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In this paper, a new discrimination diagram using absolute measures of Th and Nb is applied to post-
Archean ophiolites to best discriminate a large number of different ophiolitic basalts. This diagram
was obtained using >2000 known ophiolitic basalts and was tested using ~560 modern rocks from
known tectonic settings. Ten different basaltic varieties from worldwide ophiolitic complexes have been
examined. They include two basaltic types that have never been considered before, which are: (1)
medium-Ti basalts (MTB) generated at nascent forearc settings; (2) a type of mid-ocean ridge basalts
showing garnet signature (G-MORB) that characterizes Alpine-type (i.e., non volcanic) rifted margins and
ocean-continent transition zones (OCTZ). In the Th-Nb diagram, basalts generated in oceanic subduction-
unrelated settings, rifted margins, and OCTZ can be distinguished from subduction-related basalts with a
misclassification rate <1%. This diagram highlights the chemical variation of oceanic, rifted margin, and
OCTZ basalts from depleted compositions to progressively more enriched compositions reflecting, in
turn, the variance of source composition and degree of melting within the MORB-OIB array. It also
highlights the chemical contributions of enriched (OIB-type) components to mantle sources. Enrichment
of Th relative to Nb is particularly effective for highlighting crustal input via subduction or crustal
contamination. Basalts formed at continental margin arcs and island arc with a complex polygenetic
crust can be distinguished from those generated in intra-oceanic arcs in supra-subduction zones (SSZ)
with a misclassification rate <1%. Within the SSZ group, two sub-settings can be recognized with a
misclassification rate <0.5%. They are: (1) SSZ influenced by chemical contribution from subduction-
derived components (forearc and intra-arc sub-settings) characterized by island arc tholeiitic (IAT) and
boninitic basalts; (2) SSZ with no contribution from subduction-derived components (nascent forearc
sub-settings) characterized by MTBs and depleted-MORBs. Two additional discrimination diagrams are
proposed: (1) a Dy-Yb diagram is used for discriminating boninite and IAT basalts; (2) a Ce/Yb-Dy/Yb
diagram is used for discriminating G-MORBs and normal MORBs. The proposed method may effec-
tively assist in recovering the tectonic affinity of ancient ophiolites, which is fundamental for establishing

the geodynamic evolution of ancient oceanic and continental domains, as well as orogenic belts.
© 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.

1. Introduction

including oceanic spreading ridges, hot spots, and supra-
subduction zone (SSZ) environments, such as intra-oceanic arcs,

Ophiolites are relicts of oceanic lithosphere, which commonly
delineate suture zones between continental terranes and provide
fundamental constraints on the geodynamic evolution of ancient
oceanic basins and surrounding continental areas. In fact, ophiolites
are interpreted to form in a wide variety of plate tectonic settings
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continental arcs, forearcs, and back-arcs (e.g., Dilek and Furnes,
2011). Therefore, different rocks or rock associations found in
ophiolitic complexes preserve records of tectono-magmatic events
that occurred during distinct phases of oceanic development, from
continental rifting to oceanic spreading, subduction, accretion and
continental collision (see the “life cycle of ophiolites” in Shervais,
2001). Recognition of the tectonic affinity of ancient ophiolites is
therefore a fundamental problem for all scientists working on this
topic.
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In addition to field data, basalt geochemistry is commonly used
for recognizing a variety of different tectonic settings, as well as the
nature of mantle sources. Tectonic discrimination diagrams based
on both major and trace elements have been a common technique
for addressing this problem since the early 1970s (e.g., Pearce and
Cann, 1973; Pearce and Norry, 1979; Wood, 1980; Pearce, 1982;
Shervais, 1982; Beccaluva et al., 1983; Meschede, 1986; Cabanis
and Lécolle, 1989; Vermeesch, 2006; Agrawal et al., 2008; Pearce,
2008). However, according to many authors (e.g., Wang and
Glover, 1992; Vermeesch, 2006; Agrawal et al., 2008), the most
common tectonic discrimination diagrams are not fully satisfactory,
particularly if used in isolation. Auspiciously, when using a com-
bination of two, three, or more diagrams, results are generally
satisfactory.

The fact that current tectonic discrimination diagrams are not
fully satisfactory may be related to several potential issues: (1)
some popular discrimination diagrams (e.g., Pearce and Cann, 1973)
are based on the arithmetic means of multiple samples, which has
no physical meaning (Vermeesch, 2006); (2) samples used in
creating these diagrams were perhaps not statistically represen-
tative (either limited number of samples or limited number of
places), as for example in Wood (1980); (3) in some diagrams (e.g.,
Wood, 1980), some of the data were not original, as they were
calculated using concentrations of other elements; (4) commonly,
each diagram includes only a limited number of the various basaltic
types that can be found in ophiolites; (5) the propagation of
analytical errors when using element ratios or triangular diagrams
is hard to evaluate; (6) implications of the constant-sum constraint
of geochemical data, which are particularly important in triangular
diagrams, were overlooked; (7) implications of the spurious cor-
relations (Chayes, 1949) associated with the use of element ratios
were ignored.

Some attempts at improving the reliability of tectonic discrim-
ination diagrams have however been made. Agrawal (1999) and
Agrawal et al. (2008) suggested the use of the statistical technique
of linear discriminant analysis for defining class boundaries
objectively. Verma et al. (2006) and Vermeesch (2006) solved the
problem of statistical treatment for constant-sum data by using
log-transformed ratios of elements, significantly increasing the
success rate in identifying four types of basaltic rocks. However, in
spite of the important advances introduced by these statistical
techniques, the methods proposed by these authors are rarely used
in literature.

It is not the intention of this paper to re-examine previously
proposed discrimination diagrams. Rather, in order to provide
ready-to-use diagrams that can discriminate the largest possible
number of tectonic settings of formation of ophiolitic basalts, the
present paper proposes a set of new, very simple discrimination
diagrams based on the relatively immobile high-field-strength
element (HFSE) Nb, Th, Ce, Dy, and Yb. Ten different varieties of
basaltic rocks from worldwide ophiolitic complexes (Fig. 1) are
taken into account in these diagrams, including two basaltic vari-
eties that have never been considered in any discrimination dia-
gram so far presented in literature. They are: (1) basalts showing a
marked garnet signature that are generated at Alpine Tethys-type
(Iberian-type) ocean-continent transition zones (OCTZ) (e.g.,
Montanini et al., 2008; Saccani et al., 2008a) and (2) basalts with
geochemical features that are intermediate between those of
normal-type mid-ocean ridge basalts (N-MORB) and those of island
arc tholeiites (IAT), which are generated at nascent intra-oceanic
arcs (e.g., Bortolotti et al., 1996, 2002; Bébien et al., 2000; Hoeck
et al., 2002).

Although recent ophiolite classification schemes have been
applied to the search for Archean oceanic basalts (e.g., Pearce, 2008;
Dilek and Furnes, 2011), this argument will not be discussed in this

paper. The Archean mantle was very different from the post-
Archean one and many of its characteristics (i.e., composition,
melting degree and melting depth, mineral phases present on the
liquidus during the melting) are in direct contrast to what observed
from Proterozoic onward (e.g., Griffin et al., 2003; Francis, 2003).
Therefore, the application of the discrimination diagrams proposed
in this paper to Archean rocks will require an exhaustive discussion
of the petrogenetic conditions acting during Archean times, which
is beyond the scope of this paper.

2. Basalt types, classification of ophiolites, and tectonic
setting

In this section, an overview of the different varieties of basaltic
rocks used in this paper, their tectonic setting of formation, and
their occurrence in different ophiolitic-types will be presented. The
classification of ophiolites and related tectonic settings of forma-
tion used herein is largely based on the classification recently
proposed by Dilek and Furnes (2011). Commonly known basaltic
types (e.g., mid-ocean ridge basalts, boninites, alkaline basalts, etc.)
will be illustrated briefly, whereas two basaltic types that have
never so far been considered in any discrimination diagram will be
described more thoroughly.

