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 Immobile Element 
Fingerprinting of Ophiolites

INTRODUCTION
Ophiolite complexes represent fragments of oceanic crust 
and upper mantle which formed at ocean ridges and were 
then emplaced on land. They commonly carry the only 
record we have of the nature and composition of the crust 
and upper mantle of former oceans, so they are impor-
tant in making past plate reconstructions. Extracting the 
maximum information from ophiolitic rocks requires the 
use of geochemistry to name the rock types, identify the 
tectonic setting and interpret fully their origin. All parts of 
the ophiolite are important for doing this, from the mantle 
peridotites at the base, through the plutonic complex, to 
the lavas and dykes and fi nally sediments. For reasons of 
space, I shall focus here on the lavas and dykes and on how 
geochemical fi ngerprinting can be used to determine the 
type of ocean ridge at which they formed. 

A particular problem with studying ophiolite lavas and 
dykes is that very few contain fresh glasses. Immediately 
following intrusion or eruption, the transfer of heat from 
the underlying magma chamber to the overlying ocean 
by hydrothermal circulation generally transforms the 
lavas and dykes, both mineralogically and geochemically. 
Thereafter, lower-temperature alteration continues as the 
oceanic crust moves further away from the ridge. Further 
modifi cation then takes place as the crust accretes at an 
active margin and becomes involved in orogenic processes 
– as occurred in many of the Alpine ophiolites. In extreme 
cases, ophiolite lavas may be subducted to depths of over 
100 km (resulting in eclogite facies metamorphism) or 
raised to the melting point at the peak temperature of an 
orogenic cycle (amphibolite and granulite facies metamor-
phism), in which case few, if any, mineralogical or struc-
tural relics of their original ocean-fl oor history may be 
preserved. 

The consequence is that most of 
the well-established geochemical 
methods of interpreting volcanic 
rocks cannot be applied to compa-
rable rocks in ophiolite complexes. 
Instead, a new branch of geochem-
istry, informally known as 
immobile element geochemistry, 
has developed over the past forty 
years to enable altered oceanic 
lavas to be assigned to their most 
probable tectonic setting. Here, 
I summarize the principles of 
immobile element geochemistry 

and examine how it may optimally be used to investigate 
ophiolitic lavas and dykes. 

SETTINGS OF OPHIOLITE FORMATION
When ophiolites were fi rst defi ned formally, they were 
assumed to represent lithosphere formed at mid-ocean 
ridges. Almost immediately, this assertion was contested 
(Miyashiro 1973), and there followed a sometimes acrimo-
nious debate about their precise setting of formation which 
is now well documented in the literature (e.g. Pearce and 
Robinson 2010; Dilek and Furnes 2014 this issue). With 
improving knowledge of the ocean fl oor, especially in 
marginal basins and at continental margins, it became 
apparent that sea-fl oor spreading could take place in a 
number of settings, not just at ridges in the centres of large 
ocean basins. The challenge then switched from answering 
the question of whether or not ophiolites formed at ocean 
ridges to determining the precise nature and setting of the 
ridges at which they formed. The various options have 
recently been defi ned and described in detail by Dilek and 
Furnes (2011, 2014). For the purpose of this paper, I have 
focused on the six types of ridges that might reasonably 
be distinguished geochemically on the basis of their petro-
genetic differences. These differences are fundamental to 
the application of immobile element geochemistry, so are 
summarized briefl y below and illustrated in FIGURE 1. 

‘Normal’ Mid-Ocean Ridges (FIG. 1A) 
These ridges form once an ocean has opened suffi ciently for 
steady-state spreading to be established and, by defi nition, 
are unaffected by plumes or the infl uence of subduction 
zones. There is a small degree of deep melting, but most 
melting takes place as a result of decompression at shallow 
depths (<60 km) as the mantle rises beneath the ridge in 
response to plate separation (e.g. Langmuir et al. 1992). 
The dominant magma type is known as normal mid-ocean 

Much of our understanding of ocean ridges has come from the collec-
tion and analysis of glasses recovered from ridge axes. However, 
applying the resulting methodologies to ophiolite complexes is 

not straightforward because ophiolites typically experience intense altera-
tion during their passage from ridge to subduction zone to mountain belt. 
Instead, immobile element proxies for fractionation indices, alkalinity, mantle 
temperature, mantle fl ow and subduction addition may be used to classify 
ophiolite lavas and fi ngerprint the precise setting of the ridge at which 
an ophiolite formed. The results can help us recognise and interpret past 
spreading centres and so make plate tectonic reconstructions. 
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ridge basalt (N-MORB). Its mantle source is depleted with 
respect to average mantle and is often termed depleted 
MORB mantle (DMM). 

