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Zr/Nb Systematics of Ocean Island Basalts
Reassessed—the Case for Binary Mixing

B. S. KAMBER∗ AND K. D. COLLERSON
DEPARTMENT OF EARTH SCIENCES, UNIVERSITY OF QUEENSLAND, ST LUCIA CAMPUS, BRISBANE, QLD 4072,

AUSTRALIA

RECEIVED AUGUST 16, 1999; REVISED TYPESCRIPT ACCEPTED MARCH 2, 2000

A survey of global ocean island basalt geochemistry shows a mantle that have remained relatively isolated up to bil-
remarkably strong linear correlation (average r2 = 0·95) between lions of years. The original nomenclature of mantle
Zr and Nb concentrations. Fractional crystallization explains neither components (Zindler & Hart, 1986) has been expanded
the range in Zr and Nb concentrations nor the fact that regression and opinions differ regarding the petrological significance
lines have intercepts significantly different from zero. A substantial, of these ‘endmembers’ and the scale of mantle hetero-
linearly correlated (average r2 = 0·92) variability in Zr and Nb geneity. Additions and modifications to the ‘accepted’
concentrations remains in the datasets after correction for fractional model appear to be welcomed by the OIB community but
crystallization. Linear correlation between Zr and Nb concentrations ideas advocating complete departure from the ‘accepted’
is not expected from variable degrees of melting because the con- consensus are relegated into a league of interesting,
centration of Nb is significantly more sensitive to the degree of provoking but nevertheless unrealistic attempts at re-
melting than that of Zr. Our main conclusion is that the Zr/Nb volution. Whether or not there is a need for departure
systematics of ocean island basalts requires binary mixing, and from ‘accepted’ ideas about OIB petrogenesis depends
more specifically mixing of two separate melts. We show that a on how much significance is attributed to those ob-
mid-ocean ridge basalt melt is the depleted endmember, common to servations that are not explained by existing models. We
all examined ocean island basalts. The enriched endmember has a are not convinced that ‘accepted’ ideas can be successfully
very variable Zr/Nb ratio. We speculate that, rather than implying modified to ultimately explain the full evidence. Indeed,
the existence of several distinct enriched reservoirs, the highly variable we believe that the combination of the following ob-
Zr/Nb ratio could reflect intra-mantle processes such as fertilization servations legitimates proposal of alternative models:
by small-degree melts or carbonate–silicate melt immiscibility. (1) He–Pb paradox. In the ‘accepted’ model, OIB with

high 206Pb/204Pb and 208Pb/204Pb ratios, the so-called
HIMU (high �, where � = 238U/204Pb) signature, are
sourced from 1–2-Gy-old subducted oceanic crust, sed-

KEY WORDS: binary mixing; degree of melting; fractional crystallization; iment or a mixture of both. Over periods of 1–2 Gy, the
linear concentration relationship; trace element enrichment 3He/4He ratio of such a source will approach zero, yet

the observed 3He/4He ratio in HIMU OIB is >6 (RA).
In the framework of ‘accepted’ models, this paradox can
be resolved only by postulating an unconstrained open

INTRODUCTION system behaviour of He (e.g. Hanyu & Kaneoka, 1998).
(2) OIB Pb-isotope signatures in the context of global differ-Twenty-five years of geochemical research into the origin

entiation. The ‘accepted’ OIB model discusses Pb-isotopeand significance of ocean island basalts (OIB) has
signatures relative to a depleted mantle that evolved withcemented an ‘accepted’ picture of the chemical structure
a single-stage � (after Chase, 1981). Only within such aof the mantle. The cornerstone of the ‘accepted’ idea has
framework are OIB Pb isotopes compatible with the viewremained unchanged: chemical and isotopic signatures of

OIB magmas reflect the existence of components in the that oceanic crust (both ancient and young) is a source

∗Corresponding author: Tel: +61-7-3365-8580. Fax: +61-7-3365-
1277. e-mail: kamber@earthsciences.uq.edu.au  Oxford University Press 2000
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component of OIB. When examined relative to a realistic the enrichment itself (e.g. Zou & Zindler, 1996). In
Pb-isotope mantle evolution model, OIB Pb-isotope ar- contrast to arc magmas, where the source of meta-
rays are binary mixing lines that cannot directly be used somatizing fluids is known (e.g. Ayers, 1998), ‘accepted’
to infer source nature (Kamber & Collerson, 1999). OIB models make poorly constrained assumptions re-

(3) Efficiency of recycling in depleted mantle. Evidence for garding the nature and origin of metasomatizing fluids
recycling of both continent-derived material and sub- or melts.
ducted oceanic crust into the depleted mantle is ir- In view of these problems with ‘accepted’ OIB ideas
refutable. A prerequisite of ‘accepted’ OIB models is that we propose to take a fresh look at key characteristics of
domains survive in the mantle that withstand complete OIB but not necessarily with the aim of formulating a
mixing into surrounding astenosphere over periods of up new model. One aspect of OIB geochemistry that has
to 2 Gy. Survival of such domains has been questioned become increasingly ubiquitous is evidence for mixing.
on the basis of convection models (e.g. van Keken & The most spectacular evidence for coexistence of two
Ballentine, 1998) but there is also geochemical evidence surprisingly different melts (i.e. hybridization) under an
for more efficient mixing of recycled components in the ocean island has recently been provided by Saal et al.
depleted mantle. The second terrestrial Pb paradox refers (1998) in an analytically challenging Pb-isotope study of
to the fact that MORB-source mantle evolved with a Polynesian OIB. The aim of our paper is to revisit the
significantly higher than present Th/U ratio over much issue of very strong enrichment of OIB in incompatible
of its history. Solutions to this paradox have in common elements and to test whether trace element chemistry of
that after>2 Gy, the depleted mantle Th/U ratio started global OIB is compatible with binary mixing. We are
to decrease strongly as a result of preferential recycling particularly interested in the variability of enrichment
of U from the continents (Kramers & Tolstikhin, 1997; within a cogenetic suite of OIB, a feature that we believe
Kramers et al., 1998; Collerson & Kamber, 1999; Elliott could hold more clues to understanding their genesis.
et al., 1999). The Pb-isotope composition of MORB is a
time-integrated signal (representing >4·3 Gy) and its
relative uniformity (compared with the recycled com-
ponents) therefore requires that, at least for the last 2