2.1. Oceanic ridge and intra-plate basalts

Mid-ocean ridge basalts may form in a variety of tectonic set-
tings including mid-ocean ridges and backarc spreading ridges
(Dilek and Furnes, 2011). MORBs basically include three distinct
chemical varieties: normal-type, enriched-type (E-), and plume-
type (P-). According to Pearce (2008), N-MORB and E-MORB have
compositions that are more depleted and more enriched, respec-
tively, than primitive mantle-derived magmas. Commonly, N-
MORBs form at plume-distal mid-ocean ridges, trench-proximal
mid-ocean ridges, or trench-distal backarc spreading ridges (Dilek
and Furnes, 2011) but also at non-volcanic and transitional-type
rifted margins (see Robertson, 2007 for the definition of rifted
margins). In these settings, they can be associated with E-MORBs.
P-MORBs may form at, or close to plume-proximal spreading
ridges, as well as at oceanic plateaus (e.g., Caribbean Plateau; Kerr
et al., 1998), where they are often associated with E-MORBs and/
or alkaline ocean island basalts (OIB). Commonly, P-MORBs have a
chemistry that is indicative of variable garnet influence (Pearce,
2008). Although a sharp distinction between E-MORBs and P-
MORBs cannot be made on a chemical basis, the latter commonly
have comparatively more enriched trace element patterns with
respect to the former (Pearce, 2008). Relatively more enriched P-
MORBs have incompatible trace element and REE (rare earth
element) patterns that overlap those of OIBs. Nonetheless, the
former commonly show a sub-alkaline or transitional nature (e.g.,
Nb/Y < 1; Pearce, 1982), whereas the latter have a clear alkaline
nature (e.g., Nb/Y > 1).

A particular type of N-MORB is represented by basalts, which
typically crop out in several Alpine-type Tethyan ophiolites, that is:
in the western Alps, northern Apennine, Alpine Corsica, and Cala-
bria. As shown in Fig. 2, these basalts can be distinguished from
typical N-MORBs as they are characterized by significant depletion
in heavy REE (HREE) with respect to medium REE (MREE). In fact,
the (Sm/Yb)y ratios are higher than that of typical N-MORB (Smy/
Ybn = 0.96, Sun and McDonough, 1989), as they range from 1.25 to
1.81 (Montanini et al., 2008; Saccani et al., 2008a). Such a HREE/
MREE depletion is interpreted as a clear garnet signature of their
mantle sources. Montanini et al. (2008) and Saccani et al. (2008a)
suggested that these basalts were originated from partial melting
of a depleted mantle source characterized by garnet-bearing mafic
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Figure 1. Global distribution of major Proterozoic and Phanerozoic ophiolitic belts, as well as location of ophiolites and modern rocks used in this paper (for details, see Table 1).
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Figure 2. Chondrite-normalized REE patterns for garnet-influenced MORBs from the
Jurassic upper and lower schistes Lustrés of the Alpine Corsica ophiolites (data from
Saccani et al., 2008a). Normalizing values are from Sun and McDonough (1989).

layers. They usually occur in association with N-MORBs and E-
MORBs, which are commonly considered as the products of low
degrees of melting of less-depleted subcontinental lithospheric
mantle and upwelling asthenosphere (Rampone et al., 2005). These
basalts are exclusively found in the Continental Margin (CM)
ophiolites of Dilek and Furnes (2011). CM ophiolites commonly
represent fragments of the ocean-continent transition zone form-
ing during the continental breakup and the following early stages of
oceanic basin evolution. Similar modern OCTZ include the Iberia
and Red Sea—western Arabia rifted margins (Dilek and Furnes,
2011). Since these basalts, in contrast with other varieties of
MORBs, are exclusively indicative of CM ophiolites, they will be
treated as a separate type of ophiolitic basalts that will hereafter
named G-MORB (garnet-influenced MORB). Although these basalts
form in CM ophiolites, G-MORB is used in this paper instead of C-
MORB (continental margin MORB of Dilek and Furnes, 2011)
because several authors (e.g., Pearce, 2008) have proposed the term
C-MORSB for describing crustally contaminated (C) ophiolites, as for
example the Taitao ophiolite in Chile, which formed at the trench-
proximal Chile Rise (Karsten et al., 1996).

Alkaline basalts (AB) found in ophiolites mainly include rocks
formed at seamounts (OIB). They mainly occur as tectonic slices or
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Figure 3. N-MORB normalized incompatible element (a) and chondrite-normalized

REE (b) patterns for Jurassic medium-Ti basalts (MTB) from the Albanide-Hellenide
ophiolites. Normalizing values are from Sun and McDonough (1989).

blocks incorporated into mélanges, that is as accreted fragments of
oceanic terranes. However, ABs formed at volcanic-type and
transitional-type rifted margins (Robertson, 2007) are locally found
in some ophiolitic complexes, as in the Oman marginal sequences
(e.g., Lapierre et al., 2004) and in the Carboniferous Misho mafic
complex in Iran (Saccani et al., 2013a). Many AB, as well as P-MORB
sequences, do not strictly match the “ophiolite” definition of the
Penrose Conference (Anonymous, 1972). In fact, some authors (e.g.,
Hauff et al.,, 1997) prefer to term these sequences as “oceanic
igneous terranes” rather than “ophiolites”. Nonetheless, some AB
and P-MORB sequences have plutonic rocks and lavas (e.g., Nicoya
complex in Costa Rica, Beccaluva et al., 1999) or plutonic rocks,
sheeted dykes and lavas (e.g., Misho complex in Iran, Saccani et al.,
2013a) that could fit the “incomplete ophiolite” definition of the
Penrose Conference Participants (1972). Alkaline basalts show a
clear plume-type chemical signature and variable garnet influence,
which result in marked LILE (large ion lithophile element) enrich-
ment and high LREE/HREE ratios (LREE: light REE).

2.2. Subduction-related and backarc basin basalts

SSZ ophiolites form in the extending upper plates of subduction
zones, as in the modern Izu-Bonin-Mariana and Tonga-Kermadec
arc-trench rollback systems (Dilek and Furnes, 2011 and refer-
ences therein). Due to the complexity of SSZ settings, several
different basaltic varieties may form in these environments.

Boninitic and island arc tholeiitic basalts, corresponding to the
very low-Ti and low-Ti basalts of Beccaluva et al. (1983), respec-
tively, typically form in intra-oceanic island arc settings. IAT basalts
have HFSE and REE depletion consistent with a genesis from partial
melting of depleted mantle sources that experienced previous melt
extraction. Very low-Ti (boninitic) basalts show more pronounced
REE and HFSE overall depletion when compared to IATs. These
features are commonly attributed to high degrees of partial melting
of refractory mantle sources that underwent multi-stage melt
extraction.

Both IATs and boninites show variable enrichments in LILE and
LREE compared to HFSE and REE, respectively suggesting that the
depleted mantle sources underwent metasomatic enrichment from
subduction-derived fluids in the supra-subduction mantle wedge
(e.g., Pearce, 1982; Beccaluva and Serri, 1988; Dilek and Thy, 2009).

A particular, though rare, type of SSZ basalts that deserves to be
treated as a specific variety is represented by basalts showing
geochemical features that are generally intermediate between
those of high-Ti (i.e., N-MORB) and those of low-Ti basalts. For this
reason, they will be hereafter-named medium-Ti basalts (MTB).
These rocks have been recognized in the Dinaride-Hellenide
ophiolites by several authors. They have previously been
described as MORB/IAT intermediate basalts (Bortolotti et al., 1996,
2002; Photiades et al., 2003; Saccani and Photiades, 2005), Low
Zr—high Cr basalts (Bébien et al., 2000), and intermediate-Ti basalts
(Hoeck et al., 2002). They occur mostly as pillow basalts in both
coherent ophiolitic volcanic sequences and in ophiolitic mélange.
When occurring in coherent ophiolitic volcanic sequences, they are
always interlayered within N-MORBs, as observed in the 900-m-
thick volcanic series near Kalur in Albania (see Bortolotti et al.,
2002). Moreover, these volcanic sequences are commonly topped
by typical SSZ volcanic rocks (IATs or boninites) and are cross cut by
boninite dykes, as observed in the Kalur and Kacinar sequences in
Albania (Bortolotti et al.,, 2002; Dilek et al.,, 2008) and in the
Aspropotamos sequence of the Pindos ophiolites in Greece (Jones
and Robertson, 1991; Saccani and Photiades, 2004). MTBs are
characterized by very strong Th and Nb depletion with respect to
other incompatible elements (Fig. 3a), as well as very strong LREE
depletion compared to both MREE and HREE (Fig. 3b). When
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Table 1

Ophiolitic basaltic rock-types used in this paper, their locations (see also Fig. 1), approximate ages and related data source references. Age abbreviations, Jr: Jurassic; Cr:
Cretaceous; Mesoz: Mesozoic; Paleoc: Paleocene; E: Early; L: Late. Rock-type abbreviations, G: garnet-influenced MORB (mid-ocean ridge basalt); N: normal-type MORB; E:
enriched-type MORB; P: plume-type MORB; AB: alkaline basalt; MTB: medium-Ti basalt; D: supra-subduction zone depleted-type MORB; IAT: low-Ti, island arc tholeiite; Bon:
very low-Ti, boninitic-type basalt; CAB: calc-alkaline basalt; BABB: back arc basin basalt. Other abbreviations, LPL: lower pillow lava; UPL: upper pillow lava; Fm: formation.

