation model comprises a first inter-
val with olivine, chromite, magnetite and  cpxmantle, a second 
interval with olivine,  cpxmantle and  opxmantle, intervals 3–5 
with fractionation of  cpxmantle,  opxmantle and plagioclase in 
different proportions and a last interval with the same miner-
als but with crustal compositions. In total, there are 1.7 wt% 
of olivine fractionation, 0.2 wt% of chromite, 1.4 wt% of 
magnetite, 37.0 and 9.1 wt% of cpx and opx with mantle 
compositions, 3.5 wt% of plagioclase (1.9 wt% in the mantle 
and 1.6 wt% in the crust), 0.4 and 3.2 wt% of cpx and opx 
with crustal compositions and 3.6 wt% of amphibole.

The largest portion of the fractionation trends requires 
minerals from the mantle pyroxenites, suggesting that 46 
(model 1) to 51 (model 2) wt% of crystals fractionate from 
the most primitive melt within the mantle. Fractionation at 

Fig. 9  Molecular normative projection from diopside onto the 
[Jd + CaTs + Lc]–Qz–Ol base of the basalt tetrahedron for volcan-
ics and dolerites of the Khantaishir ophiolite. Primitive lavas for the 
EPR, the Mariana backarc basin and Izu-Bonin-Mariana are from 
GEOROC and PetDB. Data for forearc basalts and transitional lavas 
are from Reagan et  al. (2010). Data for IODP Expedition 351 are 
from Arculus et  al. (2015) and data for IODP Expedition 352 are 
from Reagan et al. (2015). Data for the Troodos ophiolite were com-
piled from König et al. (2008) and Regelous et al. (2014)
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crustal levels, leading to the more evolved rocks and gen-
erating cumulative gabbros, only accounts for 19.1 (model 
1) and 8.8 wt% (model 2) of mineral subtraction. To yield 
the bulk composition of the upper Khantaishir crust (i.e. 
the average of volcanic and hypabyssal rocks, Table 1) only 
25 wt% crystal fractionation are necessary, i.e. 14 wt% cpx, 
8 wt% opx and 3 wt% plagioclase. The overall major element 
mass balance between the average of the primitive melts 
and the volcanics does not require olivine or chromite; nev-
ertheless, small amounts (< 1 wt%) are necessary to reduce 
Ni and Cr concentrations. On average, the pyroxenites in 
the mantle amount to several hundred meters in thickness 
and the volcanics to 1.5–2.0 km. This implies that during 
this early stage of arc crust formation most of the fractiona-
tion occurs in the sub-adjacent lithospheric mantle, only the 
volumetrically minor more evolved rocks require further 
fractionation in the crust. The modeled end-members give a 
first-order approximation of the upper and lower boundaries 
in which the fractional crystallization processes affected the 
evolution of volcanic and hypabyssal rocks from the Khan-
taishir ophiolite. The sometimes large scatter observed in 
major and trace element concentrations suggests in fact that 
fractionation occurred along more than one liquid line of 
descent. Therefore, all the compositions that lie between the 
modeled curves should have fractionated the same mineral 
assemblages but with different mineral proportions. It has 
also to be noticed that the models strongly depend on the 
initial composition of the primitive melt and that a slight dif-
ference in its composition (for some elements just few ppm) 
may shift the modeled curves in a considerable manner.

Comparison to other rock suites

Mid ocean ridge (MOR) and backarc basin (BAB) suites

The elevated  SiO2-range and qtz-normative character of 
the Khantaishir crust strongly contrasts with mid-ocean 
ridge basalts (illustrated by the East Pacific Rise—EPR—
suite, Fig. 5a) or backarc basin volcanics (illustrated by the 
Mariana BAB suite), which are olivine normative and less 
depleted in Jd + CaTs + Lc-component (Fig. 9). In major 
element diagrams, the Khantaishir is clearly set apart from 
mid ocean ridge generated crust not only by higher  SiO2 but 
also by lesser CaO and  TiO2, and opposite trends in  Al2O3 
with fractionation (Fig. 5a–f). The same is valid for back-
arc basin suites, which have major element concentrations 
similar to MORB.

