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Abstract We establish the ‘subduction initiation rule’

(SIR) which predicts that most ophiolites form during

subduction initiation (SI) and that the diagnostic magmatic

chemostratigraphic progression for SIR ophiolites is from

less to more HFSE-depleted and LILE-enriched composi-

tions. This chemostratigraphic evolution reflects formation

of what ultimately becomes forearc lithosphere as a result

of mantle melting that is progressively influenced by

subduction zone enrichment during SI. The magmatic

chemostratigraphic progression for the Izu–Bonin–Mariana

(IBM) forearc and most Tethyan ophiolites is specifically

from MORB-like to arc-like (volcanic arc basalts or

VAB ± boninites or BON) because SI progressed until

establishment of a mature subduction zone. MORB-like

lavas result from decompression melting of upwelling

asthenosphere and are the first magmatic expression of SI.

The contribution of fluids from dehydrating oceanic crust

and sediments on the sinking slab is negligible in early SI,

but continued melting results in a depleted, harzburgitic

residue that is progressively metasomatized by fluids from

the sinking slab; subsequent partial melting of this residue

yields ‘typical’ SSZ-like lavas in the latter stages of SI. If

SI is arrested early, e.g., as a result of collision, ‘MORB-

only’ ophiolites might be expected. Consequently, MORB-

and SSZ-only ophiolites may represent end-members of the

SI ophiolite spectrum. The chemostratigraphic similarity of

the Mariana forearc with that of ophiolites that follow the

SIR intimates that a model linking such ophiolites, oceanic

forearcs, and SI is globally applicable.
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Introduction

Although ophiolites may form in many tectonic settings, a

general consensus exists that most formed above a sub-

duction zone (supra-subduction zone or SSZ ophiolites;

Pearce et al. 1984; Pearce 2003). Evidence for the origin of

many SSZ ophiolites increasingly points to forearc exten-

sion during the earliest stage of forming a new subduction

zone. In particular, Late Jurassic (*165 Ma) and Late

Cretaceous (*90 Ma) ophiolites in the Eastern Mediter-

ranean–Persian Gulf region (Fig. 1a; Robertson 2004;

Pearce and Robinson 2010; Moghadem et al. 2010) are

often considered as ones formed during subduction initia-

tion (SI; Shervais 2001; Stern 2004).

The recognition that most ophiolites have a SSZ origin is

due in large part to the occurrence of basalts that are

compositionally similar to those erupted in volcanic arcs

(volcanic arc basalts (VAB) or island arc tholeiities (IAT))

and occasionally boninites, the latter of which are thought to

form via melting of refractory mantle in SSZ environments

(Crawford et al. 1989). Nonetheless, uncertainty about the

tectonic setting where such ophiolites formed lingers due to

the common occurrence of MORB-like lavas in addition to

those more diagnostic of a SSZ setting. This geochemical

duality is often explained as due to formation of the two

suites in discrete tectonic environments (Bortolotti et al.
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1996; Robertson and Shallo 2000; Shallo and Dilek 2003;

Dilek and Flower 2003, Flower and Dilek 2003; Beccaluva

et al. 2004; Saccani and Photiades 2004). More recently, the

compositional bimodality has been ascribed to progressive

depletion and metasomatism of a common melt source over

the course of ophiolite formation (Shervais 2001; Beccaluva

et al. 2005; Dilek et al. 2007, 2008; Dilek and Furnes

2009). In other words, all magmatic components (i.e.,

MORB, VAB, and boninite) may have formed in the same

proto-forearc environment, which witnessed eruption of

MORB-like lavas followed by VAB and boninites.

We show below that the best-studied Tethyan ophiolites

comprise a lower succession of tholeiitic, MORB-like lavas

overlain by VAB/IAT and sometimes boninite units. As

boundaries between the lower and upper units are con-

formable and not fault bounded, the geochemical duality

observed in these ophiolites reflects progressive evolution

of the mantle source and not superimposed tectonic settings.

Crucially, we can now compare ophiolite chemostratig-

raphy (vertical variations in lava chemistry) with that of the

Izu–Bonin–Mariana (IBM) forearc (Fig. 1b; Reagan et al.

2010). The IBM forearc formed during the Eocene

(*50 Ma; Ishizuka et al. 2006) as subduction of the Pacific

Plate beneath the eastern Philippine Sea Plate began. Vast

regions of this forearc near Guam are floored by tholeiitic

MORB-like basalts (forearc basalt or FAB of Reagan et al.

2010) that dominate the inner trench wall between 6,500

and 2,500 m depth (Reagan et al. 2010). Similar basalts

recovered from the base of Mariana forearc DSDP sites 458

and 459 drill cores (Meijer et al. 1980, 1982), from diving in

the Izu forearc (DeBari et al. 1999) and Bonin forearc near

Hahajima seamount (Ishiwatari et al. 2006) (or ‘‘Ogasawara

Paleoland’’, Ishii 1985) were reinterpreted by Reagan et al.

(2010) as the tops of a FAB sequence. At each locality, FAB

underlies and/or is trenchward of boninites and younger arc

lavas (Reagan et al. 2010). The IBM forearc thus exhibits a

similar chemostratigraphy to that of well-preserved and

well-studied Tethyan ophiolites. These observations allow

new insights into the relationship between ophiolites,

forearcs, and subduction initiation (SI) that can be encap-

sulated as the subduction initiation rule (SIR).

The subduction initiation rule

We use the term ophiolite to refer to an on-land remnant of

allochthonous or autochthonous ancient oceanic crust and

upper mantle incorporated into an orogenic belt. In the
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Fig. 1 a Tectonic map of the Eastern Mediterranean–Persian Gulf

region (modified from Dilek et al. 2007) showing the distribution of

Late Jurassic and Late Cretaceous Tethyan-type ophiolites. Strati-

graphically studied ophiolites used here include the Mirdita (MO),

Pindos (PO), Troodos (TO), and Semail (SO) ophiolites. b Location

of the Izu–Bonin–Marianas arc system in the North Pacific (modified

after Taylor 1992). The smaller circle inside the larger circle on the

map encloses the island of Guam and the open star to the immediate

east of Guam represents the Mariana forearc region in which FAB

and related rocks were recovered (Reagan et al. 2010); the filled star

to the immediate east of the Izu–Bonin arc represents the region in

which the dive sites of DeBari et al. (1999) were conducted. Circled

numbers 1, 2, and 3 represent active spreading ridges, extinct

spreading ridges and convergent margin or trenches (i.e., subduction

zones), respectively
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former case, ophiolite emplacement occurred upon a for-

mer continental margin via collision; in the latter case, the

ophiolite was gradually exposed in situ as a result of un-

derplating of buoyant intra-oceanic crust or due to isostatic

uplift when subduction stopped. For ophiolites that form

in forearcs, it can be difficult to determine whether the

ophiolite is autochthonous or allochthonous, but for our

purposes it does not matter, even though the base of all true

ophiolites is marked by a thrust fault.