Region Zone/Area Ophiolite Age Basaltic rock-type (number of samples) Reference
Italy/France W Alps Platta Jurassic G(2), E(2) Desmurs et al., 2002
Apennine External Liguride Jurassic G(8) Montanini et al., 2008
Elba Island Jurassic G(8) Author’s unpublished data
Calabria Calabria Jurassic G(7), E(3) Author’s unpublished data
Corsica Pineto, Rio Magno Jurassic G(2), N(19) Saccani et al., 2000
Balagne, Nebbio Jurassic G(8) E(5) Saccani et al., 2008a
Schistes Lustres Jurassic G(22) N(4) Saccani et al., 2008a
Romania East Carpathians Rarau/Hagimas Triassic N(6), E(3), AB(7), IAT(2), CAB(4) Hoeck et al., 2009
Transylvanian Depression Zoreni Jurassic Bon(1), CAB(20) Ionescu et al., 2009
Apuseni Mountains Apuseni Jurassic N(6), E(6) Saccani et al., 2001
Bohemian Massif Sudete Sleza Paleozoic N(21) Floyd et al., 2002
Bulgaria Rhodope Mandrica Jurassic Bon(8), IAT(6) Bonev and Stampali, 2008
Dinarides Central Dinarides Maljen mélange Undefined N(1), E(1), P(2), IAT(4), CAB(3) Chiari et al., 2011
Banja Jurassic BABB(7), E(3) Lugovic et al., 1991
Kopaonik Jurassic Bon(7) Marroni et al., 2004
Various Triassic CAB(14) Trubelja et al., 2004
Various Jurassic N(12) Trubelja et al., 1995
Varda mélange Undefined 1AT(2), CAB(2) Author’s unpublished data
N Kozara Cretaceous N(4), E(8), AB(3) Ustaszewski et al., 2009
N Kozara/Zlatibor Jr-Cr N(8), E(5) Author’s unpublished data
Albania Mirdita Western Belt Jurassic N(5), E(1), MTB(9), Bon(2) Bortolotti et al., 2002
Western Belt mélange  Triassic N(10), E(2) Bortolotti et al., 2004
Western Belt mélange  Triassic N(6), E(1), MTB(1), CAB(1) Monjoie et al., 2008
Western Belt mélange  Triassic N(5), E(1), MTB(1) Tashko et al., 2009
Porava Triassic N(2), E(3), AB(1) Bortolotti et al., 2006
Western Belt Jurassic N(9), IAT(20), Bon(6) Dilek et al., 2008
S Mirdita Jurassic N(2), MTB(1) Hoeck et al., 2002
Tropoja mélange Jurassic MTB(4), Bon (4) Author’s unpublished data
Greece Hellenide Ophiolites Othrys mélange Undefined N(5), P(4) Bortolotti et al., 2008
Koziakas Triassic E(1), AB(6) Chiari et al.,, 2012
Othrys Triassic N(4), E(3), AB(6), CAB(2) Monjoie et al., 2008
Othrys mélange Undefined N(3), AB(1), MTB(4), Bon(5) Photiades et al., 2003
Pindos Jurassic N(2), Bon(12) Saccani and Photiades 2004
Argolis mélange Undefined N(6), E(3), P(6), AB(1), Bon(10) Saccani and Photiades 2005
Koziakas mélange Undefined N(1), E(4), Bon(3) Saccani et al., 2003a
Argolis mélange Triassic N(4), E(7) Saccani et al., 2003b
Almopias melange Undefined N(6), E(4), AB(3), Bon(9) Saccani et al., 2008b
Guevgueli L Jurassic BABB(13), CAB(12) Saccani et al., 2008¢
Vourinos Jurassic 1AT(14) Saccani et al., 2008d
Attic-Cycladic Zone Samotraki Jurassic BABB(12), CAB(5) Koglin et al., 2009a,b
Lesvos mélange Jurassic N(5), E(4) Koglin et al., 2009a,b
Siphnos Undefined CAB(9) Mocek, 2001
Kamariza Undefined N(1), E(2), P(2), CAB(19) Photiades and Saccani 2006
Turkey Izmir-Ankara Ankara Mélange LJr-E Cr G(3), E(2), AB(8), CAB(2) Bortolotti et al., 2013
— Ankara Mélange Triassic E(4), IAT(4), BABB (6) Gonctioglu et al., 2010
— Refahiye L Cretaceous 1AT(9) Sarifakioglu et al., 2009
- Ankara Mélange Undefined N(6), E(7), AB(5), CAB(7) Tankut et al., 1998
Antalia Tekirova L Cretaceous AB(2), IAT(8), Bon(6) Bagci et al., 2006
Tauride Kizildag L Cretaceous IAT(13), Bon(6) Dilek and Thy, 2009
Kizildag L Cretaceous 1AT(7), CAB(2) Parlak et al., 2009
Adana Basin Misis Ophiolite Miocene CAB(10) Floyd et al., 1991
Intra-Pontide Arkotdag Mélange Jurassic N(11) Gonciioglu et al., 2008
NW Anatolia Istanbul—Zonguldak Precambrian IAT(6), Bon(1), BABB(4) Yigitbas et al., 2004
Cyprus Troodos LPL, UPL L Cretaceous 1AT(3), Bon(9) Osozawa et al., 2012
Caucasus Armenia Sevan Cretaceous BABB(7), AB(10) Rolland et al., 2009
Iran Zagros Baft Jurassic N(4), E(4), P(8) Arvin and Robinson, 1994
Kermanshah Triassic G(4), N(3), E(3), P(17), AB(4) Saccani et al., 2013b
Iran Makran Makran L Jurassic E(9) Ghazi et al., 2004
Sistan Nehbandan undefined N(4), E(7) Saccani et al., 2010
Azerbaijan Misho Carboniferous G(4), E(1), P(13), AB(2) Saccani et al., 2013a
S Caspian S Caspian L Cretaceous AB(7), CAB(7) Salavati, 2008
Oman Hawasina Cretaceous P(12), AB(44) Chauvet et al., 2011
Semail Cretaceous N(10), E(4) Einaudi et al., 2000
Semail Cretaceous N(7), IAT(5) Godard et al., 2006
Para-authoctonous Permian N(5), E(11), AB(15) Lapierre et al., 2004
India SW India Kandra Paleoproterozoic  E(3), P(3) Kumar et al., 2010
Indo-Myanmar Manipur Mesoz-Paleoc N(6), E(7) Singh et al., 2012
Palghat-Cauvery SZ Manamedu Neoproterozoic 1AT(3), Bon(5), CAB(1) Yellappa et al., 2010
Tibet Yarlung Zangbo Saga LJr-E Cr N(12), P(2), AB(5) Bedard et al., 2009

(continued on next page)
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Region Zone/Area Ophiolite Age Basaltic rock-type (number of samples) Reference
Ophiolite Mélange Jurassic N(1), E(1), AB(4), SD(1), CAB(2) Dupuis et al., 2005
Xigaze Cretaceous N(15) Guilmette et al., 2009
Zedong Jurassic SD(6) Malpas et al., 2003
Rembu Jurassic AB(16) Xia et al., 2008
Zhongba E Cretaceous AB(10) Dai et al., 2011
Bangong-Nujiang Bangong Lake Jurassic E(8), Bon(8) Shi et al., 2008
Lagkor Tso Jurassic N(3), E(5), IAT(11), Bon(1) Wang et al., 2008
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compared to N-MORBs, these rocks show slightly lower abundance
in P, Hf, Zr, Ti, Y, and MREE/HREE ratios. If compared to IATs, they
show similar abundance of P, Hf, Zr, Ti, Y, but slightly higher con-
centrations of both MREE and HREE. However, the most striking
difference between MTBs and IATs is that the former have strong Th
depletion, whereas the latter have relative Th enrichment, which is
indicative of SSZ-type enrichment by fluids released from the
subducting slab (as also observed in boninitic basalts).