The low concentrations in V, Sc and Zr in the Khantaishir 
volcanics (Fig. 6a–f) suggest that their mantle source was 
much more depleted than MORB mantle or the source 
mantle of backarc basin basalts. Also variations in Ti/V, 
Th–Nb–Yb and Ba/Th (Online Resource 7a–d) show that 
the tholeiitic high-Mg andesites of the Khantaishir are very 

distinct from backarc basin or MOR-suites. The low Ti/V 
may indicate a source mantle more oxidized than that of the 
EPR or the Mariana backarc basalts. In summary, despite its 
oceanic crust-like architecture, the Khantaishir crust has no 
geochemical affinities to mid-ocean ridge or backarc basin 
suites.

Boninites and forearc basalts (FAB)

Low-Ca and high-Ca boninites from the Khantaishir ophi-
olite show major and trace elements variations similar to 
those observed in the low-Ca and high-Ca boninites from 
the IBM subduction system, in particular in their high  SiO2 
and low CaO,  Al2O3 and  TiO2 (Fig. 5a–f). All these suites 
are tholeiitic in  K2O–SiO2 space (Peccerillo and Taylor 
1976), but evolve towards the calc-alkaline field in the (Na, 
K)2O–FeO–MgO space (AFM), a behavior that characterizes 
modern intra-oceanic arcs (e.g. Stern et al. 2003; Tatsumi 
and Suzuki 2009). On the other hand, high-Mg andesites 
from the andesitic suite of the Khantaishir ophiolite are more 
evolved than low-Ca and high-Ca boninites from the IBM 
system and additionally display a calc-alkaline signature in 
the AFM-space.

A careful comparison with boninites (Reagan et  al. 
2015) and tholeiitic basalts (Reagan et al. 2010; Arculus 
et  al. 2015) dredged along the IBM system shows that 
major elements and V for crustal rocks of the Khantaishir 
ophiolite overlap the rocks of the boninite series recovered 
during IODP Expeditions 352 at sites U1439 and U1442 
(Fig. 8), while Zr shows a marked depletion. Additionally, 
the boninite series of the IBM system is characterized by 
a high abundance of evolved rocks (referred as high-Mg 
andesites, Reagan et al. 2015), a feature that is noticed also 
in the Khantaishir ophiolite, where the andesitic suite rep-
resents the majority of the analyzed rocks. Moreover, Fig. 8 
clearly shows that tholeiitic basalts collected behind the Izu-
Bonin arc during Expedition 351 at site U1438 (Arculus 
et al. 2015) and those collected in the forearc of the Mari-
ana arc (referred as forearc basalts or FAB, Reagan et al. 
2010) have distinct chemical compositions, both in major 
and trace elements, compared to the rocks of the Khantaishir 
ophiolite. Figure 8 also shows that the volcanic rocks of the 
Khantaishir ophiolite have analogous major and trace ele-
ment concentrations as transitional lavas (i.e. lavas occurring 
between FAB and boninites) of the IBM system (Reagan 
et al. 2010). However, the transitional lavas from IBM are 
characterized by lower MgO.