Plume-Related Mid-Ocean Ridges (FIG. 1B) 
These ridges are located within the detectable infl uence 
of mantle plumes. Plume mantle is hotter than mantle 
beneath normal ridges. This leads to melting columns 
in which melting begins at greater depth than at plume-
distal ridges. As a result, more melting takes place within 
the deeper garnet facies compared to the shallower spinel 
facies, and the overall degree of melting is higher. Unlike 
DMM, plume mantle is typically undepleted or, if depleted, 
becomes so by mixing and by loss of small volumes of melt 
at depth as residual plume mantle moves laterally to the 
ridge, a process known as plume–ridge interaction (e.g. 
Niu and Hékinian 2004). The magma type in this setting 
may be termed P(plume)-MORB (Dilek and Furnes 2014). 

Continental Margin Ridges (FIG. 1C)
These ridges form when continents break up and evolve 
from a ‘rifting’ to a ‘drifting’ stage, and before a steady-state 
spreading regime has developed. At volcanic-rifted margins, 
driven by plume-associated extension, the lavas may be of 
P-MORB character. More distinctive are the non-volcanic 
rifted margins (e.g. Whitmarsh et al. 2001), where the lavas 
are more typically E(enriched)-MORB. Here, the presence 
of cool continental lithosphere and non-infi nite extension 
(compared to the situation once spreading is established) 
typically leads to cooler, shorter melting columns and 
hence less melting, which may, in part at least, be respon-
sible for the E-MORB character. Locally, the  involvement of 

trapped, relict continental lithosphere can lead to distinc-
tive, C(contaminated)-MORB compositions, not unlike 
those found in subducted ridge settings (FIG. 1F).

Subduction-Initiation Ridges (FIG. 1D)
A relatively recent development in ophiolite studies has 
been the recognition of the importance of intra-oceanic 
subduction-initiation processes in ophiolite genesis (e.g. 
Stern and Bloomer 1992). In the Stern-Bloomer model, the 
ophiolites form immediately after the start of convergence 
during an extensional event that accompanies the roll-back 
and sinking of the newly subducting plate. In this setting, 
mantle fl ows into the nascent mantle wedge and interacts 
with a small and variable contribution of fl uids from the 
sinking plate. Melting induced by the fl uid augments that 
resulting from decompression, leading to a higher degree 
of melting than at mid-ocean ridges (e.g. Langmuir et al. 
2006). Subduction-infl uenced lavas originating in this 
setting have been termed forearc basalts (FAB) by Reagan 
et al. (2010). The ophiolite-forming spreading event is 
typically followed by the fi rst products of arc volcanism. 
These are commonly boninites, a distinctive Mg,Si-rich lava 
formed by the melting of depleted mantle under shallow, 
hydrous conditions (Ishizuka et al. 2006, 2014 this issue). 
The presence of boninites at the top of a FAB lava sequence 
is a major indicator of a subduction-initiation setting. 

Back-Arc Basin Ridges (FIG. 1E)
These are located, as the term implies, behind island 
arcs. They originate by rifting, as in FIGURE 1C, but of arcs 
rather than continental lithosphere. They can then develop 
into fully fl edged spreading axes (FIG. 1E). If the axis is 

FIGURE 1 Schematic representation of the genesis of six 
different types of ophiolite. (A)–(C) may be termed 

mid-ocean ridge or non-subduction ophiolites and (D)–(F) supra-
subduction zone (SSZ) ophiolites. Triangles represent decompres-
sion melting and ellipses represent fl uid-fl ux melting; total melting 
is the sum of these. Using immobile element proxies for degree of 
melting, subduction input and plume-related melting potentially 

enables the different types of ophiolites to be distinguished. 
BABB = back-arc basin basalt; C-MORB = contaminated MORB; 
DMM = depleted MORB mantle; E-MORB = enriched MORB; 
FAB = forearc basalt; IAT = island-arc tholeiite; 
MORB = mid-ocean ridge basalt; N-MORB = normal MORB; 
P-MORB = plume-infl uenced MORB 

A C

E F

B

D



ELEMENTS APRIL 2014103

 suffi ciently far behind the arc, the lavas resemble those 
from mid-ocean ridges. If it is closer to the arc, its under-
lying mantle incorporates a fl uid-rich component from the 
subducting plate below, as in ridges in subduction- initiation 
settings. Subduction-infl uenced lavas from this setting are 
termed back-arc basin basalts (BABB). The geochemical 
differences between BABB and FAB are subtle and mostly 
beyond the scope of this paper. Essentially, BABB erupt 
much further from the trench than FAB. This means that 
they typically carry a deep, rather than shallow, subduc-
tion signal (low H/Th, as indicated in FIG 1E); they also lack 
the up-sequence transition into boninites described in the 
preceding paragraph.