Here, we articulate the ‘subduction initiation rule’

(SIR): that magmatic sequences preserved in ophiolite

volcanic sections record a stratigraphic progression (from

bottom to top) from less to more HFSE-depleted and LILE-

enriched compositions and (a) generally comprise a lower,

usually MORB/FAB unit and an upper VAB unit, some-

times along with boninites, both of which (b) form in a

proto-forearc setting during subduction initiation (Fig. 2).

An exception to this general trend is the Troodos ophiolite.

The lower lavas of Troodos are more VAB-like than

MORB-like; however, the lower lavas are clearly less

HFSE-depleted and LILE-enriched than the upper lavas

and hence exhibit an identical chemostratigraphic pro-

gression as other SIR ophiolites and the Marianas forearc,

which yield lower lavas that more closely resemble

MORB. The MORB/FAB tholeiites form first as oceanic

lithosphere begins to sink accompanied by seafloor

spreading along the margin of the adjacent plate. This

seafloor spreading occurs as asthenosphere floods over the

sinking plate into the widening void above, melting due to

decompression (Fig. 2b). For the most part, these early

basalts are chemically indistinguishable from MORB.

Fluid contribution from the sinking slab to depleted

MORB-type mantle (DMM) asthenosphere is minor during

earliest SI. Similar basalts comprise the sometimes thicker

lower magmatic succession of most Tethyan ophiolites. If

SI progresses unabated—as was the case for Tethyan

ophiolite formation—more recognizable ‘SSZ’ lavas, i.e.,

VAB/IAT ± boninites form at a later stage of SI via slab-

derived, fluid-assisted melting of an increasingly depleted

and metasomatized harzburgitic residue (Fig. 2c).

As we will show, most ophiolites follow the SIR; those

that do not are mostly the ones that lack a complementary

mantle or uppermost crustal section (e.g., Chilean and

Ligurian ophiolites, respectively).

Methods

We compile whole-rock geochemical data from lavas and

dykes of four well-studied Tethyan ophiolites: Mirdita

(Dilek et al. 2008), Pindos (Saccani and Photiades 2004),

Troodos (Flower and Levine 1987), and Semail (Alabaster

et al. 1982; Ishikawa et al. 2002; Godard et al. 2003), and

from FAB and related lavas of the Mariana forearc (Reagan

et al. 2010). We restrict our geochemical comparisons to

lavas of these ophiolites and the Marianas forearc as the

magmatic chemostratigraphy for these is adequately doc-

umented. Only representative lava samples constrained

stratigraphically as being either lower or upper ophiolite/

forearc lava section components of a cohesive unit and

which have complementary lower or upper samples are

used in our geochemical plots. This is essential because we

are trying to evaluate chemostratigraphic variations (i.e.,

changes in magma chemistry with relative stratigraphic

position and hence time). In most cases, this meant using

only data from lavas. An exception is our use of ‘latest

stage (ophiolite) dykes’. Such dykes can be used to eval-

uate chemotemporal variations, as these clearly cut both

lower and upper pillow lava units (e.g., Dilek et al. 2008;

Localized magmatic arc
precursor forearc ophiolite

LM LM

AM AM

Oceanic crustOceanic crust

Lithospheric weakness 
(e.g., transform fault, 

fracture zone )

Early proto-forearc spreading (FAB)

Upwelling fertile asthenosphere; 
nil slab-derived fluids with which 
to interact 

Asthenosphere
flow

Sinking slab; incipient trench rollback

Rapid trench rollback

Late proto-forearc spreading (VAB/BON)

True subduction; trench rollback 
slows and stabilizes

Depleted mantle 
(harzburgitic residue) 
stagnates; strong interaction with
slab-derived fluids

a

b

c

d

Fig. 2 Cartoon depicting the generation of Tethyan-type ophiolites

and intra-oceanic FAB and related forearc rocks during subduction

initiation, based on the subduction infancy model (Stern and Bloomer

1992 as modified by Metcalf and Shervais 2008). The volumetrically

dominant lower tholeiitic suite is generated in the earliest stages of

subduction initiation via decompression melting of a fertile lherzolitic

(MORB-like) asthenospheric source; b contribution of fluids from the

sinking slab during this stage is small. In contrast, the upper HFSE-

depleted lavas and boninites are generated via melting of residual

harzburgite that has been progressively depleted and hydrated c as the

subduction initiation process continues. BON boninite, FAB forearc

basalts (of Reagan et al. 2010), and VAB volcanic arc basalts in this

and subsequent figures
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Saccani and Photiades 2004; Ishikawa et al. 2002). Com-

positional data have been filtered to include samples with

reported major oxide totals of 98–102% and loss on igni-

tion (LOI)\ 7%. Total iron is expressed as FeO*, whereby

Fe2O3 (usually measured on fused glass beads via XRF)

was multiplied by 0.89. In our geochemical plots, oxides

are reported as wt% and were recalculated and plotted on

an anhydrous (volatile-free) basis where the oxide sum is

normalized to 100%. Rare earth element (REE) and other

trace element concentrations are expressed in ppm.

Establishment of the subduction initiation rule

via Tethyan ophiolite chemostratigraphy

It is important to stress that the SIR established herein is

based upon selected Tethyan ophiolites in which chemo-

stratigraphic relations are sufficiently clear, thanks to many

detailed studies over the past three decades. We do not

think this geographic focus jeopardizes the significance of

our conclusions. Arguably, no other ophiolite ‘type’ has

been as scrutinized as the Tethyan ophiolites of the Eastern

Mediterranean–Persian Gulf region. Indeed, the ophiolite

concept itself was based largely upon field, petrological,

and geochemical studies of the Semail and Troodos ophi-

olites (see Dilek 2003 and references therein).