Trace element patterns and anomalies in the IBM bonin-
ites and tholeiitic basaltic-andesites to andesites of the 
Khantaishir crust indicate a moderate but clearly identifi-
able subduction component (Fig. 7a–c). More primitive 
(XMg > 0.70) samples from the Khantaishir ophiolite are 
depleted compared to low-Ca boninites from the Izu-Bonin 
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arc, except for their middle- and heavy-REE, which show 
similar concentrations. Primitive to slightly fractionated 
samples (0.60 < XMg < 0.70) have comparable LILE con-
centrations, negative Nb anomalies and positive anomalies 
for Pb and Sr as low-Ca boninites from IBM. However, 
low-Ca boninites show a depletion in REE, with the typical 
“spoon-shaped pattern”, a characteristic that is not observed 
in the rocks of the Khantaishir ophiolite. Moreover, for the 
rocks of Khantaishir it is possible to observe that they have 
HFSE and REE depleted compared to FAB dredged in the 
Mariana forearc. Evolved rocks (XMg < 0.60) from the Khan-
taishir crust, represented by the high-Mg andesites of the 
andesitic suite, have LILE concentrations similar to FAB, 
but most samples also display a marked depletion in HFSE 
and REE. Moreover, the low-XMg rocks of the Khantaishir 
ophiolite have a primitive mantle normalized pattern nearly 
identical to the transitional lavas of the IBM system. Nev-
ertheless, the lithologies of the Khantaishir ophiolite have 
stronger Nb-negative anomalies and higher concentrations 
in La and Ce than the transitional lavas. A single analysis 
(sample KT11-98, XMg = 0.38) has a REE normalized pat-
tern similar to FAB. However, this feature and its high  TiO2 
concentration (1.2 wt%) are consistent with a composition 
akin to an evolved tholeiitic island arc basalt. In general, 
HREE-concentrations of the Khantaishir crustal rocks indi-
cate a mantle source more depleted than the source for MOR 
basalts or FAB, but slightly enriched compared to low-Ca 
boninites from the Izu-Bonin arc. Furthermore, variations 
in Ti/V, Th–Nb–Yb and Ba/Th (see Online Resource 7a–d) 
emphasize the different chemical composition between 
crustal rocks of the Khantaishir ophiolite and FAB. These 
diagrams also indicate that transitional lavas from the IBM 
system are similar, but not identical, to volcanic rocks from 
the Khantaishir ophiolite, since they have higher Rb/Nb 
ratios and plot closer to the MORB-OIB array than Khan-
taishir lavas.

Ophiolites

The Khantaishir ophiolite is chemically distinct from other 
Mongolian ophiolites that are MORB-like (e.g. Bayank-
hongor, Kepezhinskas et al. 1991; Terent’eva et al. 2008). 
The crustal rocks of the Khantaishir ophiolite are quartz 
normative as the lavas from the tholeiitic series (Regelous 
et al. 2014) and those from the boninitic series (König 
et al. 2008) of the Troodos ophiolite (Fig. 9). However, in 
terms of major and trace element compositions, the tholei-
itic lavas from Troodos have lower  SiO2 and  Na2O concen-
trations, and higher CaO,  TiO2, Zr and (for some samples) 
V concentrations compared to the Khantaishir (Figs. 5a–f, 
6a–f). Additionally, Ti/V ratios (Online Resource 7a–d) 
for the Troodos tholeiitic series follow a trend compara-
ble with that recognized in FAB, highlighting again the 

difference with Khantaishir lavas. On the other hand, the 
lavas from the boninitic series of Troodos overlap the 
analyses of the Khantaishir ophiolite. Troodos has been 
often designated as subduction-related (Miyashiro 1973; 
Portnyagin et al. 1997; Pearce and Robinson 2010). In 
particular, the Upper Pillow Lavas unit in the Troodos 
ophiolite is a reference example for high-Ca boninites, a 
sub-group of boninites characterized by cpx-phenocrysts, 
as well as cpx + plag in the groundmass (Cameron 1985; 
Crawford et al. 1989; König et al. 2008). The progres-
sion from tholeiitic lavas to more boninitic-like lavas has 
recently led to the hypothesis that the Troodos ophiolite 
may have been formed at a spreading center close to a 
ridge-trench-trench or a ridge-trench-transform triple junc-
tion (Regelous et al. 2014). By contrast in the Oman ophi-
olite, boninites are minor and occur in the northern part of 
the ophiolite, within the Alley volcanic unit. This unit cov-
ers the Geotimes/V1 extrusive rocks, which have a typical 
signature of spreading-ridge-derived lavas (Ishikawa et al. 
2002), forming an architecture that is very akin to the one 
observed in the Troodos ophiolite. Note that, as for the 
Troodos ophiolite (e.g. Regelous et al. 2014), the setting of 
the Oman ophiolite is still controversial (e.g. Pearce et al. 
1981; Searle and Cox 1999; Nicolas and Boudier 2015).