Subducted Ridges (FIG. 1F)
Ophiolites can form where ridges subduct. Mantle continues 
to upwell as it did before subduction, but now the melting 
column is shortened because of the overlying lithosphere 
of the forearc in the overriding plate. Guivel et al. (1999) 
carried out a detailed geochemical study of the best example 
(the Taitao ophiolite in southern Chile) and revealed the 
co-existence of a number of magma types and a compli-
cated petrogenetic scenario. The melting column produces 
both N-MORB and E-MORB compositions, commonly 
with a subduction component. The magma composition 
depends particularly on the height of the melting column 
(which decreases as subduction proceeds) and the mantle 
fl ow pattern (whether fl ow is from outboard or inboard of 
the trench). That magma may then interact with forearc 
continental lithosphere giving a C(contaminated)-MORB 
composition. 

Other Considerations
This list will likely be refi ned and extended in the future. 
The most notable omission is likely to be slab-edge 
ridges. At these, mantle fl ows around the slab edge and 
into an extensional regime above the edge of a retreating 
subducting plate. Slab-edge ridges can be viewed as having 
characteristics of both back-arc and subduction-initiation 
ridges. If the mantle outboard of the slab edge is plume-
infl uenced, as in their type area of the Samoa-infl uenced 
northern Lau Basin, they can also have some characteris-
tics of P-MORB. Future and ongoing work should defi ne 
their characteristics more precisely and allow them to be 
fi ngerprinted in their own right.

It is important to note, too, that geochemistry is unlikely 
ever to be able to defi ne a setting uniquely. This is because 
the ridge-crest variables, such as temperature and mantle 
composition, do not just vary between tectonic settings 
as depicted above, they also vary within any one setting 
in response to differences in, for example, spreading rate 
and the nature of ridge segmentation. With this caveat, it 
is apparent from the different scenarios in FIGURE 1 that 
different types of ridges are generally characterised by 
systematic (if sometimes overlapping) differences in mantle 
compositions, mantle temperatures and subduction compo-
nents. Using elements unaffected by alteration to recog-
nise these is the goal of immobile element fi ngerprinting. 
To achieve this goal, we need to formally identify the 
immobile elements and defi ne immobile element proxies 
for the discriminating ridge variables.

IMMOBILE ELEMENT GEOCHEMISTRY

Identifi cation of Immobile Elements
The concept of immobile element geochemistry in an 
ophiolite context may be traced back to Cann (1970). He 
used what was then the new technique of X-ray fl uores-
cence (XRF) to analyse a range of MORB samples, some 
fresh, some weathered, some metamorphosed to green-

schist facies and some metamorphosed to amphibolite 
facies. He found that most pairs of incompatible trace 
elements (those concentrated in the melt during melting 
and fractional crystallization) correlated at better than the 
95% confi dence level in fresh rocks, as would be expected 
in rock suites with similar origins. However, when weath-
ered and metamorphosed rocks were included, Cann 
uncovered two types of behaviour. One group, the ‘mobile’ 
elements, experienced reduced, often insignifi cant, correla-
tions, whereas the second group, the ‘immobile’ elements, 
exhibited little change in correlation. FIGURE 2, based on 
Cann’s (1970) data, shows that two elements, Ti and Zr, 
both interpreted as immobile, correlate signifi cantly in his 
suite of MORB samples (FIG. 2A). When Ti is replaced by 
the mobile element K, the fresh samples continue to show 
signifi cant correlation (though some are depleted in K by 
volatile loss), but overall there is no signifi cant correlation: 
K has been enriched in weathered and amphibolite facies 
samples and depleted in greenschist facies samples (FIG. 2B). 
The negative correlation for all samples shows that the 
overall dispersion is infl uenced more by alteration than 
by primary magmatic variations.
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FIGURE 2 Methodology for identifying immobile elements 
(based on Cann 1970). (A) Immobile, incompatible 

elements such as Ti and Zr exhibit highly signifi cant (at 95% confi -
dence level), positive correlation coeffi cients (r) in cogenetic lavas, 
even when altered or metamorphosed. (B) When a mobile element 
such as K is substituted for Ti, the correlation is no longer signifi -
cant. Theoretical vectors show the co-variation expected as a result 
of 50% crystallization (F = 0.5) of the assemblage olivine (20%) + 
plagioclase (50%) + clinopyroxene (30%) from basic magma.
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This study led to the fi rst ophiolite fi ngerprinting using the 
immobile elements thus identifi ed, namely Ti, Zr, Y and Nb 
(Pearce and Cann 1971). Pearce (1975) and Shervais (1982), 
respectively, added two other elements analysable by XRF 
to that list: the compatible element Cr and the moderately 
incompatible element V.