TRACE ELEMENT PATTERNS OF OIBGy, mixing of recycled components into the depleted
In Fig. 1 selected trace element abundances of three OIBmantle has been efficient. This observation raises con-
from Mangaia Island (Cook–Austral Chain) are plottedcerns regarding the preponderance of relatively isolated
normalized to average continental crust to emphasizerecycled sources on which ‘accepted’ OIB models rely.
three features: (1) many OIB are more strongly enriched(4) Nb/Ta paradox. Mantle tomography leaves no doubt
than average continental crust in a number of elements,that oceanic slabs can penetrate into the lower mantle
notably the light and middle rare earth elements (LREE(e.g. van der Hilst et al., 1991) and could be stored over
and MREE); (2) major differences occur in the en-long time periods in the bottom 1000 km of the mantle
richment patterns between OIB and average continental(van der Hilst & Kárason, 1999). Indeed, a hidden mantle
crust; these are understood in terms of processes thatreservoir is also required by terrestrial Nb/Ta, Nb/
influence the formation of continental crust (e.g. Ayers,La and Ti/Zr mass balance (e.g. McDonough, 1991).
1998; Ewart et al., 1998) and will not be further discussedKamber & Collerson (2000) and Rudnick et al. (2000)
in this paper; (3) similarly differentiated basalts from aconcluded, independently, that deeply subducted oceanic
single ocean island (or even a single flow) can haveslabs have a significantly superchondritic Nb/Ta ratio of
strongly variable enrichment. Our main focus is to in->30–35. On the basis of this estimate, eclogitic slabs
vestigate the significance of this last feature. In particular,that are hidden in the lower mantle account for>5 wt %
the following questions will be addressed:of the silicate Earth. However, OIB do not have elevated

(1) to what degree is enrichment of strongly and mildlyNb/Ta, which suggests that ancient oceanic crust is
incompatible elements coupled?not a major OIB source component, thereby further

(2) Is systematic behaviour of strongly and mildlysubstantiating claims based on Pb isotopes.
incompatible elements simply the result of fractional(5) Concentration levels of incompatible elements in OIB. Es-
crystallization?timates of melting degrees experienced by OIB magmas

(3) If not, can a combination of other processes (e.g.frequently require sources that have elevated con-
variable degrees of partial melting, variable enrichmentcentrations in very incompatible elements (e.g. McKenzie
of mantle source, or changing mineralogy in the mantle& O’Nions, 1995, 1998). Zou & Zindler (1996) speculated
melting column) explain covariant enrichment?that source enrichment and eventual OIB melting could

(4) Is there trace element evidence for mixing of twobe related in an ‘autometasomatic’ event. Although typ-
distinctive melts, as suggested by radiogenic isotopes (e.g.ical melting models are successful at deriving OIB melts

from previously enriched sources, little is known about Saal et al., 1998; Kamber & Collerson, 1999)?
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ratios (between elements of differing compatibility) masks
the tight correlation between Zr and Nb concentrations
because intercepts are significantly different from zero
(see Table 1). Thus there is a systematic change in the
ratio of two such elements as a function of concentration,
despite their concentrations being linearly correlated.
Clearly, any viable model for OIB petrogenesis must be
capable of successfully explaining this observation.

First-order considerations
The most obvious, often implicitly assumed, explanation
for tight linear correlations between elements of different

Fig. 1. Continental crust normalized (Rudnick & Fountain, 1995) trace compatibility is fractional crystallization. A magma be-
element concentration diagram for three OIB samples from Mangaia comes increasingly enriched in incompatible elements
Island (Woodhead, 1996): M4 (13·47 wt % MgO; squares with crosses),

as more and more early phases (mainly olivine andM1 (6·84 wt % MgO; Χ) and M17 (6·06 wt % MgO; Β). The large
difference in enrichment between similarly fractionated samples M1 clinopyroxene) crystallize. Figure 2a shows that variable
and M4 should be noted. Even the most primitive sample is more degrees of Rayleigh fractionation of olivine produce
enriched in most incompatible trace elements than average continental distinct linear Zr vs Nb relationships for different parentalcrust.

magmas. The pertinent questions are whether this process
can account for the entire range of incompatible element

Here we use the variation in concentration of a very concentration commonly found in OIB suites and
incompatible element (Nb) with that of a more compatible whether it can explain intercepts significantly different
element (Zr) (Treuil’s method; Ferrara & Treuil, 1973) from zero (Table 1).
for world-wide OIB data to answer these questions. We first consider the theoretical aspects of this issue.