The above-mentioned similarities and dissimilarities are 
confirmed by a statistical comparison with the East Pacific 
Rise (EPR), the Mariana backarc basin, the boninites from 
the IBM system and the ophiolites of Oman and Troodos 
(Online Resource 8a–h). Further comparison with other 
supra-subduction-related ophiolites such as Bay of Islands 
and Betts Cove (Newfoundland) indicates that the Khan-
taishir ophiolite differs from the Bay of Islands ophiolite 
because this latter shows a complete transition from non-arc- 
to arc-related signatures (Jenner et al. 1991); as observed 
in the Troodos ophiolite (Regelous et al. 2014) and along 
the IBM system (e.g. Ishizuka et al. 2011; Arculus et al. 
2015; Reagan et al. 2015). Moreover, the arc-related lavas 
of the Bay of Islands ophiolite display trace element nor-
malized patterns which are enriched compared to those of 
the Khantaishir ophiolite (Jenner et al. 1991). On the other 
hand, boninites of the Betts Cove ophiolite (Bédard 1999) 
are comparable, both in term of major and trace elements 
(Online Resource 3) to the volcanics of the Khantaishir. It is 
interesting to note that in the Betts Cove ophiolite there is a 
systematic progression of the magmatism from boninitic to 
arc-tholeiitic (Bédard 1999), suggesting a more focused vol-
canism similar to that observed in the Khantaishir ophiolite.

From this comparison it appears that some ophiolites 
(Troodos, Oman, Bay of Islands) preserve a whole transi-
tion from arc-unrelated to arc-related lavas, whereas other 
ophiolites (Khantaishir and Betts Cove) are characterized 
only by the presence of arc-related lavas (as also reviewed, 
e.g. in Dilek and Furnes 2014).
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The Khantaishir ophiolite: incipient arc crust

High  SiO2 concentrations at high XMg (mostly > 0.60), ele-
vated LILE and distinct trace element anomalies, early crys-
tallization of amphibole and suppression of plagioclase all 
indicate that the Khantaishir was derived by low-pressure, 
 H2O-assisted melting of a mantle modified by a hydrous 
subduction component. The relative low Ca-concentrations 
and highly depleted HREE require this mantle to be strongly 
depleted.

The Khantaishir ophiolite displays arc crust over 113 km2 
and its crust-mantle transition over 31 km without any 
evidence of pre-existing crust. Although the Khantaishir 
ophiolite preserves an architecture comparable with that 
observed at mid-oceanic ridges, the main difference is the 
absence of a classical vertical sheeted dyke complex, which 
is replaced by a section composed of dykes and sills (similar 
to the igneous basement observed in U1339 and U1440 drill-
ing sites of the IBM system, Reagan et al. 2015). The general 
dip of 50°–60° observed in the dykes of the dykes + sills 
complex possibly indicate that these dykes were rotated due 
to rapid subsidence during crustal thickening or tectonic 
faulting above the main locus of magmatism, as suggested 
by Karson et al. (1992) for similarly inclined dykes near the 
Hess Deep spreading ridge.