Saccani et al. (2011) suggested that primary MTB melts may
have derived from partial melting of depleted mantle (cpx-poor
lherzolite or cpx-rich harzburgite), which is residual after MORB
melt extraction, without the addition of subduction components.
According to Bébien et al. (2000), the partial melting of a depleted
mantle without a significant contribution from SSZ fluids requires
an anomalously high thermal regime. Moreover, the coexistence
of MTBs and N-MORBs in the same volcanic section implies that
partial meltings of two compositionally distinct mantle sources
were contemporaneously active in the same area. Therefore,
different authors, though with some variants, postulated that
MTBs formed during the early stage of a subduction (nascent

487

forearc) that was established close to a mid-ocean ridge (Bébien
et al.,, 2000; Insergueix-Filippi et al., 2000; Bortolotti et al.,
2002; Hoeck et al., 2002; Dilek et al., 2008). In addition, a few
basalts from different ophiolitic complexes of various ages show
chemical characteristics very similar to those of MTBs. These ba-
salts, beside marked depletion in Th and Nb compared to other
HFSE (e.g., Ti, P, Zr, Y) share many geochemical features with MTBs,
such as strong depletion in LREE with respect to MREE and HREE
and Ti, Zr, Y contents similar to those of N-MORBs. They include
Jurassic samples from the ophiolitic mélange (Dupuis et al., 2005)
and the Zedong unit (Malpas et al., 2003) in the Yarlung Zangbo
suture zone in Tibet, samples from the Paleozoic Kuerti ophiolites
in the Altai region (Xu et al., 2003) and from the Jurassic Gokur-
akudaira (Hokkaido) ophiolites in Japan (Takashima et al., 2002).
All these authors described these basalts as MORB-like rocks
showing depleted features that originated from depleted mantle
sources. In particular, Xu et al. (2003) concluded that these basalts
from the Kuerti ophiolites have a geochemical and isotopic
signature suggesting a depleted mantle source not significantly
modified by the addition of subduction components and that they
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Figure 4. (a—d) Plots of one set of 1500 random numbers used to generate spurious self-correlations for totally uncorrelated variables x, y, z. (e—g) Plots of one set of 1500 random
numbers used to generate spurious self-correlations where k is correlated with x, whereas x-z and k-z are uncorrelated. (h) Spurious self-correlations generated for a variable (10C)

in the range 0—800 vs. a variable (A) in the range 0—80.
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were most likely generated in a back-arc basin setting. Likewise,
Takashima et al. (2002) suggested that similar basalts from Hok-
kaido ophiolites were generated in a SSZ setting, such as fore-arc,
intra-arc, or back-arc regions. Although the overall chemistry, as
well as the postulated petrogenesis and mantle source composi-
tions of these basalts are very similar to those of MTBs, I prefer to
collectively define these rocks as SSZ depleted (D-) MORB, because

a definite correspondence between MTBs and these rocks is yet to
be proved.

Calc-alkaline basalts (CAB) commonly form in mature, ensimatic
volcanic arc settings (e.g., Sierra Nevada, California; Guatemala-
Cuba-Venezuela, central America). They are commonly found in
volcanic-arc ophiolites, which differ from supra-subduction zone
ophiolites based on their thicker and more fully developed arc crust
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Figure 5. Plots of different post-Archean ophiolitic basaltic rock-types on Thy vs. Nby diagrams. Nb and Th are normalized to the N-MORB composition (Sun and McDonough, 1989).
See Table 1 for data sources. The compositions of primordial mantle (PM) and depleted MORB mantle (DMM) shown in panel (a) are from Sun and McDonough (1989) and Workman
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(Dilek and Furnes, 2011). The polygenetic crustal structure of vol-
canic arc settings (Dilek and Furnes, 2011) largely favors crustal
chemical input and wall rock assimilation (e.g., DePaolo, 1981),
which result in a significant enrichment in Th and LREE compared
to Nb and HREE, respectively. Moreover, these basalts typically
show Ta, P, and Ti depletion, which is interpreted to reflect partial
melting of depleted mantle sources (e.g., Pearce, 1982).

Backarc basin basalts (BABB) may form in both oceanic and
continental backarc basins as a result of seafloor spreading in
ensimatic and ensialic settings, respectively (Dilek and Furnes,
2011). They may form in embryonic backarcs (subduction-prox-
imal) that may evolve to mature backarcs (subduction-distal).
BABBs commonly derive from partial melting of ascending N-MORB
source-like asthenosphere, as a consequence of the backarc rifting
(e.g., Taylor and Martinez, 2003; Pearce and Stern, 2006). These
basalts may show a large variability in LILE/HFSE (e.g., Th/Tb, Th/Yb,
Ta/Yb, Th/Ta, and Ba/Zr) and LREE/HREE ratios, depending on the
extent of metasomatic enrichment of the mantle sources by SSZ
components.

3. Database

Initially, a database comprising about 2200 geochemical ana-
lyses of basaltic rocks from worldwide ophiolitic complexes was
compiled from the literature. In order to avoid as much as possible
compositional variations due to fractional crystallization processes,
only basaltic rock-types were chosen. Moreover, the choice of mafic
rock samples was restricted to those ophiolitic complexes for which
the tectonic setting of formation was unambiguously described by
the author(s). Nonetheless, each of the 2200 samples was checked
for the consistency of its tectonic and chemical classification using
incompatible elements and REE, as well as a number of well-known
tectonic discrimination diagrams used in combination (e.g., Wood,
1980; Pearce, 1982, 2008; Shervais, 1982; Meschede, 1986; Cabanis
and Lécolle, 1989). Moreover, ABs have been distinguished from
enriched MORB types on the basis of Nb/Y ratios being >1 (Pearce,
1982). For a limited number of samples (about 6%) some discrep-
ancies between the postulated tectonic classification and the
chemical analyses were observed. These incongruities were
observed mainly in high pressure-low temperature (HP-LT) meta-
morphic rocks, where mobilization of several elements (including
many of those assumed as relatively immobile, see Pearce, 1982)
may have obliterated the original geochemistry leading to an
objective difficulty in tectonic classification. In a few cases, the
inconsistency of the tectonic classification was probably due to
poor analytical data. Samples showing ambiguity in their tectonic
and chemical classification were excluded and the database used in
this paper was then reduced to 2035 samples. Such a number of
samples can be considered to be statistically valid and represen-
tative of ophiolitic basaltic rocks worldwide. Details on location,
age, geochemical affinity, and related references of the samples
used herein are summarized in Table 1, whereas their worldwide
coverage is presented in Fig. 1. The database includes rocks span-
ning in age from Proterozoic to Cenozoic. These rocks are mostly
represented by volcanic and subvolcanic varieties, though a limited
number of gabbros described by the authors as representative of
liquid compositions were also included. According to the authors’
descriptions, most of the samples are affected by low temperature
alteration mainly due to ocean-floor metamorphism. Nonetheless,
the database also includes medium- and high-grade metamorphic
rocks (up to amphibolite-facies), as well as different varieties of HP-
LT metamorphic rocks. Finally, the database includes samples from
both coherent volcanic sequences and disrupted sequences incor-
porated in mélange terranes, regardless of whether or not these
sequences match the “ophiolite” definition of the Penrose

Conference (Anonymous, 1972). The rationale behind this choice is
that the aim of this paper is to include all the possible basaltic types
that can be found in ophiolites. Indeed, many rocks incorporated in
ophiolites, though not strictly classifiable as “ophiolites” may
effectively assist in defining the tectonic evolution of an ancient
oceanic basin and surrounding continental margins.

4. Spurious self-correlations using element ratios having a
common component

The correlation of two ratios with a common variable was first
reported by Pearson (1897) who called such ratio correlations
simply “spurious correlations”. Kenney (1982) suggested to use the
term “spurious self-correlation” for distinguishing the spurious
correlation resulting from a common variable from other forms of
spurious correlation. Although spurious self-correlation is widely
known in biological, sociological, and economics studies (e.g., Kuh
and Meyer, 1955; Atchley et al., 1976; Kronmal, 1993), they are
generally overlooked by scientists working in earth science disci-
plines. Chayes (1949) is one of the few authors that brought to the
attention of geologists numerous examples of spurious self-
correlation in the petrographic literature.