Chemostratigraphies have been established for some of

the best-preserved and best-studied Neotethyan ophiolites

of the Eastern Mediterranean–Persian Gulf region in

Albania, Greece, Cyprus, and Oman (the Mirdita, Pindos,

Troodos, and Semail ophiolites, respectively). These

ophiolites display vertical variations in lava chemistry that

allow us to reconstruct how their magma sources evolved.

Detailed stratigraphic relations and lava geochemistry

(Figs. 3, 4, 5, 6, 7, 8, 9) of the Mirdita, Pindos, and Semail

ophiolites illustrate lower units of FAB/MORB tholeiites

overlain by predominantly calc-alkaline, high-field strength

element (HFSE)-depleted, VAB/IAT lavas and rare boni-

nites as latest stage dykes. We show in these same plots the

recently documented chemostratigraphy of Izu–Bonin–

Marianas forearc lavas (Reagan et al. 2010) and discuss the

relevance of this in the next section.

Chondrite-normalized REE patterns for lower tholeiites

of the Mirdita and Semail ophiolites are moderately

depleted in light REE (LREE; Fig. 6). Relatively high total

REE concentrations (up to *30 9 chondrite) indicate a

relatively fertile (lherzolitic) DMM asthenospheric source.

Upper VAB/IAT lavas have much lower total REE (and

especially HREE) contents, indicating derivation from a

depleted (harzburgitic) mantle source. This probably

reflects progressive melt depletion of the same mantle

source that yielded FAB, as inferred by Morishita et al.

(2011) for IBM forearc peridotites. Similar up-section

progressive depletion is seen in HFSE (e.g., Ti, Zr, and Y;

Fig. 7). Th/Yb–Nb/Yb systematics demonstrate that all

oceanic island basalts (OIB) and MORB plot within the

N-MORB/E-MORB/OIB mantle array (shaded region,

Fig. 8a). SSZ lavas, however, are displaced above the

mantle array due to remobilization of Th from subducted

sediments (Pearce 2008). The lower MORB-like lavas

from our compiled datasets plot within or near the mantle

array. Upper suite lavas and latest stage boninitic dykes, on

the other hand, lie above the mantle array indicating pro-

gressive subduction-related enrichment of the ophiolitic

mantle source with time.

On the Zr-Zr/Y discriminant plot (Fig. 8b; Pearce and

Norry 1979), lower suite tholeiitic lavas plot almost

exclusively as MORB, whereas upper suite lavas plot as

VAB. The Ti/V discriminant plot (Shervais 1982) is sim-

ilar; lower tholeiitic lavas have Ti/V = 50–20 typical of

MORB, whereas upper calc-alkaline lavas have Ti/V =

20–10 characteristic of SSZ lavas (Fig. 8c). The upper

lavas and latest stage dykes, which plot as boninites based

on concentrations of MgO vs. TiO2 (Fig. 5) have Ti/V\

10. On Cr/Y discriminant plots (Fig. 9), chemical com-

parisons are also similar to those in Fig. 8. For example,

Mariana FAB and lower Mirdita lavas plot within the

MORB field, whereas the stratigraphically higher, later-

formed upper lavas and latest stage dykes of Mirdita and

the upper Mariana forearc lavas plots instead along a VAB-

boninite trend.

The Aspropotamus Complex of the Pindos ophiolite is

considered as part of the Mirdita ophiolite on the basis of

stratigraphic correlation with Central Mirdita (Fig. 2;

Beccaluva et al. 2004). The volcanic section of the As-

propotamus Complex was subdivided into upper IAT and

lower MORB sections with the latter further subdivided

into lower and upper pillow series (LPS, UPS; Saccani and

Photiades 2004) (Figs. 3b, 10). These ‘‘mid-level’’ lavas

reflect a stratigraphic position midway between the lower

lava suite of Western Mirdita and the upper suite of Eastern

Mirdita (Fig. 3). Although both LPS and UPS lavas were

identified as MORB (Saccani and Photiades 2004) and both

series display REE patterns similar to lower Mirdita tho-

leiitic lavas (Fig. 10a), other geochemical plots (Fig. 10b–

f) illustrate that the LPS only display a MORB-like affinity

similar to the lower Mirdita tholeiitic suite; the UPS

alternatively, display an affinity for VAB similar to the

upper Mirdita calc-alkaline lavas. For example, the LPS

have higher concentrations of HFSE (Zr, Y, and Ti)

(Fig. 10c) than the UPS and plot within the mantle array on

the Th/Yb-Nb-Yb diagram (Pearce 2008; Fig. 10d),

whereas the UPS plot on the cusp of or above the mantle

array. This relationship indicates progressive HFSE

depletion and subduction zone enrichment with strati-

graphic height and hence time, similar to the relationship
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between the lower and upper lavas of Mirdita, Troodos,

and Semail, but at a more modest scale.

There is no reported hiatus between the lower and

upper lava sequences of any of these ophiolites, as might

be revealed by an unconformity or intervening sedi-

mentary layers, so this ophiolitic chemostratigraphy is

unlikely to be due to different tectonic environments, for

example, a mid-ocean ridge that became a convergent

margin. Such a tectonic reorganization should be reflec-

ted by an unconformity or hiatus marked by sedimentary

layers, which is never seen. Similarly, as the transition

between the two suites is commonly marked by lavas

that are compositionally intermediate to MORB-like and

VAB (e.g., Saccani and Photiades 2004), this chemos-

tratigraphy appears to reflect the progressive evolution of

the ophiolite-forming magmatic system. In the case of

harz
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these Tethyan ophiolites, such chemostratigraphy is

characteristic; preservation of dual tectonic histories in

an ophiolite may occur occasionally, but it is not likely

to be common.

These observations are the basis of the SIR, which

specifies that the expected magmatic chemostratigraphic

progression recorded by a group of well-preserved and

well-characterized ophiolitic lavas samples a mantle source

region that evolves from less to more depleted and from

less to more subduction influenced. In the case of many

Tethyan ophiolites specifically, this progression is manifest

as volcanic successions consisting of lower MORB-like

and upper VAB-like suites that are closely related in space

and time. This systematic progression records the products

of a mantle melting regime that first taps upwelling

asthenosphere but is increasingly influenced by inputs from

the evolving subduction zone as the sinking lithosphere

descends.