Furthermore, the  SiO2-rich,  TiO2-poor and HREE-
depleted boninitic to high-Mg andesitic lavas from the Khan-
taishir complex strongly differ from typical MOR basalts or 
backarc basalts, but also from forearc basalts (FAB) dredged 
in the IBM system. This latter aspect is of particular impor-
tance because the typical stratigraphy observed in the IBM 
system shows FAB at the bottom, overlain by transitional 
lavas and boninites, which in turn are covered by high-Mg 
andesites, reflecting a progressive transition from lavas with 
a minor slab input to lavas formed during a more focused 
(arc-related) stage of magmatism (e.g. Reagan et al. 2010, 
2015; Ishizuka et al. 2011). In the Khantaishir ophiolite, 
the absence of pre-existing FAB (or any previous oceanic 
crust), and the widespread occurrence of boninites and high-
Mg andesites with a chemical signature comparable with 
IBM-transitional lavas, indicate that subduction initiation 
begun with an already focused volcanism during the incipi-
ent stage of arc magmatism. The focused volcanism seems 
also to be supported by the evidence that boninites and high-
Mg andesites occur irregularly distributed within the strati-
graphic sequence, without showing any particular stratifica-
tion (see Online Resource 4). The resulting crust represents 
hence the first one built on a completely denudated mantle. 
The top units are pillows extruded into water and in part 
covered by (Neoproterozoic–Cambrian) marine sediments 
supporting formation in a marine environment, pillows 
also occur directly on the mantle. The presence of pillow 
lavas directly on mantle rocks suggests that these lavas may 

represent the very first melts that rose immediately towards 
the surface and were emplaced onto the denudated mantle 
during early stages of incipient arc-magmatism, before a 
lower gabbroic cumulate sequence could be formed. Vol-
canic edifices, as would be characteristic for well-developed 
arcs, are not observed. Nevertheless, the volcanoclastics 
which are stratigraphically on top of the Khantaishir pil-
lows have major and trace element compositions similar to 
the other volcanics and may represent the first occurrence 
of sub-aerial volcanism. Yet, the age of the volcanoclastics 
is unknown and their relation to the ophiolite only putative.

In the intra-oceanic Izu-Bonin-Mariana system, bonin-
itic volcaniclastics are the incipient arc products deposited 
on pre-existing MOR-type basaltic oceanic crust (Reagan 
et al. 2010; Ishizuka et al. 2011). Deep sea drilling (Arcu-
lus et al. 2015) and dredging (Ishizuka et al. 2006) have 
shown that boninites and basalts with a comparable slab 
signature and of similar age (52–48, Ishizuka et al. 2014) 
are the oldest volcanic arc-related products in the area and 
either are interbedded with thin layers of deep sea sediments 
(Ishizuka et al. 2006) or form the cover of the igneous base-
ment below late Eocene sediments (Arculus et al. 2015). 
The stratigraphy of the drill cores allows a clear attribu-
tion of the boninites to incipient arc-formation. The highly 
depleted high-Mg andesites or boninites from the Bonin 
(or Ogasawara) Islands also formed at 48–44 Ma (Ishizuka 
et al. 2014), shortly after the IBM subduction system started 
around 52–50 Ma. Most likely, the Bonin Islands were part 
of the main arc in the Eocene; their present day forearc posi-
tion does not inform on the tectonic situation 50 Ma ago, in 
particular as the Bonin Islands formed ~ 3000 km South of 
the present day position (Seno and Maruyama 1984). Alto-
gether, magmatism related to incipient arc crust formation 
in the IBM system starts with boninitic compositions (e.g. 
Reagan et al. 2010, 2015; Ishizuka et al. 2011; Stern et al. 
2012) and drill cores, dredges and the Bonin Islands allow 
to reconstruct the history of the early IBM magmatism. The 
Khantaishir offers complementary information as it provides 
an almost unique opportunity to study the architecture of 
such initial arc crust.

As a word of caution, boninites per se are not an exclu-
sive feature of incipient arc magmatism; petrologically, they 
simply result from shallow,  H2O-assisted melting of a highly 
depleted mantle combined with a minor slab component 
(that also provides the  H2O). Such a combination is also 
realized in the northern Tonga arc: There, boninites are only 
a few Ma old and occur in a rear-arc position where a Lau 
basin backarc spreading center interferes with the northern 
end of the Tonga arc itself (Resing et al. 2011).