A spurious self-correlation arises when one variable, A (a sum,
ratio, or product) is correlated with a second variable, B (a sum,
ratio, or product) and the two parameters have some element in
common. Given that, the correlation coefficient (r) is a remarkably
useful index of the relation between two variables, consider three
independent random variables x, y, and z. If x is plotted against y, a
scatter graph results and the correlation coefficient rxy, between the
two variables is equal to zero. Likewise, ry, = 0 and r,, = 0. However,
if two parameters A and B are formed from the original variables,
such that A = x/z and B = y/z, the correlation coefficient rag # 0 (see
Kenney, 1982). When A is plotted against B, a line may be fitted to
the individual data points. From this line a value of B = y/z can be
determined for each value of A = x/z. Hence, it would appear that a
value of y can be determined from a value of x even though it was
initially assumed that all three variables were independent of each
other. The correlation coefficient rap is called spurious because it
implies a correlation between two parameters formed from inde-
pendent variables. The numerical value of the spurious self-
correlation coefficient rap is dependent upon the form of the pa-
rameters (sum, ratio, product, etc.) and the variability of each of the
original variables. Fig. 4 shows two sets of 1500 random numbers
that are used to generate spurious self-correlations. In the first set,
three totally independent variables (x, y, and z) are used (Fig. 4a—c).
It can be observed that a marked spurious self-correlation is
generated when plotting y/z (A) against x/z (B), with rag = 0.870
(Fig. 4d). In the second set of random numbers (right column), the
variable k is correlated with x, having ry, = 0.856 (Fig. 4e), whereas
k and z (Fig. 4f), as well as x and z (Fig. 4b) are mutually indepen-
dent. In Fig. 4g it can be observed that in this case also a spurious
self-correlation is generated when plotting k/z (C) vs. x/z (A), but its
influence is definitely lower than that observed for the first set of
variables. Moreover, in Fig. 4h it is shown that when plotting the
ratio C multiplied by ten (10C) vs. A, the generated spurious self-
correlation (rajoc = 0.869) differs from that arising in the C vs. A
plot (rac = 0.958). Therefore, it should be noted that the spurious
self-correlations have very different effects for the two sets of data
considered herein. In fact, from the Egs. (4) and (5) in Chayes (1949)
it can be demonstrated that:

- The lesser are ryy, I'xz, and 1y, the greater is rx/z, yjz);
- If 1y >> 1%, = 1y, the influence of spurious self correlation is
greatly reduced (or even negligible);
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Figure 6. Plots of selected examples of oceanic, subduction-unrelated ophiolitic sequences on Thy vs. Nby diagrams. Nb and Th are normalized to the N-MORB composition (Sun
and McDonough, 1989). Fields indicating the compositional variation of different rock varieties are based on Fig. 5. Abbreviations, MORB: mid-ocean ridge basalt, N-: normal type, E-

: enriched type, P-: plume type, AB: alkaline basalt.

- When ryy # rx; # Iy, the resulting r(y, y)z) is variable and
unpredictable;

- T(xJz, y|z) is strictly depending on the order of magnitude of the
variables x, y, z.

The examples shown in Fig. 4 very clearly illustrate well the
conclusions of Chayes (1949) that can be summarized as follows:

- using element ratios with a common variable should be
avoided;

- the formation of ratios should be confined to those cases in
which hypotheses being tested deal with ratios;

- deducing a meaning from ratios (as often observed in litera-
ture) is in many cases ambiguous and in a few cases definitely
misleading;

- The passage from ratio correlation (e.g., x/z vs. y/z) to inference
about relations between absolute measures (i.e., x vs. y) — as
also frequently observed in literature — is ambiguous at best
and often misleading;

- Absolute measures are always preferable when large numbers
of observations must be recorded.

From these conclusions, it results that plotting in one x/z vs. y/z
graph different magmatic series (i.e., alkaline, calc-alkaline, etc.)
having different (x, y), (x, z), (y, z) correlation coefficients and
comparing them to each other is mathematically inconsistent. In
fact, different extents of spurious self-correlation will be generated
for the different magmatic series in a variable and unpredictable
way, then precluding an effective interpretation of their mutual
relationships. A thorough mathematical examination of the effects
that spurious self-correlations may have on the most common
tectonic discrimination diagrams is beyond the scope of this paper.

Nonetheless, from the mathematical demonstrations in Chayes
(1949) it is clear that, at least from a qualitative point of view,
these diagrams are realistically more or less affected by this prob-
lem. In light of the conclusions by Chayes (1949), it is not surprising
that the Ti/1000 vs. V discrimination diagram proposed by Shervais
(1982) rarely fails in correctly classifying data (author’s personal
experience). Indeed, it is based on absolute measures and hence it is
not affected by any mathematical distortion.

5. Discriminating between different ophiolitic basaltic rocks
5.1. Th vs. Nb diagram

Pearce (2008) has demonstrated the importance of two
geochemical proxies for the identification and classification of
oceanic basalts: (1) the Th—Nb proxy, which is particularly useful in
highlighting crustal input and hence demonstrating an oceanic,
non-subduction setting; (2) the Ti—Nb proxy for indicating the
melting depth. However, in his schemes, Pearce (2008) used Yb as a
sort of normalizing value for Nb, Th, and TiO, abundances, which
may result in severe spurious self-correlations. Indeed, when
plotting the data from 2035 known ophiolitic basalts (Table 1) on
the Th/Yb vs. Nb/Yb diagram of Pearce (2008), variable rates of
misclassification can be observed for different basaltic-types (not
shown). Interestingly, the rate of misclassification is high for basalts
that should fall in the MORB-OIB array. In detail, 17% of N-MORBs,
31% of E-MORBs, 27% of P-MORBs, and 30% of ABs plot in the field
for volcanic arc basalts. Taking MORB-OIB array basalts as a whole, a
total of 261 out of 1097 samples (25%) are misclassified. In contrast,
the rate of misclassification is very low for SSZ-type (volcanic arc
array) basalts (2% for boninites; 0% for IATs and CABs). Nonetheless,
the rate of overlapping between SSZ samples, having different
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magmatic affinities, is very high for these basalts. For example, 98%
of IATs overlap with boninites, whereas 88% of boninites overlap
with IATs. Again, 20% of boninites + IATs overlap with CABs,
whereas 60% of CABs overlap with IATs and boninites. According to
Chayes (1949), it is likely that these considerable rates of misclas-
sification may be related (at least in part) to variable behavior of the
spurious self-correlations in the different magmatic series. Indeed,
using the data under examination (Table 1), dividing Th and Nb by
Yb induces quite different extents of spurious self-correlation in
oceanic and volcanic arc rocks, if plotted collectively (not shown).
Moreover, the same problem is observed when considering single
rock-types (i.e., N-MORB, E-MORB, IAT, boninites, etc.). Nonethe-
less, Th and Nb are particularly useful for discriminating basalts
from different tectonic settings (Pearce, 2008). Therefore, this pa-
per intends to develop the method of Pearce (2008) by using ab-
solute measures of Th and Nb plotted in a simple binary diagram
(Fig. 5) in order to avoid unwanted spurious self-correlations. This
diagram has been used for plotting 2035 mafic rocks from world-
wide ophiolitic complexes (Table 1, Fig. 1). In this diagram, Th and
Nb are normalized to the N-MORB composition of Sun and
McDonough (1989) in order to have a direct idea of the enrich-
ment or depletion with respect to a well-known rock-type such as
N-MORB.

A major point arising from Fig. 5 is that >99% of the analyzed
basaltic rocks from oceanic, subduction-unrelated settings plot
below the segment between the primordial mantle (PM)
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Figure 7. Plots of Dy vs. Yb, Ce vs. Yb, and Ce vs. Dy for G-MORB (garnet-influenced
mid-ocean ridge basalt) and N-MORB (normal mid-ocean ridge basalt) rock-types. See
Table 1 for data sources.
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Figure 8. Chondrite-normalized (Sun and McDonough, 1989) Dy/Yb vs. Ce/Yb diagram
used for discriminating between G-MORB and N-MORB. The x-y coordinates of the
separation line are given in brackets. In percent are indicated the rates of correct
classification using the assumed separation line.

composition (Sun and McDonough, 1989) and the point with co-
ordinates Nby = 100; Thy = 1000 (Fig. 5a) thus defining the N-
MORB — OIB array (Fig. 5b—f). In contrast, >99% of subduction-
related basaltic rocks (Fig. 5h—j) plot above this segment. In
detail, 99% of both G-MORBs and N-MORBs plot at the lower Nb-Th
part of the array and have similar Nb and Th contents (Fig. 5b, c).
This implies that these two ophiolitic basaltic types cannot be
discriminated from each other simply using this diagram. E-MORBs
(Fig. 5d) and P-MORBs (Fig. 5e) have Nb and Th contents higher
than those of N-MORBs and typically form trends extending along
the MORB—OIB array away from the N-MORB composition. AB
samples plot at the higher Nb-Th part of the N-MORB-OIB array
(Fig. 5f).