Comparison of subduction initiation rule ophiolites

to Mariana forearc lithosphere

Here, we confirm and further illuminate the mantle and

magmatic response to subduction initiation via compari-

son of those ophiolites that satisfy the SIR (SIR ophio-

lites) to the Mariana intra-oceanic forearc. This is the

only place that we know where the igneous basement of

an intra-oceanic forearc (Stern 2010) has been studied in

sufficient detail to characterize its magmatic evolution.

The Mariana forearc has become a focus of study

because it formed in situ when subduction began

*50 Ma (Stern and Bloomer 1992; Ishizuka et al. 2006;

Reagan et al. 2010). Mariana forearc lavas are compo-

sitionally similar to the Tethyan ophiolites we studied.

For example, REE patterns of lowermost Mariana FAB

are similar to those of lower Mirdita tholeiites, whereas

upper Mariana forearc lavas generally plot with upper

Mirdita VAB (e.g., Fig. 6). Most Marianas FAB show

major element compositions similar to lower MORB-like
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red, Troodos = green, and Marianas forearc = brown
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lavas of the Mirdita and Semail ophiolites (Figs. 4, 5),

whereas the overlying transitional basalts plot similar to

both ophiolites’ tholeiitic and calc-alkaline suites. A plot

of MgO vs. TiO2 (Fig. 5) effectively distinguishes

Mariana FAB, transitional basalts, and boninites. Mariana

FAB contains [0.5 wt% TiO2 and plot within the field

occupied by lower MORB-like Mirdita and Semail lavas.

Conversely, Mariana forearc transitional basalts (average

TiO2 = 0.42 wt%) plot similarly to Mirdita and Semail

upper lavas. Mariana forearc boninitic lavas plot simi-

larly to late boninitic dykes of the Mirdita, Pindos, and

Semail ophiolites.

On a Nb/Yb vs. Th/Yb plot, most Mariana FAB lie

within or on the cusp of the mantle array indicating

minor sediment-derived Th enrichment in their mantle

source. In contrast, transitional Mariana forearc basalts

and boninites manifest progressively greater Th enrich-

ment (Fig. 8a). This evolution, reflecting progressive

source depletion (lower HFSE concentrations) coupled

with increasing source metasomatism (higher abundances

of Th and LREE) is indistinguishable to that displayed by

the well-characterized Teythan ophiolites. The chemo-

stratigraphic and temporal trend from early MORB-like/

FAB to upper transitional and boninitic lavas is also

apparent on the Zr vs. Zr/Y diagram (Fig. 8b). All Mariana

FAB fall within the field occupied by lower tholeiitic lavas

of the Mirdita and Semail ophiolites, whereas the transi-

tional basalts and boninites generally plot near the fields

defined by Tethyan ophiolite boninitic lavas and late

dykes. Mariana FAB are similar to VAB based on Ti vs. V

relationships, with arc-like Ti/V = 10–20, whereas all but

two samples plot within the broad region defined by the

lower tholeiitic lavas of the Mirdita ophiolite (Fig. 8c).

The transitional basalts overlap the fields defined by upper

ophiolite VAB and boninitic lavas, while the Mariana arc

boninites plot entirely within the field of the upper ophi-

olite boninites. The similarity of SIR ophiolites to

the Mariana forearc magmatic succession allows such

ophiolites to be linked to nascent intra-oceanic forearc

construction.

Which ophiolites do and do not follow the SIR and why?

When is an ophiolite not an ophiolite?

We reiterate that we use the term ophiolite to refer to an on-

land remnant of ancient oceanic crust and upper mantle

emplaced upon a former continental margin or other buoyant
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b Zr vs. Zr/Y (Pearce and Norry 1979), and c Ti/V (Shervais 1982).

Note that in a N-, E-MORB, and OIB (oceanic island basalt, not

indicated) compositions (Sun and McDonough 1989) plot along the
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tract as a result of a tectonic collision or underplating event

prior to its incorporation into an orogenic belt. Both mag-

matic crust (mostly mafic) and residual mantle must be

present. These must have been emplaced or gradually

uplifted as a result of buoyant lithosphere being subducted

beneath them. Emplacement was the result of forearc–con-

tinent collision in the case of allochthonous ophiolites, and in

the case of autochthonous ophiolites, uplift was the result of

sediments underplating the forearc. In the former scenario,

collision and attempted but failed subduction of trailing

continental lithosphere caused the subduction zone to fail. In

both cases, isostatic rebound of depressed oceanic crust and

upper mantle caused emplacement/obduction or uplift of the

proto-ophiolites. This is the mechanism by which the two

main classes of ophiolites were emplaced.

Some tracts of MORB are described as ophiolites but are

not emplaced or underplated in this fashion (e.g., those

termed as ’Macquarie type ophiolites’ by Dilek 2003, see

below). This is an important point because it speaks to the

rarity of ‘true’ MORB ophiolites in the geologic record and

the mechanical difficulties in emplacing MORB or back-

arc basin (BAB) lithosphere (Stern 2004). In the case of

SIR ophiolites, their similarity to Mariana forearc indicates

that these ophiolites are fossil forearcs.
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Synopsis of ophiolite types that follow the SIR

Published ophiolite classifications usually discriminate

SSZ ophiolites into two main types (Tethyan and Cordil-

leran) on the basis of their inferred mode of emplacement,

the nature of the substrate upon which they were emplaced,

and their relative intactness (Moores 1982; Moores et al.

2000; see also review of Beccaluva et al. 2004 and refer-

ences therein). It is important to stress that these two main

ophiolite types are considered by some as having formed

via forearc extension upon and during SI (e.g., Shervais

2001; Stern 2004).

Tethyan ophiolites are largely coherent, uppermost

oceanic mantle and crustal assemblages. Structural rela-

tions between the basal sections of Tethyan ophiolites and

the continental basement upon which they rest are gener-

ally clear and represent a partially subducted continental

margin-allochthonous thrust sheet (ophiolite) relationship.

Emplacement is interpreted as having occurred above the

same subduction zone above which the ophiolite was

generated as a result of an intra-oceanic arc—continent

collision. Ophiolite emplacement occurs as trailing buoyant

continental material enters the trench, clogs the subduction

zone, and thrusts forearc over the partially subducted

continental margin.