The geochemistry of the Khantaishir is very much analo-
gous to the boninites that characterize the initiation of mag-
matism in the intra-oceanic Izu-Bonin-Mariana arc. The lack 
of pre-existing crust on the Khantaishir mantle lends strong 
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support that the Khantaishir crust represents a novel episode 
of subduction-related magmatism in the area, in all likeli-
hood resulting from subduction initiation. It should further 
be noted that MORB-like oceanic crust is also rare (or pos-
sibly absent) in the two intra-oceanic paleo-arcs where a 
complete section is exposed (Kohistan and Talkeetna, e.g. 
Jagoutz and Kelemen 2015), possibly indicating that mantle 
denudation might be a general feature of intra-oceanic sub-
duction initiation. All these findings suggest that subduction 
initiation may start with an already (focused) arc-style mag-
matism, a mechanism that slightly differ from what observed 
in the IBM subduction system, where the very earliest lavas 
produced during decompression melting are MORB-like 
forearc basalts (e.g. Reagan et al. 2010, 2015; Ishizuka et al. 
2011; Arculus et al. 2015). Nevertheless, this incipient arc 
magmatism is in excellent agreement with the models of 
Stern and Bloomer (1992) and of Shervais (2001) where 
spontaneous subduction initiation starts with the sinking of 
heavy oceanic lithosphere, probably along fracture zones, 
that separates two oceanic plates with different ages. The 
sinking leads to an extensional regime where asthenospheric 
mantle from below the future overriding plate fills the 
resulting “gap” (Fig. 10a–c). The resulting upwelling of the 
asthenosphere into the future mantle wedge then results in 
adiabatic decompression melting, boosted by minor fluxing 
with slab fluids. The interaction of these two effects favors 
the production of low pressure  H2O-bearing melts with an 
arc-signature, such as boninites.

Conclusions

The high-Si Khantaishir ophiolite strongly differs in com-
position from melts generated in backarc basins or along 
mid-ocean ridges and lacks the typical vertical sheeted dykes 
complex observed within the oceanic crust. Geochemically, 
the Khantaishir volcanics were generated in a supra-sub-
duction environment and correspond well to boninites and 
high-Mg andesites that characterize subduction initiation in 
the IBM arc.

Some of the most important conclusions drawn from the 
Khantaishir ophiolite derive from what is not observed: there 
is a complete lack of pre-existing crust, no evidence for vol-
canic edifices and no major faults where pillows and man-
tle are in direct contact. Together, this results in a scenario 
where a nascent oceanic arc crust is formed on denudated 
mantle. The major element geochemistry suggests a shallow 
 H2O-assisted melting regime, possibly at as little as 15 km 
depth.

The role of a heavily depleted mantle for intra-oceanic 
arc initiation remains a vexing question. In the western 
Pacific, the IBM arc initiated with boninites derived 
from an ultra-depleted mantle; the same is observed in 

the Khantaishir and Betts Cove ophiolites. Possibly, this 
could be a mere coincidence. Not believing in coinci-
dences we note that the lateral density contrast between a 
younger lighter and an older denser lithosphere is ampli-
fied if the mantle of the younger plate is highly depleted 
(ρharzburgite = 3.1–3.2 g/cm3) and the mantle of the older 
plate fertile (ρlherzolite = 3.2–3.3 g/cm3). One may even 
speculate that a mantle fertility contrast across a major 
fault may already provide the kind of discontinuity neces-
sary to start the sinking and then subduction of the heavier 
lithosphere, although a combination of age and fertility 
difference results in the maximum density contrast. The 
lighter harzburgitic mantle from the future overriding plate 
will then intrude into the future mantle wedge, yielding a 

Fig. 10  Model for subduction initiation and formation of the Khan-
taishir incipient arc succession
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plausible causal link between subduction initiation and an 
early suite of boninitic melts.
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