The concentration of an element (CL) in the remaining
liquid fraction (F ) after Rayleigh fractionation of a min-
eral phase (M) is calculated asZr/Nb SYSTEMATICS OF OIB

Zr and Nb have very different bulk distribution co- CL= C0F
(DM−1) (1)

efficients in an upper-mantle melting regime, expressed
where C0 is the concentration of that element in theas DZr

solid/liquid
q DNb

solid/liquid (e.g. Green et al., 1989), yet
parental magma. To calculate the maximum possiblethe average correlation coefficient (r2) between Zr and
degree of enrichment in the element we set the dis-Nb concentrations is 0·95 in 51 studied world-wide OIB
tribution coefficient DM to zero, in which case the re-datasets (see Table 1). In many cases the degree of
lationship can be simplified tocorrelation is comparable with that between Zr and

Hf—elements of identical charge and effective ionic CL/C0 = 1/F. (2)
radius and hence indistinguishable bulk distribution co-
efficients (Table 1). The compiled database covers the The degree of enrichment in, for example, Nb between

the most trace element enriched sample relative to themajority of OIB for which data are available. Because
data were obtained by various techniques [X-ray fluor- least enriched sample, Cmaximum/Cminimum, in the OIB suites

listed in Table 1 averages 2·3 (variation between 1·1.escence (XRF), instrumental neutron activation analysis
(INAA), inductively coupled plasma mass spectrometry and 10·2; Table 1). Individually computed [equation (2)]

corresponding fractional crystallization averages 46%(ICP-MS) and spark source spectrometry] inter-analytical
bias might be present, which is likely to reduce correlation (variation between 11 and 90%; Table 1). It is obvious

from Table 1 that this amount of calculated fractionalbetween Zr and Nb concentrations. However, this prob-
lem is likely to be minimal; first, because in a previous crystallization by far exceeds geologically possible limits

imposed by the compositional range for the majority ofstudy based on the same datasets, Kamber & Collerson
(2000) have found excellent correlation between Nb and OIB suites (average range of MgO is 5·5 wt %; see also

Slater et al., 1998). For example, Cmaximum/Cminimum of theTa, despite these elements having been measured by
different techniques; second, because the compiled Zr Walvis Ridge basalts is 2·6 (Humphris & Thompson,

1983), requiring them to have undergone 61% fractionaland Hf data were also usually measured by different
techniques but show no substantial bias, neither in cor- crystallization. Yet the selected samples have a narrow

compositional range (MgO 6·0–8·3 wt %, SiO2 47·8–50·2relation coefficient, nor in Zr/Hf ratio (Table 1), and
hence intercept. The common usage of trace element wt %, Na2O 2·2–3·5 wt %), which clearly indicates that
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olivine, clinopyroxene and plagioclase fractionation could concentration of the remaining liquid by a factor of
never have approached 61%. almost 100 (using a conservative DNi

olivine/liquid of 10; Kinzler
A similar picture unfolds if concentration levels of et al., 1990). However, Ni concentrations even in the

compatible elements are studied. Fractional crys- more evolved OIB are still comparatively high (generally
tallization of 40% olivine would lower the Ni >50 ppm) and the Ni Cmaximum/Cminimum ratios rarely exceed

20 (e.g. Ni Cmaximum/Cminimum for the selected Walvis Ridge
basalts is 4·3). Notwithstanding the fact that incompatible
trace element levels in some of the more evolved OIB
suites (particularly hawaiite to benmoreitic series) can be
modelled by fractional crystallization (e.g. le Roex &
Erlank, 1982; le Roex et al., 1990; Ablay et al., 1998), we
conclude that the variability of enrichment observed in
the vast majority of OIB cannot solely reflect fractional
crystallization.

Another prediction of simple olivine segregation is that
the intercept of a linear regression through the Zr vs Nb
concentration data should always be close to zero (Fig.
2a), irrespective of the (in our case arbitrarily chosen)
concentrations in the parental melt. This is because
olivine, in which Zr and Nb are both highly incompatible,
plots very close to the origin of a concentration plot.
However, regression lines for natural data invariably have
non-zero intercepts. The average Zr intercept calculated
from global OIB is 49 (Table 1), which explains why
Zr/Nb ratios systematically vary with Nb concentration.
In clinopyroxene Zr is more compatible than is Nb
(D clinopyroxene/liquid of 0·1234 vs 0·0077; Zack et al., 1997)
and therefore clinopyroxene removal could lead to Zr vs
Nb concentration trends with positive Zr intercepts.
However, removal of olivine and clinopyroxene in pro-
portions of 0·6:0·4 only lifts the Zr intercept to a value
of 12. Fractional crystallization alone therefore fails to
account for the observation that the majority of re-
gressions of natural data yield intercepts significantly

Fig. 2. Bivariate Zr vs Nb concentration plots. (a) Perfect linear
arrays result from olivine fractionation (space between open symbols
corresponds to an increment of 5% olivine [Fo89·5] segregation). The
four arbitrarily chosen parental melt Nb and Zr concentrations (Ε)
determine the slope of the fractionation lines. It should be noted that
all linear regressions intersect very close to the origin, irrespective of
the Zr/Nb ratio of the parental melt. (b) Comparison of raw (Χ) and
reconstituted (Β) data from Tubuai Island (Chauvel et al., 1992; Kogiso
et al., 1997). It should be noted that fractional crystallization explains
only 22% of the spread in concentration of both elements and further
that the fit parameters for the linear regressions (not shown) remain
largely unchanged. Arrows connect two datapoints before and after
correction. The length of the longer arrow corresponds to addition of
28% solids. (c) Comparison of raw (Χ) and reconstituted (Β) data
from Inaccessible Island (Cliff et al., 1991). It should be noted that
restoration in this example increases the spread and improves the
correlation for linear regressions (not shown). Arrow connects a sample
that experienced 26% fractional crystallization. (d) Comparison of raw
(Χ) and reconstituted (Β) data from Teahitia, Society Islands (Hémond
et al., 1994). Correction for fractional crystallization successfully restores
to one melt composition (MgO = 13·95 wt %) by reducing both the
spread and the degree of linear correlation in the data. (Note that
correlation coefficient of corrected data is only 0·002.)
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different from zero. This suggests that an additional
process is at work.