Meanwhile, the rare earth elements (REEs) were being 
applied to ophiolite fi ngerprinting, though with less 
success. Moreover, the analytical method (isotope dilution, 
ID) was time-consuming. However, the development of 
instrumental neutron activation analysis (INAA) not only 
provided a quicker method of analysing REEs, but critically 
added the elements Th, Ta, Hf and Sc to the list. Ta–Nb, 
Y–Ho and Hf–Zr are immobile element pairs with similar 
behaviour, so there was effective overlap between the 
XRF and INAA analyses, but, nonetheless, full immobile 
element fi ngerprinting initially required more than one 
analytical instrument. Subsequently, the development of 
inductively coupled plasma mass spectrometry (ICP–MS) 
provided the opportunity to analyse the full spectrum of 
immobile elements in a single run. ICP–MS also highlighted 
other immobile elements, such as Ga, though these have 
yet to fi nd an application in interpreting ophiolite lavas.

Interestingly, elements identifi ed as immobile in ophiolites 
are also those long known to be the least mobile during 
rock weathering: they are all characterised by intermediate 
charge/radius (Z/r) ratios, such that they do not readily form 
soluble hydrated cations (low Z/r), complex anions (high 
Z/r) or chloride complexes in fl uids. A number of authors 
have, however, published examples of ‘immobile elements’ 
exhibiting clear mobility (e.g. Hynes 1980). Many of these 
involve shear zones, which are characterised by high fl uid/
rock ratios and where fl uids commonly carry complexing 
agents such as carbonate species. Alternatively, they involve 
rocks raised to temperatures approaching the melting 
points of either the metamorphosed lavas themselves or 
their surrounding sediments. A number of key elements 
(e.g. Th, Nb, Zr) may be mobile under these conditions. 
Using the Cann (1970) correlation-based method (FIG. 2) 
to confi rm which elements are immobile is therefore a 
wise precaution. To do this, one needs to identify rocks 
which might have a similar crystallization history, as for 
example in a single lava unit. A bivariate plot can then be 
drawn for each pair of potentially immobile elements and 
a theoretical crystallization vector drawn. For a plot of two 
elements, A and B, the gradient of this vector in logarithmic 
space is given by (DA – 1)/(DB – 1), where D is the bulk 
distribution coeffi cient (a measure of the partitioning of 
the element in question between the crystallizing magma 
and the solid crystals). The samples can then be plotted 
with different symbols according to the type and intensity 
of alteration. If the elements in question are immobile, all 
samples should follow signifi cantly correlated trends that 
run subparallel to the theoretical crystallization vector. 

Immobile Element Patterns
The full suite of immobile elements can be represented 
as geochemical patterns, though it is usual not to include 
elements that are more incompatible than the heavy REEs 
(FIG. 3). These resemble the patterns used to characterise 
modern lavas, but avoid the mobile elements Rb, Ba, Cs, 
U, K, Sr, P and Pb. N-MORB is the normalising factor of 
choice as the resulting fl at N-MORB pattern is a useful 
tectonic reference. As with the full patterns, the elements 
are ordered according to their average incompatibility 
during mantle melting. Similarly behaving elements (such 
as Nb–Ta and Hf–Zr) are usually plotted separately, but I 
have plotted an average here just to aid clarity. All the REEs 
have been plotted except Eu (which can be mobile) and Lu 
(which is unnecessary); La is included but its immobility 

often needs careful checking. Cr is not plotted but it is 
sensible to choose samples with Cr as close to 275 ppm 
as possible: this is equivalent to choosing samples with 
compositions close to 8 wt% MgO, in keeping with most 
studies of ocean ridge glasses. 

FIGURE 3 Incompatible, immobile element patterns for lavas 
from present-day settings (A, B) together with some 

typical ophiolites for comparison (C). For data sources, see Pearce 
(2008) and references in the text. Key indices used as proxies in 
Figures 4 and 5 are highlighted. Ti8 = TiO2 at MgO = 8 wt%. 
Normalisation is to N-MORB (Sun and McDonough 1989). Patterns 
such as these can give a quick indication of magma type and 
tectonic setting for ophiolites of unknown affi nities. SZ = subduc-
tion zone; SSZ = suprasubduction zone; for all other abbreviations, 
see caption of fi gure 1.
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FIGURE 3 shows some typical patterns for lavas from the 
modern analogue settings depicted in Figure 1, subdivided 
into mid-ocean ridge (non-subduction) settings in FIGURE 3A 
and suprasubduction zone settings in FIGURE 3B. Some of 
the key geochemical indices have been highlighted, and 
these will be discussed in more detail as the basis of the 
diagrams used in FIGURES 4 AND 5. Note, in particular: the 
overall high gradients of some patterns (high Nb/Yb), 
which is an indicator of the alkalinity of the magma; the 
positive and negative slopes in the right-hand parts of the 
patterns (high and low Ti/Yb) in FIGURE 3A, which indicate 
settings associated with mantle plumes; and the negative 
Nb anomalies (high Th/Nb) and low Ti8 (TiO2 for magmas 
with 8 wt% MgO) in FIGURE 3B, which indicate settings 
associated with subduction zones.