According to this classification scheme, the SW Pacific

belt of ophiolites that extends from Papua-New Guinea to

the North Island of New Zealand can be considered

‘Tethyan-like’ as these complexes were emplaced upon the

former eastern margin of the Australian Plate via intra-

oceanic arc—continent collision shortly after their forma-

tion (Whattam et al. 2008; Whattam 2009 and references

therein). It is important to note that lavas of SW Pacific

ophiolites also exhibit a compositional bimodality with

both MORB and SSZ affinities analogous to Tethyan

ophiolites. Ambiguity in stratigraphic relations between the

suites, however, has hindered determining the genetic

relationship of the two suites (Whattam 2009). Similar to

earlier interpretations of Tethyan ophiolite chemostratig-

raphy that invoked initial MOR formation followed by SI, a

long-standing paradigm for SW Pacific ophiolites main-

tains that the MORB-like suites, for example in the case of

the New Caledonia ophiolite, represent BAB basalts

(Cluzel et al. 2001) and the SSZ-like lavas represent those

formed in concert with SI within the BAB. On the basis

of geodynamic considerations, geochemical similarities

between some ‘BAB’ and spatially related, unequivocal

SSZ ophiolite basalts, and (limited) geochronological evi-

dence, Whattam (2009) suggested instead that the MORB-

like suites might represent ophiolite basement formed upon

SI, i.e., that ophiolites of the SW Pacific region follow the

SIR. Testing this idea requires better chemostratigraphic

documentation; if this proves unfeasible, geochronological

data at least is needed to determine the temporal and hence

genetic relation between the MORB-like and the SSZ-like

suites.

Cordilleran ophiolites include the Jurassic Coast Range

and Josephine ophiolites of California (Shervais 1990) and

arguably many situated in Central America and the circum-

Caribbean region. In contrast to Tethyan ophiolites, many

Cordilleran ophiolites occur as ‘stacked’ (commonly

uppermost only) fragments of differing origins that appear

to have been accreted to previous subduction complexes

(i.e., island arc terranes) prior to final continental margin

accretion. As a result, the relation of the basal section of

many Cordilerran ophiolites with their associated conti-

nental basement is often unclear. Shervais (2001) used the

term ‘accretionary uplift’ to describe the emplacement of

many Cordilleran ophiolites, which entails gradual exhu-

mation and exposure as a result of shallow underthrusting

of hot, young, buoyant oceanic lithosphere beneath the

precursor ophiolite or ophiolite fragments (see Fig. 2e of

Shervais 2001).

Accreted oceanic terranes in and around the Caribbean

region (Giunta et al. 2002) are Cretaceous in age and are

classified as Cordilleran type by some (e.g., Beccaluva

et al. 2005). This particular Cordilleran-ophiolite type

comprises accreted terranes along the northern periphery of

Cuba (e.g., Iturralde-Vinent 1989), southern and eastern

Costa Rica and Panama (Hoernle et al. 2004; Wegner et al.

2011 and references therein) and along western Columbia

and Venezuela (e.g., Kerr et al. 1997). Many of these mafic

oceanic terranes are not called ophiolites by most

researchers (however, see Giunta et al. 2002; Garcia-Casco

et al. 2006) and were originally interpreted as uppermost

sections of oceanic plateaux (e.g., Hoernle et al. 2002) with

relatively minor amounts of other accreted oceanic terr-

anes, e.g., oceanic islands and seamounts (e.g., Buchs et al.

2009, 2010). Recent detailed geochemical and stratigraphic

studies of basement lavas in Panama and Costa Rica

(Wörner et al. 2009; Buchs et al. 2010; Wegner et al.

2011), however, indicate a similar chemostratigraphic

progression as SIR ophiolites, i.e., from lower MORB-like

Fig. 10 Detailed chemostratigraphic features of the Aspropotamus

Complex of the Pindos ophiolite (Saccani and Photiades 2004)

compared with that of the Mirdita ophiolite (Beccaluva et al. 2005;

Dilek et al. 2008) including: a stratigraphy showing the relative

locations of the Upper Pillow Series (UPS) and the Lower Pillow

Series (LPS); b chondrite-normalized REE patterns (normalizing

values from Nakamura 1974); c relative changes in HFSE concen-

trations between the LPS and UPS; d Nb/Yb vs Th/Yb systematics

(Pearce 2008); e Zr vs Zr/Y systematics (Pearce and Norry 1979); and

f Y vs Cr systematics (Pearce 1983; Murton 1989). Symbols in d–

f are as in b and c. LSD in b–d latest stage dykes; in c LL lower lavas;

PMLL Pindos mid-level lavas; UL upper lavas; fields in e and f:

MORB mid-ocean ridge basalt; VAB volcanic arc basalt; WPB within-

plate basalt. PM in f primitive mantle

b
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to upper arc-like. In the case of these Caribbean ophiolites,

the lower MORB-like sequence is interpreted as a thick-

ened oceanic plateau as opposed to true MORB or BABB

as in some interpretations of Tethyan and SW Pacific

ophiolites. Continued multidisciplinary studies need to be

conducted on Caribbean ophiolites, but the preliminary

chemostratigraphic evidence suggests that these basement

oceanic terranes also follow the SIR.

In summary, we consider that SW Pacific and Cordil-

leran ophiolites—including those of the Circum-Caribbean

region—are as likely to follow the SIR and form during SI

as are Tethyan ophiolites. Only further detailed studies will

allow this supposition to be critically evaluated.

Non-SIR ‘ophiolites’

Not all emplaced or underplated oceanic terranes described

in the literature as ophiolites follow the SIR. As applica-

bility of this rule depends on the extent to which chemo-

stratigraphic relations have been established and such

relations in many ophiolites are ambiguous, its validity for

other ophiolites will have to be assessed on a case-by-case

basis by future studies. Moreover, ophiolite chemostrati-

graphic documentation is hindered by the fact that many

ophiolites are highly dismembered and/or tectonized (e.g.,

SW Pacific ophiolites) and frequently incomplete (e.g.,

Cordilleran-type ophiolites that commonly comprise

uppermost segments only).