Zr/Nb systematics beyond fractional
crystallization
To assess which other processes could be responsible for
the wide range of trace element concentrations found in
OIB it is necessary to correct for removal of liquidus
phases. Unfortunately, this procedure relies on a large
number of assumptions that are difficult to test. For the
purpose of evaluating whether the covariation between
Zr and Nb concentrations remains linear after correction
of crystal fractionation it is not necessary to know the
composition of the parental melt. Rather, the more
evolved melts are reconstituted to the composition of the
most primitive sample used in Table 1. The largest
uncertainty derives from the unknown proportions of
removed liquidus phases and their distribution coefficients
for Zr. Uncertainties regarding the major element com-
positions of the liquidus phases are second order and will
not be further considered here.

We use the MgO content as a proxy for degree of
differentiation despite this ignoring the effects of plagio-
clase fractionation. However, as pointed out by Albarède
(1992), plagioclase is of limited importance in OIB post-

Fig. 3. Plot of FeO (total) vs FeO/MgO ratio. (a) Data points for Stmelting fractionation. This is illustrated in Fig. 3, where
Helena samples (Chaffey et al., 1989) are coded for MgO content: 2–4apparent liquid lines of descent are shown for St Helena wt %, white; 4–6 wt %, light grey; 6–10 wt %, dark grey; 10–14 wt

and Gough in plots of FeO vs FeO/MgO. This plot is %, black. Fractionation over this large range in MgO is evidently
dominated by olivine and even the most evolved samples show onlyparticularly useful to assess the importance of plagioclase
limited evidence for clinopyroxene and plagioclase removal. Removalfractionation, as the FeO/MgO ratio is unaffected but
vectors after Albarède (1992). It should be noted that in Table 1 only

FeO is increased. The apparent liquid lines of descent for samples with MgO >6 wt % were used for St Helena. (b) Identical
both Gough and St Helena demonstrate the dominance of plot for middle basalts from Gough (le Roex, 1985). Colour coding for

MgO content: 3–6 wt %, white; 6–10 wt %, light grey; 10–18 wt %,olivine over clinopyroxene over plagioclase fractionation.
dark grey. Table 1 uses only samples with MgO between 6 and 14 wt %.This is true even for the very evolved samples (with MgO

<5 wt %) that were generally not included for calculation
of Zr vs Nb correlation in Table 1 (see also caption to

The reconstituted datasets were then used to calculateFig. 3). Data in Table 1 were corrected for crystal
a second set of regression parameters for correlations infractionation with a four-stage restoration. Stage one
Zr vs Nb plots (Table 1). It is evident that the quality of(for MgO up to 6 wt %) involved addition of olivine,
correlation, on average, deteriorates only marginally andclinopyroxene and plagioclase in 0·4:0·2:0·4 proportion
that a significant linear correlation still exists after cor-(MgO of olivine, 40 wt %; MgO of clinopyroxene, 14
rection for fractional crystallization. More specifically,wt %; MgO of assemblage, 18·8 wt %). In stage two
the median correlation coefficient dropped from 0·950(from 6 to 8 wt % MgO), the proportion of olivine to
in the original dataset to 0·921 in the corrected datasets.clinopyroxene to plagioclase was changed to 0·6:0·2:0·2
Furthermore, the changes in Zr intercept (median differ-(MgO of olivine, 43 wt %; MgO of clinopyroxene, 14
ence of 5·94) and slope (median difference of 0·233) arewt %; MgO of assemblage, 28·6 wt %). Stage three (from
also small.8 to 10 wt % MgO) involved olivine and clinopyroxene

Effects of the outlined restoration procedure are il-only, in a proportion of 0·8:0·2 (MgO of olivine, 45 wt
lustrated for three datasets. Figure 2b shows a comparison%; MgO of clinopyroxene, 14 wt %; MgO of assemblage,
between raw and back-corrected data for basalts from38·8 wt %). Final stage four involved olivine (MgO 48 wt
the island of Tubuai [data from Chauvel et al. (1992) and%) addition alone. Nb and Zr were treated as completely
Kogiso et al. (1997)]. It is immediately obvious thatincompatible in all three phases, except for Zr in clino-
although olivine, clinopyroxene and plagioclase additionpyroxene, for which a distribution coefficient of 0·1234

was used (Zack et al., 1997). does reduce the total range in Zr concentrations there
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remains 78% of the original (large) spread in the re-
constituted magma (with MgO 14·95 wt %) and that the
data still define a largely unchanged linear array. For
datasets that include primitive samples with high in-
compatible trace element contents restoration does not
significantly reduce the data spread and in a few cases
even enlarges the spread (Fig. 2c). Only for a single
dataset (Teahitia) does the restoration model provide the
full explanation for data spread and linear correlation.