For ophiolite lavas, simple inspection of geochemical 
patterns gives a fi rst indication of the setting of the ridge. 
FIGURE 3C contains patterns from some well-characterised 
ophiolites, for which the immobile element geochemistry 
has been integrated with other information to provide a 
confi dent interpretation. These are: parts of the Corsican 
ophiolite, which represent steady-state spreading axes 
in a newly established Jurassic Alpine ocean (setting of 
FIG. 1A; Saccani et al. 2008b); the Nicoya ophiolite in Costa 
Rica, which represents volcanism at the edge of a mantle 
plume (setting of FIG. 1B; Hauff et al. 2000); the Jormua 
ophiolite in Finland, which represents a Proterozoic conti-
nental margin ophiolite (setting of FIG. 1C; Peltonen et 
al. 1996); the Troodos ophiolite, which formed just after 
a mid-Cretaceous subduction-initiation event (setting of 
FIG. 1D; Rautenschlein et al. 1985); the Guevgueli ophiolite 
in Greece, which formed by back-arc extension in a partly 
ensialic basin with coeval arc volcanism (setting of FIG. 1E; 
Saccani et al. 2008a); and the Taitao ophiolite in Chile, 
the classic ridge-subduction ophiolite still preserved in its 
setting of formation (setting of FIG. 1F; Guivel et al. 1999). 
Comparison of the ophiolite patterns in FIGURE 3C with 
ophiolite analogue patterns in FIGURE 3A, B supports the 
inferences made by the authors cited above. In addition, 
the suite of patterns highlights the wide range of settings 
in which ophiolites can be formed. 

However, although ophiolites can be interpreted by direct 
comparison with type patterns of this sort either visually 
or using pattern-recognition methodologies, it is generally 
more effective to use diagrams based on immobile element 

proxies. This is because suites of lavas commonly include 
more than one magma type and the petrogenetic inter-
pretations of proxy diagrams commonly yield additional 
information necessary for a full interpretation of the data.

IMMOBILE ELEMENT PROXIES 

Proxies for Rock Classifi cation
Immobile element proxies are combinations of immobile 
elements that represent either a mobile element index or a 
geological process. For classifi cation, a principal goal is to 
provide an immobile element equivalent to the recognised 
classifi cation diagram. For ophiolites, the fi rst step is to 
identify rocks of the boninite series. Boninites are unusual 
– having high silica and high MgO resulting from shallow, 
wet melting – and are strongly indicative (as already noted) 
of subduction initiation. In altered rocks, we have to use a 
second characteristic of boninites, low TiO2, specifi cally Ti8 
< 0.5 wt%, which would normally be observed using a plot 
of TiO2 against MgO (Pearce and Robinson 2010). Mg is 
highly mobile, so Cr can be used as an immobile element 
proxy for MgO. Ti275 (TiO2 at 275 ppm Cr) is approximately 
equal to Ti8. Any boninitic series should follow a trend 
which has <0.5 wt% TiO2 at 275 ppm Cr. 

Ophiolite lavas that are not of boninitic affi nity would, 
if fresh, be classifi ed by the IUGS total alkali–silica (TAS) 
diagram (FIG. 4A; Le Bas and Streckeisen 1991). The 
elements making up that diagram (K, Na and Si) are all 
highly mobile. Floyd and Winchester (1975) devised an 
immobile element equivalent with Nb/Y as a proxy for total 
alkalis (Na2O + K2O) and Zr/Ti as a proxy for SiO2. Because 
of the limited data set available in 1975 and the fact that 
Floyd and Winchester did not include lavas from conver-
gent margins, I subsequently revised their diagram using 
>10,000 data points and a wider range of tectonic settings 
(Pearce 1996). The resulting TAS proxy diagram (FIG. 4B) 
loses some detail compared with its IUGS equivalent, but 
does permit the proper classifi cation of altered rocks. 