From Fig. 5b—f it results that there is large overlap between N-
MORB and E-MORBs, as well as E-MORBs and ABs. Moreover, P-
MORBs totally overlap with both E-MORBs and ABs. Irrespective of
their age and location, there is no relationship between samples
that are overlapping. Many of the data used in Fig. 5b—f include
basaltic rocks from mélange terranes. These include, for example,
the Ankara Mélange in Turkey (Tankut et al., 1998; Sarifakioglu
et al., 2014), the Lagkor Tso ophiolite in Tibet (Wang et al., 2008),
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Figure 9. Chondrite-normalized (Sun and McDonough, 1989) Dy vs. Yb diagram used
for discriminating between boninitic and IAT (island arc tholeiite) basaltic rocks. The x-
y coordinates of the separation line are given in brackets. In percent are indicated the
rates of correct classification using the assumed separation line.
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and the New Caledonia ophiolite (Cluzel et al., 2001) where E- ophiolite in Iran (Saccani et al., 2013b), the marginal Permian se-
MORB samples overlap N-MORB compositions. Nonetheless, over- quences of Oman (Lapierre et al, 2004), and the North Kozara
lapping between different basaltic types is also observed in several ophiolites in Bosnia and Herzegovina (Ustaszewski et al., 2009)
coherent ophiolitic sequences. Basalts from the Kermanshah show the largest chemical variation, which continuously extend
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Figure 11. (a) Plot of basalts from modern magma-poor, ocean-continent transitions
zones on the chondrite-normalized (Dy/Yb) vs. (Ce/Yb) diagram used for discrimi-
nating between G-MORB and N-MORB. (b) Plot of boninitic and IAT (island arc
tholeiite) basalts from modern intra-oceanic supra-subduction zone settings on the
chondrite normalized Dy vs. Yb diagram. Normalization values are from Sun and
McDonough (1989). Locations of samples used and related references are given in
each panel. IBM: Izu Bonin Mariana system. Fields indicate the compositional variation
of each rock-type, as deduced from Figs. 8 and 9 (Pearce et al., 1992; Woodhead and
Johnson, 1993; Maillet et al., 1995; Bryant et al.,, 2003; Cornen et al., 1996; Haase
et al.,, 2000; Seifert and Brunotte, 1996).

from depleted N-MORB to enriched AB compositions (Fig. 6a—c).
Other examples show comparatively limited chemical variations
but significant overlapping, as in the Mino-Tamba ophiolites in
Japan (Ichiyama et al., 2008) and in the Hawasina Nappe in Oman
(Chauvet et al., 2011), where basalts exhibit variable enrichments
(Fig. 6d, e), or in the Shangdan ophiolite (Dong et al., 2011) where
basalts show N-MORB to E-MORB compositions (Fig. 6f).

Within the SSZ group, IATs and boninites (Fig. 5g, h) plot in the
same field, that is above the main division line previously described
and below the segment between coordinates (x = 0.01; y = 20) and
(x =2.2; y = 8).1Itis therefore clear that these two ophiolitic basaltic
types cannot be discriminated using the Nb-Th systematics. In
contrast, CABs (Fig. 5i) can be easily distinguished from IATs and
boninites as they plot above the previously defined segment. The
misclassification rate for these rocks is <0.5%, as only 1 out of 244
samples plots in the field for MORB-OIB array basalts. CABs used for
the present study include both samples from mélange terranes and
from coherent volcanic sequences. Typical examples of CABs
included in mélange are found in the Dinaride-Albanide-Hellenide
ophiolites (Monjoie et al., 2008; Saccani et al., 2008b; Chiari et al.,
2011) and in the Ankara and Misis ophiolites in Turkey (Floyd et al.,
1991; Tankut et al., 1998; Bortolotti et al., 2013). CABs from coherent

volcanic sequences mostly include rocks generated at ensialic vol-
canic arcs, such as the Jurassic Transylvanian Depression in
Romania (lonescu et al.,, 2009), Attic-Cycladic zone in Greece
(Photiades and Saccani, 2006; Koglin et al., 2009a,b), Guevgueli
complex in Greece (Saccani et al., 2008d), Cascades ophiolites in N
America (Metzger et al., 2002), as well as the Paleozoic Marl-
borough Terrane (Bruce and Niu, 2000) and Glympie Group (Sivel
and McCulloch, 2001) in Australia and the Bampo Complex (Jian
et al., 2009) in the Yaxinqgiao ophiolite (SW China).

Medium-Ti basalts and supra-subduction zone depleted MORBs
can be readily distinguished from all other ophiolitic rock-types as
they plot at the lower Nb-Th part of the diagram (Fig. 5j). Th and Nb
contents in these rocks are lower than those of PM (Sun and
McDonough, 1989) and, in some cases significantly lower than
those of the depleted MORB mantle of Workman and Hart (2005).

Backarc basin basalts from various ophiolitic complexes plot
almost symmetrically across the N-MORB-OIB array in the Thy vs.
Nby diagram and extend from the PM composition to the lower Th-
Nb part of the CAB composition (Fig. 5k). They mainly overlap the
Nb-Th compositions of N-MORB, and IAT + boninite. It is therefore
clear that a discrimination among these rock-types using Nb-Th
systematics is impossible.

5.2. Discriminating between G-MORB and N-MORB: Dy/Yb vs. Ce/
Yb diagram

As shown in Section 5.1, G-MORBs and N-MORBs cannot be
discriminated using Nb-Th systematics. However, some authors
(e.g., Montanini et al., 2008; Saccani et al., 2008a, 2013b) have
shown that, in contrast to N-MORBs, G-MORBs show a significant
garnet signature. This garnet signature can be highlighted using
ratios of LREE/HREE and MREE/HREE, as, for example, Ce/Yb and
Dy/Yb. However, using element ratios having a common denomi-
nator may result in spurious self-correlations. Nonetheless, it has
been shown in Section 4 that spurious self-correlations are negli-
gible when pairs of the three variables used in ratios are strongly
correlated to each other. Therefore, the degree of correlation be-
tween Ce, Dy, and Yb for both C-MORBs and E-MORBs has been
tested and the results are shown in Fig. 7. From this figure, it can be
observed that every pair of these three elements for both rock-
types shows strong mutual correlations. As a consequence, using
Ce/Yb and Dy/Yb ratios for these rocks will not induce any spurious
self-correlation. Ce/Yb and Dy/Yb chondrite-normalized (Sun and
McDonough, 1989) ratios for G-MORBs and N-MORBs are plotted
in Fig. 8. Using these elemental ratios 503 samples of G-MORB and
N-MORB can be discriminated from each other. In detail, 96% of the
G-MORBs and 99% of the N-MORBs can be discriminated by the
segment between coordinates (x =2;y = 0.9) and (x = 0.4; y = 1.5).

5.3. Discriminating between island arc tholeiites and boninites: Yb
vs. Dy diagram

As shown in Section 5.1, IATs and boninites cannot be discrim-
inated using Nb-Th diagram. In fact, Pearce (2008) has demon-
strated that Th is indicative of subduction input. These rocks largely
share the same tectonic environment in intra-oceanic SSZ setting.
Therefore, their mantle sources underwent similar Th enrichments
prior to melting. Nonetheless, Beccaluva et al. (1984) and Beccaluva
and Serri (1988) suggested that boninites originated from higher
degrees of partial melting of a depleted mantle source, or, alter-
natively, from low degrees of partial melting of a more depleted
mantle source compared to IATs. Therefore, the search of chemical
parameters that can best discriminate between these two rock-
types should be addressed to those elements that best account
for different degrees of partial melting or different degrees of
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depletion of the mantle sources, and should exclude those ele-
ments that are related to the subduction-zone contribution to the
magma source. To this purpose, exploratory discrimination dia-
grams, using various combinations of linear and log-transformed
trace elements and trace element ratios were performed. Howev-
er, using element ratios for these rocks always resulted in severe
spurious self-correlations (not shown). The best discrimination can
then be obtained using absolute measures of Yb and Dy, as shown
in the diagram in Fig. 9. These elements indeed better account for
different degrees of partial melting and/or different degrees of
depletion of the mantle sources. In this diagram, elements are
normalized to the chondrite composition (Sun and McDonough,
1989) for the same reasons as explained for the Th-Nb diagram in
Fig. 5. Using Yb-Dy systematics, 100% of the analyzed boninites can
be discriminated from 99% of IAT by the division line shown in
Fig. 9. It should also be noted that the boninitic samples can be
discriminated from IAT simply considering the Dyy value, since
99.5% of boninites have Dyy < 8.5 and 99% of IATs have Dyy > 8.5.