Ligurian (or Alpine-type) ophiolites (Ishiwatari 1985)

of the Alpine–Apennine belt occur in the western Alps and

northern Apennines to the west of the classic Tethyan

ophiolites of the eastern Mediterranean–Persian Gulf

region (Fig. 1). Ligurian ophiolites are fundamentally dif-

ferent than Tethyan ophiolites described earlier as the

former essentially consist of peridotite with subordinate

gabbroic rocks that occur as discrete bodies and dykes

intruding the peridotite; basalts are scarce and sheeted

dykes are usually absent. These peridotite–mafic rock

associations are interpreted as remnants of oceanic litho-

sphere of the Jurassic Ligurian (or western Tethys) basin

that formed during incipient opening of Tethys (e.g.,

Rampone and Piccardo 2000 and references therein) and

comprise two distinct suites of differing inferred paleo-

geographic location of formation and tectonic affinity

within western Tethys. The External Ligurides are inter-

preted as subcontinental lithosphere peridotites that formed

in a pericontinental setting (Marroni et al. 1998 and ref-

erences therein), whereas the Internal Ligurides are linked

to an intra-oceanic setting and comprise depleted perido-

tites and apparently much younger lavas and gabbros of

exclusively MORB-affinity (Abbate et al. 1994 and refer-

ences therein). Interestingly, field relationships and age

determinations indicate that no mantle–crust (residua–

melt) relationship exists between the mantle peridotites and

the crustal rocks. As the External Ligurides comprise

subcontinental lithosphere, it is debatable as to whether

these associated peridotite–mafic associations should be

classified as ophiolites. Indeed, Rampone and Piccardo

(2000) state that the Northern Appenine ophiolites cannot

be interpreted as remnants of fossil mature oceanic litho-

sphere (i.e., ophiolites) but rather as lithologic associations

that develop after continental breakup in response to the

passive extension of continental lithosphere.

The Late Jurassic–Early Cretaceous Sarmiento and

Tortuga oceanic complexes of southermost South America

are referred to collectively as the Rocas Verde ophiolites

(C. Stern and deWit 2003) and encompass the Chilean-type

ophiolite class of Dilek (2003). In terms of internal archi-

tecture, these ophiolites are the opposite of Ligurian types

as they exhibit uppermost ophiolite-like assemblages of

pillow lavas, sheeted feeder dykes, massive diabase, and

gabbros (C. Stern and deWit 1980) but no peridotitic

mantle section. Similar to gabbros and rare basalts of

Ligurian-type ophiolites and the basal magmatic section of

Tethyan SI-ophiolites, the associated mafic lavas and

gabbros exhibit tholeiitic MORB-like affinities (Saunders

et al. 1979; C. Stern 1980; C. Stern and deWit 2003).

Chilean-type ophiolites share a common genetic origin

with Ligurian types in that they appear to have a rifting

origin; but in contrast to the latter, formation of Chilean-

type ophiolites is attributed to rifting of an earlier-formed

magmatic arc during backarc basin opening. The Rocas

Verdes ophiolites are bounded to the east and west by

continental crust and are interpreted to have formed by

seafloor spreading that rifted the southwestern margin of

Gondwana continental crust during incipient opening of the

South Atlantic. These ophiolites are considered to be rep-

resentative of the magmatic igneous component of backarc

basin floor generated behind a magmatic arc (C. Stern and

deWit 2003). These ophiolites are considered as more or

less autochthonous in their present location.

The Macquarie ‘ophiolite’ constitutes the entire

Macquarie Island, which is situated along the active

Australia–Pacific plate boundary between New Zealand

and Antarctica. It represents the only described example of

a Macquarie-type ophiolite (classification scheme of Dilek

2003). This exposed oceanic terrane is unique as it repre-

sents a young (12–9 Ma) essentially autochthonous, in situ

segment of a complete but dismembered segment of MOR

crust (Sutherland 1995; Massell et al. 2000; Varne et al.

2000). As the Australia–Pacific boundary changed from an

extensional regime to oblique compression circa 5 Ma,

transpressional deformation uplifted the complex (Suther-

land 1995; Varne et al. 2000). It is thus unique from other

ophiolite types as it has not been incorporated into an

orogenic belt. Similar to the Ligurian- and Chilean-type
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ophiolites described earlier, the Macquarie oceanic com-

plex shows no evidence of origin during SI.

Conclusions and implications for understanding

subduction initiation

The subduction initiation rule links forearc lithosphere and

most ophiolites as examples of the same phenomenon:

what is produced by upwelling and progressively metaso-

matized asthenosphere when subduction begins. We now

understand that the earliest stages of SI entail decompres-

sion melting of a fertile, lherzolitic, asthenospheric source

to form early MORB-like suites as seen in the lowermost

sections of Tethyan ophiolites and the IBM forearc and

possibly in some ‘MORB-only’ ophiolites. These processes

did not occur at mid-ocean ridges, but the lavas are nev-

ertheless indistinguishable from those generated by sea-

floor spreading at true mid-ocean ridges. We further

understand that if SI is not arrested in its early stage of

development, continued mantle upwelling and concomitant

development of the incipient subduction zone would pro-

gressively hydrate and metasomatize an increasingly

depleted OPX-rich source; partial melting of this residue

would then produce VAB-like lavas and possibly latest

stage boninitic lavas and dykes. Understanding that most

ophiolites are fragments of exhumed forearcs and that

forearcs form during subduction initiation allows us to use

ophiolites to explore how subduction zones form. Because

forearc basement, even if not buried by sediments, is

deeply submerged, it is difficult and expensive to study.

With an appreciation that most ophiolites—those that fol-

low the subduction initiation rule—are exhumed forearcs

formed above a new subduction zone, we can more easily

conduct the kinds of detailed studies that are needed to

reconstruct the mantle and magmatic response to SI.
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Núñez Cambra K, Lázaro C, Rodrı́guez Vega A (2006) High

pressure metamorphism of ophiolites in Cuba. Geol Acta 4:63–88

Giunta G, Beccaluva L, Coltorti M, Mortellaro D, Siena F, Cutrupia D

(2002) The peri-Caribbean ophiolites: structure, tectono-mag-

matic significance and geodynamic implications. Carib J Earth

Sci 36:1–20

Hoernle K, Hauff F, van den Bogaard P (2004) 70 m.y. history

(139–69 Ma) for the Caribbean large igneous province. Geology

32:697–700

Contrib Mineral Petrol (2011) 162:1031–1045 1043

123

http://dx.doi.org/10.1029/2009GC002901


Ishii T (1985) Dredged samples from the Ogasawara fore-arc

seamount or ‘Ogasawara paleoland’–’Fore-arc ophiolite’. In:

Nasu N, Kobayashi K, Uyeda S, Kushiro I, Kagami H (eds)