To illustrate the need for a TAS proxy diagram, I have used 
two data sets. The fi rst is from a drill core (CY2a) from 
the Troodos Deep Drilling project, which penetrated the 
high-temperature alteration zone beneath the Agrokipia 
B massive sulfi de deposit within the upper unit (Unit 
III) of the lower lavas of the Troodos ophiolite of Cyprus 
(Paul Robinson, pers. comm.). Glasses recovered along 

FIGURE 4 Classifi cation of ophiolite lavas from the Troodos 
(Cyprus) and Semail (Oman) ophiolites using (A) the 

IUGS-recommended TAS diagram of Le Bas and Streckeisen (1991) 
and (B) an immobile element–based TAS proxy diagram (from 
Pearce 1996, after Floyd and Winchester 1975). In particular, 
Si addition to Troodos lavas and Na addition to Semail lavas by 

 hydrothermal fl uids lead to wide dispersion on the IUGS TAS 
diagram and multiple misidentifi cations. The proxy diagram gives 
tight clusters dominated by tholeiitic basalts for both groups. In 
(A), Pic Bas = picrite basalt, TrBas = trachybasalt, BA = basaltic 
andesite, BTA = basaltic trachyandesite. 
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strike within this unit are high-silica basalts (Pearce and 
Robinson 2010). Si metasomatism of the lavas from the 
drill core results in a spread of data from picrite basalts 
to dacites, with only some 35% of the lavas classifying 
as basalts (FIG. 4A). In contrast, the lavas form a tight 
cluster at the upper end of the basalt fi eld on the TAS 
proxy diagram (FIG. 4B). Both diagrams classify the rocks as 
tholeiitic, though alkali metasomatism has resulted in more 
scatter on the TAS diagram. The second example, from the 
lower (Geotimes) lava unit of the Semail (Oman) ophiolite 
(Alabaster et al. 1982), illustrates the other problem, that of 
alkali element metasomatism. Albitisation of feldspars has 
resulted, in particular, in a large increase in Na2O at the 
expense of CaO in the Geotimes Unit. In consequence, the 
TAS diagram in FIGURE 4A misclassifi es the lavas as alkalic 
(trachybasalts and trachyandesites). The Floyd-Winchester 
proxy diagram, however, ‘sees through’ the Na addition and 
classifi es the rocks as basic to intermediate members of the 
basalt–andesite–dacite–rhyolite series (FIG. 4B). 

It may seem an academic exercise to classify the rocks 
correctly but, in fact, it is important in fi ngerprinting 
tectonic setting. Historically, it was the misclassifi cation 
of Troodos lavas using conventional classifi cation diagrams 
that made many appear to be evolved lavas from arc 
shield volcanoes (Miyashiro 1973) and contributed to the 
heated debate on the setting of the Troodos ophiolite in 
the 1970s. Moreover, data plotted on immobile element–
based discriminant diagrams need to be fi ltered on the 
basis of rock type. For example, the discriminant diagrams 
shown in FIGURE 5B, C only apply to basic rocks. This is 
because crystallization of magnetite or ilmenite at more 
fractionated compositions causes Ti to be depleted, which 
can lead to misclassifi cation. FIGURE 5A is more robust, but 
crystallization of iron oxides can also deplete Nb to some 
extent and so it is still advisable to restrict its use to basic 
rocks if possible.

Proxies for Fingerprinting Magma Type 
and Tectonic Setting
The fi nal goal is to recognise magma types, which, in 
turn, provides information on tectonic setting. Essentially, 
these divide into suprasubduction types (boninite, forearc 
basalt and back-arc basin basalt) and mid-ocean ridge types 
(N-MORB, E-MORB, P-MORB, and C-MORB). The rationale 
for the choice of proxies is easiest to understand by refer-
ence to the multielement patterns in FIGURE 3A, B. Three 
proxies (or types of proxy) are needed. 

Th/Nb (proxy for subduction/crustal input) Th and 
Nb are both highly incompatible elements which retain an 
almost-constant ratio during mantle melting. Otherwise, 
however, Th (Z = 4; r = 94 pm, where pm = picometres) and 
Nb (Z = 5; r = 64 pm) have signifi cantly different properties 
which cause them to be decoupled during subduction: Th 
is subduction-mobile and Nb is subduction-immobile in 
most arc systems, with the result that the vast majority of 
suprasubduction zone lavas have high Th/Nb. Moreover, 
because continental crust is, at least in part, derived by 
subduction, it too has high Th/Nb. Therefore, magma that 
has assimilated continental crust also has high Th/Nb. Ta 
(also Z = 5; r = 64 pm) behaves in a very similar way to 
Nb, such that Th/Ta and Th/Nb are essentially equivalent 
for this purpose.

Many discrimination diagrams in the literature are based 
on the Th/Nb proxy. The original was the Th–Ta–Hf trian-
gular diagram of Wood et al. (1979). My adaptation of 
this is the plot of Th/Yb versus Nb/Yb (FIG. 5A; Pearce 
2008), which is easier to interpret petrogenetically. On this 
projection, lavas from non-subduction settings plot along 
a MORB-OIB array which includes virtually all mid-ocean 
ridge and most ocean island basalts. Lavas derived from 

mantle modifi ed by subduction-derived fl uids and melts 
are displaced from that array to higher Th/Yb ratios. 
Lavas modifi ed by assimilation of continental crust form 
diagonal lines in which both Th and Nb are modifi ed. 
Usually, assimilation does not apply to ophiolites but, as 
noted earlier, lavas erupted in ridge-subduction and, rarely, 
continental margin settings can have these characteristics.