6. Assessment of the results

The discrimination diagrams shown in Section 5 were extremely
good at classifying different types of ancient ophiolitic basaltic
rocks. From a statistical point of view, as the number of samples in a
model increases, its ability to resolve even the smallest subtleties in
the data under inspection improves (Vermeesch, 2006). However,
the easiest way to obtain a more objective estimate of future per-
formance is to use a second database, which had not been used for
the construction of the discrimination diagrams. Therefore, a set of
565 data was compiled from 17 locations (Fig. 1). In order to better
assess the consistency of the proposed diagrams, the data from
known tectonic settings were used (Fig. 10).

All the oceanic, subduction-unrelated basalts (358 samples) are
properly classified within the MORB-OIB array (Fig. 10a—h) and all
the subduction-related basalts (120 samples) are perfectly classi-
fied in the volcanic arc array (Fig. 10i, j). Nonetheless, within the OIB
group, ~ 5% (10 out of 214 samples), though plot within the MORB-
OIB array, occupy outside the compositional field for ABs. All these
samples are from the Indian Ocean islands (Fig. 10g). Samples from
modern magma-poor, OCTZ (i.e.,, Iberia and Red Sea—western
Arabia rifted margins) include E-MORBs, as well as N-MORBs
showing high MREE/HREE ratios (i.e., G-MORBs), which are both
accurately classified in the Th-Nb diagram (Fig. 10i). Moreover, G-
MORBs are also perfectly distinguished from typical N-MORBs us-
ing the (Ce/Y)n vs. (Dy/Yb)y diagram (Fig. 11a).

Within the volcanic arc array basalts, all boninite and IAT sam-
ples are exactly classified in the IAT + boninite field (Fig. 10i). Using
the Yby vs. Dyy discrimination diagram for distinguishing IAT and
boninitic basalts (Fig. 11b), all samples from modern oceanic envi-
ronments are properly classified. The classification of modern CABs
using the Thy vs. Nby diagram can also be considered fully satis-
factory, as only one out of 60 samples plot outside the CAB field
(Fig. 10k). In contrast, 5 out of 87 (~6%) samples of modern BABBs
are misclassified (Fig. 101). All the misclassified samples are from
the Lau Basin, whereas samples from the New Hebrides and
Woodlark backarc basins are properly classified. In summary, the
decision boundaries in the Thy vs. Nby, (Ce/Y)n/(Dy/Yb)n, and Yby
vs. Dyn diagrams seem to perform definitely well for basalts from
modern tectonic settings.

7. Critical analysis and limitations of the method
Sections 5 and 6 have shown that the discrimination diagrams

proposed in this paper were extremely well at classifying many
different types of ancient ophiolitic basaltic rocks, as along with

modern rocks from different tectonic settings. Nonetheless, some
reflections on the proposed method should be made. The boundary
lines in the discrimination diagrams shown in Figs. 5, 8 and 9 were
drawn by eye in order to obtain the best discrimination between
different basaltic types. In principle, drawing lines by eye is not a
statistically rigorous method for discriminating different rock types
(see Vermeesch, 2006). Moreover, this conclusion is particularly
valid when, once plotted, different populations of samples show
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ophiolitic basaltic rock-types on the Thy vs. Nby diagram. Vectors indicate the
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tions: SSZ-E: supra-subduction zone enrichment; AFC: assimilation-fractional crys-
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Tectonic interpretation of ophiolitic basaltic types based on Thy-Nby systematics.
Backarc A indicates backarc basin basalts (BABB) characterized by input of subduction
or crustal components (e.g., immature intra-oceanic or ensialic backarcs), whereas
Backarc B indicates BABBs showing no input of subduction or crustal components (e.g.,
mature intra-oceanic backarcs). OCTZ: ocean-continent transition zone. In both panels,
Nb and Th are normalized to the N-MORB composition (Sun and McDonough, 1989).
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either large overlapping or large gaps. In both these cases, a division
line drawn by eye would be absolutely arbitrary. In contrast, the
diagrams in Figs. 5, 8 and 9 show that, if oceanic subduction-
unrelated rocks are considered collectively, either overlapping or
gaps between the different rock groups are negligible. Fig. 12a re-
sumes the chemical variation of all basaltic varieties on the Thy vs.
Nby diagram. From this figure it is clear that the chemical distinc-
tion between oceanic subduction-unrelated basalts, MTBs,
IATs + boninites, and CABs is very sharp. This means that there is
very little space for being arbitrary in drawing division lines by eye.
Moreover, it should be noted that the triple point separating SSZ
basalts with no subduction chemical contribution (i.e., MTB),
subduction-related basalts showing subduction chemical contri-
bution (i.e., IAT, boninite, CAB), and MORB-OIB array basalts, which
was initially drawn by eye, exactly corresponds to the PM compo-
sition. Finally, the major division line discriminating between
MORB-OIB array and volcanic arc array basalts is parallel to the line
representing the constant ratio between the bulk partition co-
efficients of Th and Nb calculated for PM composition using the
partition coefficients of McKenzie and O’Nions (1991). In fact, Th
and Nb behave similarly during partial melting of both spinel-facies
and garnet-facies mantle sources for melting degrees higher than
0.5%. Therefore, this boundary line discriminates between basalts
generated from mantle sources having Th/Nb ratios higher than
that of PM (Thy/Nby = 2.31) and basalts generated from mantle
sources having Th/Nb ratios lower than that of PM.

It should however be remarked that, as in other discrimination
schemes, the method proposed herein shows some limitations. The
first limitation is that this method does allow discrimination be-
tween basalts generated by shallow (i.e., spinel-facies mantle) or
deep (i.e., garnet-facies mantle) melting to be made due to similar
behavior by Th and Nb during partial melting in both spinel-facies
and garnet-facies mantle sources. For an appropriate recognition of
the melting depth, the Ti enrichment relative to garnet-compatible
Yb provides an excellent proxy for depth of melting (Pearce, 2008).

Another limitation is that this method does not allow a clear
discrimination between different basaltic types within the MORB-OIB
array. In fact, Fig. 12a shows that there is large overlapping between
N-MORBs and E-MORBs, and between E-MORBs, P-MORBs, and ABs.
This limitation may be related to some potential issues. There are
some examples of ophiolitic complexes and modern oceanic analogs
in which the Th-Nb, as well as REE concentrations extend without
interruption from depleted N-MORB to enriched alkaline OIB com-
positions, as, for example in the Zagros (Iran) ophiolites (Saccani et al.,
2013b), in the Permian para-autochthonous sequences of Oman
(Lapierre etal.,2004) (Fig. 6a,b)and in the modern Mohns Ridge — Jan
Mayen system (Haase et al, 1996) (Fig. 10a). Other examples of
ophiolitic complexes and modern oceanic settings showing limited
but typical trends from less enriched to more enriched compositions
are shown in Fig. 6d—f and Fig. 10e, g. Many authors attribute such
trends to mixing of enriched and depleted mantle reservoirs (e.g.
Schilling, 1973; Thirlwall et al., 2004), whereas other authors attribute
them to loss of melt fractions during the decompression that ac-
companies asthenospheric flow from an off-axis plume to a ridge (Niu
et al., 1999; Phipps Morgan and Morgan, 1999; Pearce, 2005). Finally,
Th and Nb behave similarly during both partial melting and fractional
crystallization processes (see trends in Fig. 12a). Therefore, Th-Nb
compositions of slightly fractionated basalts deriving from compar-
atively less enriched primary melts originated from a low degree of
partial melting, will inevitably overlap with Th-Nb compositions of
primitive basalts originated from a high degree of partial melting of a
relatively more enriched source. In summary, several petrogenetic
factors do not allow the different basaltic types from oceanic
subduction-unrelated settings to be clearly discriminated. An accu-
rate examination of several chemical parameters, such as

incompatible elements and REE is required to correctly recognize
these basaltic types.

A further limitation of the method proposed in this paper is that
it does not allow BABBs to be discriminated from some other
basaltic types (Fig. 12a). Also this limitation is related to some po-
tential issues. Indeed, BABBs show high variability in terms of
incompatible elements and REE, as they may form in a variety of
tectonic environments ranging from embryonic to mature backarc
and from oceanic to continental (ensialic) settings (Dilek and
Furnes, 2011). These different tectonic environments are associ-
ated with compositionally different mantle sources, as well as
different subduction inputs or crustal contaminations. According to
many authors (e.g., Taylor and Martinez, 2003; Pearce and Stern,
2006), the mantle source of BABBs is generally represented by N-
MORB-like asthenosphere that may be variably enriched in LILE
and LREE by crustal input via subduction or crustal contamination.
Therefore, in immature intra-oceanic and ensialic backarcs the
erupted basalts will commonly be characterized by crustal chemi-
cal influence (e.g., Th enrichment relative to Nb) producing a shift
towards high Th compositions. In contrast, basalts from mature
backarcs generally show compositions very similar (or virtually
undistinguishable) to those of N-MORBs. In order to correctly
identify these basalts other geochemical parameters and especially
geological data should be used in combination. However, once the
backarc nature of basalts is established, the Thy vs. Nby diagram
(Fig. 12a) may be very useful for recognizing the possible contri-
bution of subduction or crustal components on their mantle source.