Formation of active ocean margins. Terra Scientific Publishing

Company, Tokyo, pp 307–342

Ishikawa T, Nagaishi K, Umino S (2002) Boninitic volcanism in the

Oman ophiolite: implications for the thermal condition during

transition from spreading ridge to arc. Geology 30:899–902

Ishiwatari A (1985) Alpine ophiolites: product of low-degree mantle

melting in a Mesozoic transcurrent rift zone. Earth Planet Sci

Lett 76:93–108

Ishiwatari A, Yanagida Y, Li YB, Ishii T, Haraguchi S, Koizumi K,

Ichiyama Y, Umeka M (2006) Dredge petrology of the boninite-

and adakite-bearing Hahajima Seamount of the Ogasawara

(Bonin) fore-arc: an ophiolite or a serpentinite seamount? Island

Arc 15:102–118

Ishizuka O, Kimura JI, Li YB, Stern RJ, Reagan M, Taylor RN, Ohara

Y, Bloomer SH, Ishii T, Hargrove US III, Haraguchi S (2006)

Early stages in the evolution of Izu–Bonin Arc volcanism: new

age, chemical, and isotopic constraints. Earth Planet Sci Lett

250:385–401

Iturralde-Vinent MA (1989) Role of ophiolites in the geological

constitution of Cuba. Geotectonics 4:63–74

Kerr AC, Tarney J, Marriner GF, Nivia A, Saunders, AD (1997) The

Caribbean-Colombian Cretaceous igneous complex: the internal

anatomy of an oceanic plateau. In: Mahoney JJ, Coffin MF (eds)

Large igneous provinces: continental, oceanic, and planetary

flood volcanism. American Geophysical Union Monograph 100,

pp 123–144

Le Bas MJ (2000) IUGS reclassification of the high-Mg and picritic

volcanic rocks. J Petrol 41:1467–1470

Marroni M, Molli G, Montanini A, Tribuzio R (1998) The association

of continental crust rocks with ophiolites in the Northern

Apennines (Italy): implications for the continent-ocean transition

in the Western Tethys. Tectonophysics 292:43–66

Massell C, Coffin MF, Mann P, Mosher S, Frohlich C, Duncan CS,

Karner G, Ramsay D, Lebrun JF (2000) Neotectonics of the

Macquarie Ridge Complex, Australia-Pacific plate boundary.

J Geophys Res 105:457–480

Meijer A (1980) Primitive arc volcanism and a boninite series;

example from western Pacific Island arcs. In: Hayes DE (ed) The

tectonic and geologic evolution of southeast Asian Seas and

Islands. Geophysical Monograph Series 23, pp 269–282

Meijer A, Anthony E, Reagan M (1982) Petrology of the fore-arc

sites, Initial Rep. Deep Sea Drill Proj 60:709–730

Metcalf RV, Shervais JW (2008) Supra-subduction zone ophiolites: is

there really an ophiolite conundrum? In: Wright JE, Shervais JW

(eds) Ophiolites, arcs, and batholiths. Geological Society of

America Special Paper 438, pp 191–222

Miyashiro A (1974) Volcanic rock series in island arcs and active

continental margins. Am J Sci 274:321–355

Moghadem HS, Stern RJ, Rahgoshay M (2010) The Dehshir ophiolite

(central Iran): geochemical constraints on the origin and

evolution of the Inner Zagros Ophiolite Belt. Geol Soc Am Bull

122:1516–1547

Moores EM (1982) Origin and emplacement of ophiolites. Rev

Geophys Space Phys 20:735–760

Moores EM, Kellogg LH, Dilek Y (2000) Tethyan ophiolites, mantle

convection, and tectonic ‘‘historical contingency’’: a resolution

of the ‘‘ophiolite concundrum’’. In: Dilek Y, Moores EM, Elthon

D, Nicola A (eds) Ophiolites and oceanic crust: new insights

from field studies and the ocean drilling program. Geological

Society of America Special Paper 249, pp 3–12

Morishita T, Tani K, Shukuno H, Harigane Y, Tamura A, Kumagai H,

Hellebrand E (2011) Diversity of melt conduits in the Izu–

Bonin–Mariana forearc mantle: implications for the earliest

stage of arc magmatism. Geology 39:411–414

Murton BJ (1989) Tectonic controls on boninite genesis. In: Saunders

AD, Norry MJ (eds) Magmatism in the ocean basins. Geological

Society of London Special Publication 43, pp 347–377

Nakamura N (1974) Determination of REE, Ba, Fe, Mg, Na and K in

carbonaceous and ordinary meteorites. Geochim Cosmochim

Acta 38:757–775

Pearce JA (1983) Role of the subcontinental lithosphere in magma

genesis at active continental margins. In: Hawkesworth CJ,

Norry MJ (eds) Continental basalts and mantle xenoliths.

Nantwich, Shiva, pp 230–249

Pearce JA (2003) Supra-subduction zone ophiolites: the search for

modern analogues. In: Dilek Y, Newcomb S (eds) Ophiolite

concept and the evolution of geological thought. Geological

Society of America Special Paper 373:269–293

Pearce JA (2008) Geochemical fingerprinting of oceanic basalts with

applications to ophiolite classification and the search for

Archean oceanic crust. Lithos 100:14–48

Pearce JA, Norry NJ (1979) Petrogenetic implications of Ti, Zr, Y,

and Nb variations in volcanic rocks. Contrib Miner Petrol

69:33–49

Pearce JA, Robinson PT (2010) The Troodos ophiolitic complex

probably formed in a subduction initiation, slab edge setting.

Gondwana Res 18:60–81

Pearce JA, Lippard SJ, and Roberts S (1984) Characteristics and

tectonic significance of supra-subduction zone ophiolites. In:

Kokelaar P, Howells M (eds) Geology of marginal basins.