Applying the Th/Yb versus Nb/Yb diagram to the six ophio-
lites represented in FIGURE 3C is straightforward. The three 
from the mid-ocean ridge ophiolite subgroup (Corsica, 
Nicoya and Jormua) plot within the MORB-OIB array in 
FIGURE 5A. In contrast, the three from the suprasubduc-
tion zone subgroup (Troodos, Guevgueli and Taitao) are 
variably displaced from the MORB-OIB array to higher 
Th/Yb. Particularly important is the dispersion of the data, 
which can defi ne the magma type better than individual 
analyses. For example, the Guevgueli samples form a trend 
that extends from the MORB-OIB array into the island arc 
fi eld. Given that samples from modern-day back-arc basins 
can do the same on quite small (<1 km) length scales, 
this is in itself a diagnostic feature. The high dispersion 
and diagonal trends formed by Taitao lavas are distinctive 
and controversial, and involvement of continental crust, 
subcontinental lithospheric mantle and slab melt have 
all been considered by Guivel et al. (1999) for what is a 
complex tectonic setting. 

Ti/Yb (proxy for plume melting) The key to this proxy is 
that, whereas Ti and Yb are partitioned similarly into melt 
during shallow melting (i.e. of spinel peridotites), they are 
decoupled for deep melting (i.e. of garnet peridotites) where 
only Yb is partitioned signifi cantly into garnet. The reten-
tion of Yb in residual garnet, but not residual spinel, means 
that Ti/Yb is high only in the products of deep melting 
where garnet is stable. Conversely, in mantle previously 
depleted by deep melting, Ti/Yb is low. As deep melting 
is usually a consequence of high mantle temperatures, 
the decoupling of Ti and Yb is typically associated with 
mantle plumes where high-temperature mantle advects to 
shallow depth. 

Historically, many discriminant diagrams use this type of 
proxy, including the original Ti–Zr–Y triangular plot (Pearce 
and Cann 1971). FIGURE 5B shows its updated equivalent, 
Ti/Yb versus Nb/Yb (Pearce 2008), which separates ocean 
island basalts (deep melting, so high Ti/Yb) from MORB 
(shallow melting, so low Ti/Yb). N-MORB and E-MORB 
form a near-horizontal trend in the MORB fi eld, whereas 
plume-related magmas typically plot along a diagonal trend 
into the OIB fi eld. Note that Ti may be viewed as a major 
or a trace element, and so is plotted on some diagrams 
(including FIGURE 5B) as wt% of the oxide and on others 
(including Ti–Zr–Y) as parts per million (ppm) of the metal, 
where 1 wt% TiO2 = 6000 ppm Ti. Note also that Zr/Y has 
been used successfully as a proxy for plume infl uence, for 
example, in the Fitton et al. (1997) projection of Nb/Y–Zr/Y. 
The latter may prove a more effective plume indicator, but 
its interpretation is currently less clear. 

Taking the three ophiolites that plotted in the MORB-OIB 
array in FIGURE 5A, it is evident from FIGURE 5B that the 
Corsica lavas plot as N-MORB, consistent with the infer-
ence that they represent oceanic crust from an established 
spreading centre, albeit in a small ocean. The Jormua 
ophiolites are E-MORB in character, fi tting their conti-
nental margin interpretation. Nicoya is distinct in that its 
dispersion is along the plume–ridge interaction trajectory, 
with a subset of samples plotting in the ocean island basalt 
fi eld (one of these was plotted in FIGURE 3C). This is indica-
tive of a P-MORB magma type and an origin at or near a 
ridge with signifi cant plume infl uence. 
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V/Ti (proxy for suprasubduction zone melting) As 
illustrated in FIGURE 3B, Ti8 is a key parameter for inves-
tigating subduction-infl uenced ridges. Notably, subduc-
tion-derived water increases the degree of partial melting. 
Ti, being an incompatible element, is then increasingly 
depleted in the melt as the degree of partial melting 
increases. This degree of depletion has been quantifi ed (e.g. 
Kelley et al. 2006). For example, adding 0.2 wt% of water 
(a moderately high value) to mantle that would otherwise 
undergo 10% melting should approximately double the 
amount of melt and halve the concentration of Ti in the 
resulting melt. A second process that leads to reduction 
in Ti8 is the loss of small degrees of melt as mantle fl ows 
towards the trench, a process described as mantle precon-
ditioning (McCulloch and Gamble 1991). This process 
is believed to be the basis for boninites having such low 
contents of titanium. Using Cr, an immobile, compatible 
element, as a proxy for MgO gives plots of the type Ti 
versus Cr and Y versus Cr, which have long been used to 
distinguish MORB from suprasubduction zone lavas (e.g. 
Pearce 1975).