Our analysis of Zr/Nb systematics thus confirms the
findings of previous studies (e.g. Nicholson & Latin,
1992) claiming that fractional crystallization alone cannot
explain the range of enrichment in incompatible trace
elements of individual OIB suites. In addition, our analysis
shows that the linear correlation between concentrations
of Nb and Zr is a feature of the magma(s) that existed
before fractional crystallization. In a next step we use
this observation to evaluate the role of variable degree
of melting in the OIB source.

Effect of degree of melting on Zr/Nb
systematics
It is impossible to derive very enriched OIB melts from

Fig. 4. (a) Concentration arrays predicted by changes in melt fractionsingle-stage melting of depleted upper mantle (McKenzie
(filled symbols refer to batch melting; open symbols to accumulated& O’Nions, 1995, 1998). Therefore, if enriched melts
fractional melting). Plotted points correspond to melt fractions of 0·001,

are to be derived from the upper mantle, it is necessary 0·002, 0·005, 0·008, 0·01, 0·012, 0·015, 0·02, 0·025, 0·05, 0·06, 0·07,
to postulate an enriched source. Figure 4a illustrates Zr 0·08, 0·1, 0·125, 0·15, 0·25, 0·5 and 1. Enriched source composition

(19·2 ppm Zr; 0·91 ppm Nb) consists of one part N-MORB and ninevs Nb concentrations for increasing degrees of modal
parts primitive mantle [both after Hofmann (1988)]. Both modelsbatch and aggregated fractional melting of such an en- assume modal melting with constant mineralogy of source (60% olivine

riched source (composition: 1 part MORB + 9 parts + 25% orthopyroxene+ 10% clinopyroxene+ 5% garnet). Partition
coefficients for clinopyroxene and garnet after Green et al. (1989), andprimitive mantle; mineralogy: 60% olivine+ 25% ortho-
for olivine and orthopyroxene after Ewart et al. (1998). Changingpyroxene+ 10% clinopyroxene+ 5% garnet). Although
degrees of melting generate curved concentration arrays, irrespective

neither of these endmember models is realistic, they both of the melting model. (b) Concentration arrays modelled by accumulated
illustrate the pertinent point: because of the difference fractional melting of a moderately depleted source (Χ) vs an enriched

source (Β). Plotted points correspond to melt fractions of 0·001, 0·002,in the bulk distribution coefficients between Zr and Nb,
0·005, 0·008, 0·01, 0·012, 0·015, 0·02, 0·025, 0·05, 0·06, 0·07, 0·08any melting model will generate a curve, and not a and 0·1. Depleted source (9·71 ppm Zr; 0·62 ppm Nb) is primitive

straight line, on a bivariate plot. In other words, the Nb mantle (Hofmann, 1988). Enriched source (33·4 ppm Zr; 1·34 ppm
Nb) consists of 7·5 parts primitive mantle and 2·5 parts N-MORBconcentration in the melt is far more sensitive to the
(Hofmann, 1988). Other parameters identical to (a). Mixing linedegree of melting than is Zr (Fig. 4a). It is thus clear that
(throughΟ symbols) connects a 0·50% melt from the enriched reservoir

the residual variation (i.e. after correction for fractional with a 6% melt from the depleted reservoir. The line is defined as
crystallization) in incompatible trace element enrichment Zr = 80·3 + 2·81 × Nb.
of OIB is not simply a function of variable melting
degree. Nb/Zr/Y modelling by Fitton et al. (1997). Those workers

It could be argued that integration of melt in the could reproduce the slope defined by Icelandic lavas in
melting environment would smooth out the curved Zr an Nb/Y vs Zr/Y plot (their fig. 3b) with a model
vs Nb relationship generated by variable degrees of involving 2% melt retention. However, a 1–10% variation
melting. The problem with such an explanation is that in degree of melting could explain only >40% of the
the observed range in trace element concentrations in data spread (for a garnet-bearing source). For a spinel-
residual datasets would already require relatively large bearing source, the same range in melting degree could
variations in the degree of melting. If melt integration is account for only>15% of the data spread. We therefore
invoked, this problem is magnified, as the true range of conclude that Zr/Nb systematics of OIB cannot be
incompatible trace element concentrations is telescoped explained by variable degree of melting of a com-

positionally homogeneous source.into the mixing array. This can be appreciated from the
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Melt integration in the melting column is, in effect, a regression lines of all datasets should, within reason,
intersect at a common point. There are, however, twomixing process. It is therefore inherently difficult to

distinguish from mixing of two (potentially unrelated) factors that could cause deterioration in the closeness of
intersection. First, slopes and intercepts of our regressionmelts. The ‘accepted’ interpretation of Zr/Nb ratios

and radiogenic isotope signatures of OIB relies on two lines (listed in Table 1) may not necessarily be accurate
in spite of the closeness of fit to the data. This isprinciples: first, that the OIB source is variably enriched;

second, that melting occurs to variable extent in these because of the possibility of systematic bias introduced
by analytical calibration. In older studies, both Nb andsources. The simplest such case is binary mixing of one