Geological Society of London Special Publication 16, pp 77–94

Rampone E, Piccardo GB (2000) The ophiolite-oceanic lithosphere

analogue: new insights from the Northern Apennines (Italy). In:

Dilek Y, Moores EM, Elthon D, Nicola A (eds) Ophiolites and

oceanic crust: new insights from field studies and the ocean

drilling program. Geological Society of America Special Paper

349, pp 21–34

Reagan MK, Ishizuka O, Stern RJ, Kelley KA, Ohara Y, Blichert-Toft

J, Bloomer SH, Cash J, Fryer P, Hanan BB, Hickey-Vargas R,

Ishii T, Kimura JI, Peate DW, Rowe MC, Woods M (2010) Fore-

arc basalts and subduction initiation in the Izu–Bonin–Mariana

system. Geochem Geophys Geosyst 11:Q03X12. doi:

10.1029/2009GC002871

Robertson A (2004) Development of concepts concerning the genesis

and emplacement of Tethyan ophiolites in the Eastern Mediter-

ranean and Oman regions. Earth Sci Rev 66:331–387

Robertson AHF, Shallo M (2000) Mesozoic–Tertiary evolution of

Albania in its regional Eastern-Mediterranean context. Tectono-

physics 316:197–254

Saccani E, Photiades A (2004) Mid-ocean ridge and supra-subduction

affinities in the Pindos Massif ophiolites (Greece): implications

for magma genesis in a proto-forearc setting. Lithos 73:229–253

Saunders AD, Tarney J, Stern CR, Dalziel IWD (1979) Geochemistry

of Mesozoic marginal basin floor igneous rocks from southern

Chile. Geol Soc Am Bull 90:237–258

Shallo M, Dilek Y (2003) Development of the ideas on the origin of

Albanian ophiolites In: Dilek, Y, Newcomb S (eds) Ophiolite

concept and the evolution of geological thought. Geological

Society of America Special Paper 373, pp 351–364

Shervais JW (1982) Ti-V plots and the petrogenesis of modern and

ophiolitic lavas. Earth Planet Sci Lett 59:110–118

Shervais JW (1990) Island arc and ocean crust ophiolites: contrasts in

the petrology, geochemistry and tectonic style of ophiolite

assemblage in the California coast ranges. In: Malpas J, Moores

E, Panayiotou A, Xenophontos C (Eds) Ophiolites: oceanic

crustal analogues. Proc Symp Troodos 1987. Geological Survey

Department, Nicosia, Cyprus, pp 507–520

1044 Contrib Mineral Petrol (2011) 162:1031–1045

123

http://dx.doi.org/10.1029/2009GC002871


Shervais JW (2001) Birth, death and resurrection: the life cycle of

suprasubduction zone ophiolites. Geochem Geophys Geosyst

2:Paper 2000GC000080

Stern CR (1980) Geochemistry of Chilean ophiolites: evidence of the

compositional evolution of the mantle source of back-arc basin

basalts. J Geophys Res 85:855–966

Stern RJ (2004) Subduction initiation: spontaneous and induced.

Earth Planet Sci Lett 226:275–292

Stern RJ (2010) The anatomy and ontogeny of modern intra-oceanic

arc systems. In: Kusky TM, Zhai MG, Xiao W (eds) The

evolving continents: understanding processes of continental

growth. Geological Society of London Special Publication 338,

pp 7–34

Stern RJ, Bloomer SH (1992) Subduction zone infancy: examples

from the Eocene Izu–Bonin–Mariana and Jurassic California.

Geol Soc Am Bull 104:1621–1636

Stern CR, DeWit MJ (1980) The role of spreading centre magma

chambers in the formation of Phanerozoic oceanic crust:

evidence from Chilean ophiolites. In: Panayiotou A (ed)

Ophiolites. Proceedings of the international ophiolite sympo-

sium, Cyprus. Cyprus Geological Survey, Nicosia, pp 497–506

Stern CR, DeWit MJ (2003) Rocas Verdes ophiolites southernmost

South America: remnants of progressive stages of development

of oceanic-type crust in a continental margin back-arc basin.

Geological Society of London Special Publication 218,

pp 665–683

Sun SS, McDonough WF (1989) Chemical and isotopic systematic of

oceanic basalts: implications for mantle composition and

processes. In: Saunders AD, Norry MJ (eds) Magmatism in the

Ocean Basins. Geological Society of London Special Publication

42, pp 313–345

Sutherland R (1995) The Australia-Pacific boundary and Cenozoic

plate motions in the SW Pacific: some constraints from Geosat

data. Tectonics 14:819–831

Taylor B (1992) Rifting and the volcanic-tectonic evolution of the

Izu–Bonin–Mariana arc. In: Taylor B et al. (eds) Proceedings of

the ocean drilling program 126, College Station, pp 627–651

Varne R, Brown AV, Falloon T (2000) Macquarie Island; its geology,

structural history, and the timing and tectonic setting of its

N-MORB to E-MORB magmatism. In: Dilek Y et al. (eds)

Ophiolites and oceanic crust, new insights from field studies and

the ocean drilling program. Geological Society of America

Special Paper 349, pp 301–320

Wegner W, Wörner G, Harmon RS, Jicha BR (2011) Magmatic

history and evolution of the Central American land bridge in

Panama since Cretaceous times. Geol Soc Am Bull 123:703–734

Wörner G, Harmon RS, Wegner W (2009) Geochemical evolution of

igneous rock and changing Magma Sources during the Evolution

and Closure of the Central American Landbridge. In: Kay SM,

Ramos VA, Dickinson W (eds) Backbone of the Americas:

shallow subduction, plateau uplift and ridge and terrane colli-

sion. Geological Society of America Memoir 204, pp 183–196

Whattam SA (2009) Arc-continent collisional orogenesis in the SW

Pacific and the nature, source and correlation of emplaced

ophiolitic nappe components. Lithos 113:88–114

Whattam SA, Malpas J, Ali JR, Smith, IEM (2008) New SW Pacific

tectonic model: cyclical intraoceanic magmatic arc construction

and near coeval emplacement along the Australia–Pacific margin

in the Cenozoic. Geochem Geophys Geosyst 9. doi:

10.1029/2007GC001710

Contrib Mineral Petrol (2011) 162:1031–1045 1045

123

http://dx.doi.org/10.1029/2007GC001710

	The ‘subduction initiation rule’: a key for linking ophiolites, intra-oceanic forearcs, and subduction initiation
	Abstract
	Introduction
	The subduction initiation rule
	Methods
	Establishment of the subduction initiation rule via Tethyan ophiolite chemostratigraphy
	Comparison of subduction initiation rule ophiolites to Mariana forearc lithosphere
	Which ophiolites do and do not follow the SIR and why?
	When is an ophiolite not an ophiolite?
	Synopsis of ophiolite types that follow the SIR
	Non-SIR ‘ophiolites’

	Conclusions and implications for understanding subduction initiation
	Acknowledgments
	References