Shervais (1982) pioneered the combined use of vanadium 
and titanium. Vanadium is unique in that it has three 
oxidation states, all of them immobile: VIII, VIV and VV. 
Melting of the mantle in the presence of water makes the 
melting process more oxidising and that in turn increases 
the proportion of vanadium in the higher oxidation states. 
Because V is more incompatible in the higher oxidation 
states, this causes more vanadium to be partitioned into the 
magma. Thus, subducted water leads to a melting regime 
that produces magmas not just with lower Ti but also with 
higher V, in other words high V/Ti. 

The V/Ti proxy is different from the Th/Nb proxy in 
that only the latter identifi es subduction zone infl uence 
independent of mantle temperature and mantle deple-
tion. In contrast, V/Ti is infl uenced by two processes, 
Ti depletion and V enrichment. Of these, only the second 
is subduction-specifi c. Thus I prefer to use the Ti/Cr or 
V/Ti proxy specifi cally to defi ne the melting regime of lavas 
already known to have a suprasubduction zone setting. 
On Shervais’s V–Ti diagram (FIG. 5C), lava compositions 
shift from low V/Ti in MORB lavas through intermediate 
V/Ti in island arc tholeiite (IAT) compositions to high 
V/Ti in boninites. Of particular importance in fi nger-
printing ophiolites is the fact that subduction-initiation 
ophiolites commonly form a distinct time trend on this 
diagram: from more MORB-like when subduction begins, 
to more IAT-like as subduction infl uence increases, to more 
boninite-like as the slab subducts far enough to act as a 
barrier to mantle fl ow (FIG. 1D). 

The V–Ti plot in FIGURE 5C provides the extra information 
needed to improve the fi ngerprinting of the three ophiol-
ites identifi ed as having suprasubduction zone origins. The 
Taitao ophiolite predictably plots in the MORB fi eld as its 
mantle source lies below the subduction zone (FIG. 1F) and 

FIGURE 5 Use of discriminant diagrams to fi ngerprint tectonic 
settings. The examples used to illustrate their 

application are from the ophiolites described in the text; 
representative samples from them are drawn as patterns in 
Figure 3c. (A) The Th/Nb proxy is used to distinguish 
suprasubduction zone (SSZ) from mid-ocean ridge ophiolites. 
(B) The Ti/Yb plume-melting proxy distinguishes N(normal), 
E(enriched), P(plume-infl uenced) and C(contaminated)-MORB. 
(C) The V/Ti subduction-melting proxy is useful to distinguish 
MORB, island arc tholeiite (IAT) and boninite magma types. 
Diagrams are from Shervais (1982) and Pearce (2008). Note the 
importance of the volcanic stratigraphy (lower [L] tholeiites overlain 
by upper [U] boninites) for identifying the subduction-initiation 
setting of the Troodos Massif. See captions of Figures 1 and 2 
for abbreviations.

A

B

C
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so melts without the addition of subduction-derived fl uid. 
The Guevgueli ophiolite extends from the IAT fi eld to the 
centre of the MORB fi eld in FIGURE 5C. This is consistent 
with the fact that the samples also span the MORB-OIB 
array and volcanic arc fi elds in FIGURE 5A. The lower Troodos 
lavas plot as island arc tholeiites but the upper lavas plot as 
boninites, a time sequence indicative of subduction initia-
tion. The lower lavas therefore represent forearc basalts 
(FAB) based on these criteria. 

CONCLUSIONS
Geochemical fi ngerprinting of ophiolite lavas follows what 
is a now a well-established procedure of (1) identifying the 
elements that are immobile (FIG. 2); (2) examining the 
immobile element patterns (FIG. 3); (3) classifying the rock 
type and selecting basic rocks for fi ngerprinting (FIG. 4); 
(4) using a subduction-input proxy to distinguish between 
mid-ocean ridge and suprasubduction zone ophiolites 

(FIG. 5A); (5) using a plume-melting proxy to further defi ne 
the setting of the mid-ocean ridge ophiolites (FIG. 5B); and 
(6) using a subduction-melting proxy to further defi ne the 
setting of the suprasubduction zone ophiolites (FIG. 5C). 
This procedure defi nes the magma type and most probable 
setting based on immobile element criteria, and the results 
can then be integrated with other information for a fi nal 
evaluation of the tectonic setting of the ridge at which the 
ophiolite formed.
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