type of melt produced in a more enriched source portion Zr concentrations were usually determined by the XRF
with a second type of melt coming from a more depleted technique. More modern studies, however, often present
source portion. Figure 4b shows accumulated fractional mixed datasets in which Zr is measured by XRF and
melting curves for a relatively depleted source compared Nb by ICP-MS. Potentially biased regressions from mixed
with that of a strongly enriched source. Mixing lines with datasets (constituting the majority of those used in Table
positive slopes in the range of those observed in natural 1) would therefore enlarge the area in which all regression
datasets (ranging between 1·38 and 15·4; Table 1) are lines intersect. Second, some OIB have a substantial
obtained only when the depleted source is melted to a lithospheric mantle component, which may affect their
considerably higher degree than the enriched source. Zr/Nb systematics. Derivation of OIB from, or con-
Although we accept this as a possibility we find it coun- tamination with old lithospheric mantle (in some cases
terintuitive, particularly as enriched, metasomatized sub-continental-like material) has, for example, been
mantle peridotites and lherzolites commonly contain demonstrated by He isotopes (Hilton et al., 1995), Os
additional phases such as richterite, phlogopite or apatite isotopes (Widom et al., 1997; Hassler & Shimizu, 1998)
(e.g. Hauri et al., 1993). Hydrous phases tend to lower and large ion lithophile element (LILE) characteristics of
the solidus, which seems to contradict the model re- OIB (Claude-Ivanaj et al., 1998). Lithospheric mantle
quirement of limited melting. xenoliths, on average, have subchondritic Nb/Ta ratios

In summary, the surprisingly coherent behaviour of (McDonough, 1990). The Nb surplus in the lithospheric
Zr vs Nb concentrations in the majority of global OIB mantle is indeed also reflected by low Nb/Ta ratio of
requires some form of (binary) mixing process. those OIB for which such a component has been sug-

gested on independent evidence (Kamber & Collerson,
2000). In the following discussion, data from the Azores,
Cameroon, Karthala (Comores), Cape Verde, Heard

THE DEPLETED ENDMEMBER and Kerguelen have been excluded from our statistical
treatment. There is a possibility that a lithospheric mantleTwo recent studies have pointed out that the Pb-isotope

variations for individual ocean islands (or even individual component could explain the low correlation coefficients
for Zr/Nb concentrations in Heard Island and Kerguelenmagma eruptions) are best explained by two-component

mixing, implying the coexistence of two different magmas samples, as well as the unusual Zr-axis intercepts for
Cape Verde, Heard and Azores samples (Table 1). Webefore or during melt aggregation. Saal et al. (1998), in

an analytically challenging experiment, have found very also excluded the regression parameters for Teahitia
because of the insignificant correlation coefficient of thelarge variations in Pb-isotope composition in melt in-

clusions from isotopically homogeneous lava samples residual dataset.
To evaluate the hypothesis of a common, depletedfrom the Cook and Society Islands. They found linear

arrays on 207Pb/206Pb vs 208Pb/206Pb plots with clear OIB endmember, we calculated the 741 intersections of
the regression lines and the angle of intersection (�) fromevidence for an isotopically enriched and a more primitive

mixing endmember. Kamber & Collerson (1999), in a the remaining 40 datasets. Figure 5 shows the calculated
741 Nb and Zr intersections as functions of �. The firststudy of global OIB Pb-isotope systematics, have sug-

gested that the linear OIB arrays in plots of 207Pb/204Pb and most important observation is the lack of evidence
for a multi-modal distribution. To test the normality ofvs 206Pb/204Pb have no age significance but instead reflect

binary mixing between a depleted melt and an isotopically distribution, we computed histograms for the products
of � times Nb and Zr, respectively (Fig. 6). The opticalenriched melt from an unfractionated reservoir. They

also found that a depleted endmember (most probably impression of normal distribution is confirmed by the
low skewness (0·50 for Nb and 1·21 for Zr). We thereforeambient MORB-source mantle) is common to all OIB.

We propose that the Zr/Nb systematics of global OIB conclude that Zr/Nb systematics is compatible with the
view that a depleted endmember is common to all OIB.provides additional evidence for binary mixing and we

furthermore postulate that all OIB have a common Because intersections of quasi-parallel lines (under low
angles) scatter widely, it is necessary to calculate thedepleted mixing endmember. If OIB indeed share a

common mixing endmember, the Zr vs Nb concentration average intersection by a weighted mean where � is used
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Fig. 5. Plots of intersection angle (� in degrees) between 40 regression
lines of selected datasets from Table 1 vs Nb (a) and Zr (b) concentrations

Fig. 6. Histograms of products of Nb (a) and Zr (b) concentrations atat intersections (n = 741). It should be noted that intersection con-
intersections and intersection angle (� in degrees). Both datasets havecentrations far off the median and weighted average result from
low skewness (0·50 for Nb and 1·21 for Zr), which indicates near-intersections at very low angles. These correspond to intersections of
normal distribution. Also, in terms of ‘peakedness’, both distributionsquasi-parallel regression lines. This wide spread precludes calculation
are near-normal with moment coefficients of kurtosis of 4·88 (Nb) andof meaningful standard deviations. Nevertheless, intersections at high
2·65 (Zr).angles define a common depleted end-member to all OIBs in the range

of 0–10 ppm Nb and 50–150 ppm Zr. Further discussion is given in
the text.

as the weighting factor. The respective intersection values
THE ENRICHED ENDMEMBER(S)compare well with the medians: 92 ppm (weighted mean)
Zr/Nb systematics also helps to constrain further theand 84 ppm (median) for Zr concentration, and 7·92
nature of enriched OIB components, regardless ofppm (weighted mean) and 7·92 ppm (median) for Nb
whether OIB have a common depleted component. Inconcentration. Unless an arbitrary chosen cut-off limit
our view, the origin of enriched mantle melt remainsfor the interception angle is chosen (i.e. rejecting data
elusive. We therefore restrict the discussion to somefrom regressions that intersect below a certain angle),
limiting constraints.no sensible errors for these averages can be estimated.