8. Tectonic interpretation

The tectonic interpretation of ophiolitic basalts based on Th-Nb
systematics is shown in Fig. 12b. Using these elements, basalts
generated at divergent plate and within-plate settings can effec-
tively be distinguished from basalts generated at convergent plate
settings. The divergent plate and within-plate settings include
oceanic, subduction-unrelated environments, such as mid-ocean
ridge spreading centres, oceanic plateaux, and seamounts, as well
as incipient oceans at volcanic, non-volcanic (Alpine-type), and
transitional rifted margins and/or OCTZ. The Thy vs. Nby diagram
highlights the chemical variability of basalts generated in these
settings, which range from depleted compositions (N-MORB and G-
MORB) to progressively more enriched compositions (E-MORB and
P-MORB) and highly enriched compositions (AB). This chemical
variation reflects the source composition and degree of melting.
Since Th and Nb are insensitive to partial melting of garnet-bearing
sources, the recognition of G-MORBs, which are indicative of
Alpine-type (Iberia-type) rifted margins and/or OCTZ, can be made
using the diagram in Fig. 8.

Based on modern oceanic settings, Pearce (2008) suggested that
N-MORBs formed at plume-distal ridge settings, whereas E-MORBs
and P-MORBs formed at plume-proximal ridge settings. Likewise,
based on combined observations of the internal structure,
geochemistry and emplacement modes of ophiolites, Dilek and
Furnes (2011) suggested that enriched MORB compositions are
indicative of plume-proximal or plume-type ophiolites. However, it
should be noted that based only the geochemistry of basalts, the
concepts of “plume-proximal” and “plume-distal” cannot be
unambiguously applied to ancient ophiolites. Unfortunately, using
only geochemical evidence, enriched basalts generated at plume-
proximal settings are hard to be distinguished from similar rocks
generated at plume-distal settings. The plume-type signature of
basalts formed at plume-distal settings may be associated with
complex mantle heterogeneities, or chemical features inherited
from previous tectonic events, or very low partial melting degree of
a depleted mantle source (or, eventually, a combination of these). A
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typical example is represented by the Triassic E-MORBs, P-MORBs
and ABs (namely, OIBs) that are found in the Dinaride-Hellenide
Neo-Tethyan ophiolites (Saccani and Photiades, 2005; Bortolotti
et al., 2008; Monjoie et al., 2008; Tashko et al., 2009). In spite of
the enriched nature of these rocks, no geological evidence (e.g.,
regional doming, anomalous thermal regime, oceanic basaltic
plateaus, etc.) supporting the existence of a mantle plume activity
in that area during Triassic times has so far been documented. In
contrast, some authors, using geochemical and isotopic data, have
suggested that the mantle sources of the Dinaride-Hellenide
Triassic basalts have enriched characteristics that were inherited
from previous (Permian?) events (e.g., Pe-Piper, 1998). However,
Triassic enriched basalts from the Dinaride-Hellenide ophiolites
are chemically undistinguishable from similar rocks that were
clearly associated with mantle plume activity (i.e., plume-
proximal), such as those generated in the Paleo-Tethyan domain
(e.g., Dai et al,, 2011; Saccani et al., 2013a) and in the Cretaceous
northern Neo-Tethyan basin (see Rolland et al., 2009, and refer-
ences therein).

In summary, when using a geochemical approach, a distinction
of different basalts based on “chemical components” should be
preferred, regardless of the tectonic setting in which they were
generated. Hence, the use of the more prudential term “OIB-influ-
enced basalts” (OIB-influenced ophiolites) instead of plume-
proximal basalts (or ophiolites) is preferred in this paper
(Fig. 12b). The OIB term is used here merely for indicating a type of
chemical component. As a consequence, the present scheme also
enables interaction of OIB-type and typical MORB-type sources
(OIB-MORB source interaction) to be identified. Additional evi-
dence is needed to establish if OIB-influenced ophiolites are asso-
ciated with a real mantle plume activity or mantle source
enrichment of a different nature.

Three different types of convergent plate settings can be
discriminated on the Thy vs. Nby diagram in Fig. 12b. Island arcs
with complex polygenetic crustal nature are largely characterized
by the occurrence of CABs, which are displaced to the highest Th-
Nb values. Intra-oceanic arcs display a large variability in Th-Nb
contents, which can be used for recognizing two sub-types of
intra-oceanic arc basalts. The Th/Nb enrichment indicates
subduction-mantle source interaction, whereas decreasing Th-Nb
compositions with respect to that of PM define an array of mantle
depletion without contribution from subduction-derived com-
ponents (Fig. 12a, b). IATs and boninites are indicative of intra-
oceanic arc settings characterized by a variable contribution
from subduction-derived chemical components, such as forearc
and intra-arc. In contrast, MTBs and SSZ D-MORBs are indicative
of intra-oceanic arc settings characterized by no contribution
from subduction-derived chemical components, such as nascent
forearc (Bébien et al., 2000; Insergueix-Filippi et al., 2000;
Bortolotti et al., 2002; Hoeck et al., 2002; Dilek et al., 2008) and,
possibly, backarc-proximal intra-oceanic arc settings (see Xu
et al., 2003).

Basalts formed in backarc basin settings cannot be straightfor-
wardly identified using Thy vs. Nby systematics. For these rocks
there remains considerable ambiguity since they show the highest
variability in terms of incompatible elements and REE, as they may
form in a variety of tectonic environments ranging from embryonic
to mature backarc and from oceanic to continental (ensialic) set-
tings (Dilek and Furnes, 2011). Additional geochemical and, espe-
cially, geological constraints need to be used. Nonetheless, the Thy
vs. Nby diagram (Fig. 12b) may assist in the recognition of backarc
settings characterized by a variable contribution from crustal
chemical components (i.e., immature intra-oceanic or ensialic
backarcs) and backarcs showing no input of crustal components
(e.g., mature intra-oceanic backarcs).

9. Conclusions

In this paper, the method based on the Th-Nb proxy proposed by
Pearce (2008) is developed and applied to post-Archean ophiolites
in order to provide a new method for the identification of ten
different types of ophiolitic basalts and their tectonic setting. The
conclusions can be summarized as follows:

(1) A simple N-MORB normalized Thy vs. Nby diagram is proposed
as the main discrimination diagram. Using absolute measures
plotted in a binary diagram instead of using element ratios or
triangular diagrams have the great advantage that unpredict-
able mathematical artifacts are avoided (Chayes, 1949).

(2) In the Thy vs. Nby diagram, basalts generated in oceanic,
subduction-unrelated settings, rifted margins and ocean-
continent transition zones are distinguished from
subduction-related basalts with a misclassification rate <1%.

(3) The Thy vs. Nby diagram highlights the chemical variance of
oceanic, rifted margin, and OCTZ basalts from depleted com-
positions (N-MORB) to progressively more enriched composi-
tions (E-MORB and P-MORB) and highly enriched compositions
(AB), which reflects the variance of source composition and
degree of melting.

(4) Within the subduction-related group, basalts formed at island
arc with complex polygenetic crust (volcanic arc ophiolites of
Dilek and Furnes, 2011) can be distinguished from basalts
generated in intra-oceanic island arcs (SSZ ophiolites of Dilek
and Furnes, 2011) with a misclassification rate <1%. Within
the intra-oceanic arc group, island arc tholeiites and boninites
can be distinguished from medium-Ti basalts and SSZ depleted
MORBs with a misclassification rate <0.5%. This implies that
forearc and intra-arc sub-settings can be discriminated from
nascent forearc sub-settings. Moreover, a chondrite-normalized
Dyn-Yby diagram is proposed for discriminating between
boninite and IAT basalts with a confidence level >99.5%.

(5) A chondrite-normalized (Ce/Yb)y vs. (Dy/Yb)n diagram is pro-
posed for discriminating a sub-type of N-MORBs showing a
garnet signature (G-MORB), which is generated in Alpine-type
(Iberia-type) continental rifts and OCTZ, from typical N-MORBs
with a confidence level >96%.
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