We have demonstrated that even after correction forNevertheless, our estimated concentrations of Nb and Zr
fractional crystallization most OIB are unexpectedly en-in the postulated common depleted endmember are in
riched in many incompatible (and compatible) tracereasonable agreement with estimated average MORB
elements. Furthermore, it is obvious from Table 1 thatmelts, namely, 3·5 ± 1·9 ppm Nb and 104 ± 42 ppm
the specific slopes in Zr vs Nb concentration diagramsZr (Hofmann, 1988).
are highly variable for global OIB. At an arbitrarilyQuantitative treatment of Zr/Nb systematics is limited
chosen Nb concentration of 100 ppm, the correspondingby assumptions made regarding fractional crystallization
Zr concentrations in global OIB vary between 250 andand possible analytical bias. Nevertheless, the analysis of
1540 ppm. Such a variation in Zr/Nb ratios could, ininterception points shows that Zr/Nb systematics is not
theory, be explained by very small degree melting ofin conflict with a common MORB-like depleted mixing
sources with strongly variable olivine contents (high pro-endmember that we have postulated based on Pb-isotope

constraints (Kamber & Collerson, 1999). portions of olivine are required for the high Zr/Nb OIB).
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However, if a fit to the entire set of incompatible trace
element data is attempted (particularly the REE) it is clear
that single-stage melting of MORB-source or primitive
upper mantle is unrealistic for the origin of enriched OIB.
McKenzie & O’Nions (1998) have given a comprehensive
discussion of this issue and concluded that at least the
strongly enriched OIB require a two-stage history in
which the source is enriched (by a small-degree melt
from within the garnet stability field) before OIB melt
generation per se. McKenzie & O’Nions (1998) did not
address the issue of variable trace element enrichment
within a cogenetic suite of OIB samples but it appears
possible that their model could produce the enriched
endmembers for the binary mixing envisaged in our Fig. 7. Primitive mantle (after Hofmann, 1988) normalized trace

element plot for a representative enriched La Grille basanite (Φ; 98model.
GR1; from Deniel, 1998) and two glass reaction rims from wehrliteAn alternative approach is to identify naturally xenolith (Χ and Β; GC4 WH1; from Coltorti et al., 1999). There is

occurring highly enriched mantle melts. Of all terrestrial a remarkably good fit for the strongly to mildly incompatible elements.
Further discussion is given in the text.magmas those with carbonatitic and kimberlitic affinity

are generally the most strongly enriched in many
incompatible trace elements. An increasing number of
purely oceanic carbonatites (or reaction products be-
tween them and oceanic mantle xenoliths) are being HFSE fractionation has been observed between car-
found. Most recently, Coltorti et al. (1999) reported bonatitic fluids and carbonates and silicates, by Bühn &
the occurrence of glass and clinopyroxene reaction Rankin (1999). Those workers found that alkali-car-
rims in lherzolite and wehrlite xenoliths from La Grille bonatitic fluids fractionate Zr whereas Nb is concentrated
volcano (Grand Comore Island). Some of these glasses, in volatile-deficient sövitic host carbonatite. Meta-
which Coltorti et al. (1999) interpreted as quenched somatism by such carbonatites, coupled with de-
melt products between a carbonatitic metasomatizing volatilization, is therefore another mechanism that could
fluid and a primary mantle assemblage, are strongly create large differences in Zr/Nb ratio of enriched
enriched in incompatible trace elements. In Fig. 7 we mantle.
compare primitive mantle normalized contents of two The ultimate origin of carbonatites and kimberlitic
such glasses with those in a typical La Grille basanite magmas themselves remains a contentious issue. Because
[data from Deniel (1998)]. The good match dem- they are predominantly found (or preserved?) in con-
onstrates that carbonatitic melts (or reaction products tinental settings it was speculated that they might
of carbonatitic melt with ambient mantle) could rep- originate in deep subcontinental lithospheric mantle
resent the enriched endmember for the proposed binary (SCLM) roots. However, recent rare gas studies on
mixing model. carbonatites indicate that some could derive from

Petrogenesis of carbonatites is a complex issue. Some undegassed lower mantle (e.g. Sasada et al., 1997;
carbonatites could be the product of liquid immiscibility Marty et al., 1998; Dauphas & Marty, 1999). The
between carbonate and silicate melt whereas others ap- possibility of enriched OIB melts originating in the
pear to be generated by partial melting of carbonated lower mantle has also been claimed on the basis of
peridotite (e.g. Harmer & Gittins, 1998). Liquid im- Os-isotope evidence (e.g. Brandon et al., 1998). The
miscibility has a strong potential to fractionate in- thermal structure of the lower-mantle and lowermost-
compatible elements. Interestingly, high field strength mantle solidus are poorly understood, and opinions
elements (HFSE) show unexpectedly incoherent par- about the possibility of lower-mantle melting differ (e.g.
titioning between carbonate and silicate phase, as Zerr et al., 1998; da Silva et al., 2000). We simply
noted by Veksler et al. (1998). According to that study, note that the larger differences in distribution coefficients
Zr partitions far more strongly into the silicate melt between the predominant lower-mantle phases (e.g.
(DZr

carbonate/silicate = 0·016) than Nb (DNb
carbonate/silicate = Gasparik & Drake, 1995) would allow for much wider

0·503). Presence or absence of liquid immiscibility and concentration differences in melts, thereby eliminating
variable degree of physical separation between carbonate the need for reservoir enrichment. Kato et al. (1996)
and silicate melt therefore offer attractive explanations for pointed out that the complete exhaustion of CaSi-
the very variable Zr/Nb ratio required for the enriched perovskite could lead to melts with kimberlitic major

and trace element compositions.endmember of our binary mixing model. Equally strong
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IMPLICATIONS OF BINARY MIXING
FOR ISOTOPE CHARACTERISTICS
OF OIB
Radiogenic isotopes are a widely used tool in attempts
to decipher the nature of mantle sources that contribute
to oceanic magmatism (e.g. Zindler & Hart, 1986). The
radiogenic isotope systematics of basalts of individual
ocean islands (or stratigraphic units) is formally consistent
with binary mixing in that well-defined data arrays are
common in multi-isotope plots. The most convincing
example for hybridization of two isotopically and geo-
chemically distinctive melts has recently been reported
by Saal et al. (1998). If, as we argue, all OIB that lack

Fig. 8. Sr/Nd ratios vs CaO content of Walvis Ridge basalts (fromcontamination by SCLM are binary mixtures, linear data
Richardson et al., 1982; Thompson & Humphris, 1982; Humphris &arrays are predicted in plots of isotope ratios of the same Thompson, 1983). Plagioclase fractionation evidently cannot explain

element (i.e. 207Pb/204Pb vs 206Pb/204Pb, 208Pb/204Pb vs the spread in Sr/Nd ratio.
206Pb/204Pb and 186Os/188Os vs 187Os/188Os). Kamber &
Collerson (1999) have shown that this criterion is met by

SCLM contamination can be successfully explained byPb-isotope systematics of global OIB. This appears also
binary mixing between a depleted and a near-chondriticto be true for the very limited 186Os/188Os vs 187Os/188Os
endmember. Furthermore, we argued that the entiredata (Brandon et al., 1998).
OIB Pb-isotope array could also be generated by onlyIn isotope ratio plots that combine different elements
two endmembers that differ significantly in their 207Pb/(e.g. 87Sr/86Sr vs 143Nd/144Nd), however, deviations from
204Pb composition (the depleted mantle having a lowerlinear mixing arrays are plausible if mixing endmembers
207Pb/204Pb ratio because of continental growth withhave significantly different concentration ratios. We have
no significant recycling of U in Archaean and earlydemonstrated that Zr/Nb systematics requires enriched
Proterozoic times; Collerson & Kamber, 1999). The vastendmembers with strongly variable Zr/Nb ratios. Be-
spread in 206Pb/204Pb and 208Pb/204Pb was explained ascause Sr and Nd have very similar bulk-distribution
forming during a transient high U/Pb and Th/Pb stage,coefficients in MORB melting (Hofmann, 1988), the
caused by strong fractionation during intra-mantlelarge variation in Sr/Nd ratios found in OIB (from 1 to
differentiation (e.g. carbonate–silicate melt immiscibility),30 with a median of 15·6; Kamber & Collerson, 1999)
which is also indicated by the Zr/Nb systematics.clearly demonstrates the involvement of a process in the

Isotopic characterization of the mantle needs to begenesis of OIB that is efficiently fractionating these two
reassessed in view of the possibility that OIB couldelements. There is a possibility that the wide range of
represent hybrid melts between two distinctive end-Sr/Nd ratios of OIB is partly caused by clinopyroxene
members with different isotope and incompatible traceand plagioclase crystallization. However, the Walvis
element composition.Ridge example shows that a large range in Sr/Nd existed

in the melt before possible clinopyroxene and plagioclase
removal (Fig. 8). We note that immiscibility of carbonate–
silicate melts and metasomatism by carbonatitic fluids

CONCLUSIONShave strong potential to fractionate Sr from Nd. Veksler
Global OIB show surprisingly tight linear correlationset al. (1998) have determined partitioning of Sr and Nd
between Zr and Nb concentration. The major elementbetween carbonate and silicate melts and have found
composition and compatible element concentrations ofthem to be very different (DSr

carbonate/silicate= 4·1, DNd
carbonate/

these OIB impose a maximum limit to effects of fractionalsilicate= 0·92). The median Sr/Nd ratio of 15·56 of global
crystallization. Even after reconstituting to possible par-OIB is identical to the primitive mantle value of 15·3
ental magma compositions, substantial variability in Zrand significantly higher than the average MORB value
and Nb (and other trace element) concentrations remains.of 10·1 [from compilation by Hofmann (1988)]. Perfect
Furthermore, the linear relationship between Zr and Nbcarbonate–silicate separation could fractionate the prim-
concentrations and the generally positive Zr-interceptitive mantle Sr/Nd ratio to between >70 (carbonate)
remain largely unchanged (Table 1).and >3·5 (silicate), not dissimilar to the range observed

By comparison with predictions of melting models wein nature.
show that the variability in incompatible trace elementWe have already demonstrated (Kamber & Collerson,

1999) that Sr- vs Nd-isotope systematics of OIB that lack concentration in parental OIB magmas is not due to
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Albarède, F. (1992). How deep do common basaltic magmas form and Geochemical and experimental study of the genesis of Réunion
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