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Abstract

The abundances of the mildly incompatible elements Al, Cr, V, Sc and Yb in more than 1700 mantle peridotite bulk rock
analyses are interpreted in the light of a fractional melting model based on experimentally measured partition coefficients (D) and
melting reaction stoichiometries. All peridotites examined, irrespective of sample type (abyssal peridotites, orogenic massifs,
ophiolites, on/off craton xenoliths), tectonic environment (divergent/convergent/passive margin, intraplate) or the pressure ( P)
they last equilibrated at in the mantle (plagioclase-, spinel- , or garnet facies), originated as residues at less than 3 GPa, mainly
within the spinel-facies. Mantle rocks currently in the garnet facies likely were originally spinel-facies lithosphere underthrust or
subducted to greater depths in convergent margins. This view is inescapable even within the widest range of D values employed in
the calculations, and is furthermore strengthened when metasomatic effects on the abundances of the mildly incompatible elements
in residues are considered. A pressure of origin of below ~ 3 GPa for most mantle lithosphere creates difficulties for any model
ascribing a significant volume of deep, cratonic mantle roots to plume sub-cretion or any other vertical tectonic mechanism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The composition of mantle lithosphere dictates its
thermal and mechanical properties, stability and life-
time during the geodynamic evolution of our planet
(Jordan, 1975; Poudjom Djomani et al., 2001). It would
be useful to know or predict if fundamentally different
compositions of mantle lithosphere are produced in
different settings, and if so, why, and how they control
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the greater dynamics of continental and oceanic plates
of varying age and tectonothermal history.

A wealth of information about the composition of
the mantle lithosphere can be obtained from the study
of hundreds of volcanic-hosted xenoliths (Griffin et al.,
1999a; Jagoutz et al., 1979; Maaloe and Aoki, 1977;
McDonough and Sun, 1995; Pearson et al., 2003).
Although xenoliths can be placed into a spatial context
in the mantle, they are accidental samples when
entrained by their host magma, and age information
and their original tectonic environment of formation is
often obscure. In contrast, samples of the mantle in
outcrop as orogenic massifs, ophiolites and dredged
from the modern ocean basins provide a large in situ
example of lithosphere in contrasting tectonic settings,
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Data sources to world peridotite compilation

Peridotite type

Data source

Samples in ‘Outcrop’
Abyssal

Ophiolite

Forearc

Orogenic Massif

Passive margin

Xenoliths
Cratonic xenolith

Aumento and Loubat (1971)
Brandon et al. (2000)
Casey (1997)

Coogan et al. (in press)
Gillis et al. (1993)
Miyashiro et al. (1969)
Niu and Hekinian (1997)
Prinz et al. (1976)

Snow and Dick (1995)
Stephens (1997)

Berry (1981)

Coogan et al. (in press)
Gruau et al. (1991)
Gruau et al. (1998)
Jaques and Chappell (1980)
Loney et al. (1971)
Rampone et al. (1993)
Rampone et al. (1996)
Zhou et al. (1996)
Parkinson and Pearce (1998)
Pearce et al. (2000)
Becker (1996)

Bodinier (1988)
Bodinier et al. (1988)
Burnham et al. (1998)
Canil et al. (2003)
Chauvel and Jahn (1984)
Ermnst (1978)

Fabries et al. (1991)
Frey et al. (1985)
Gueddari et al. (1996)

Hartmann and Wedepohl (1993)

McPherson et al. (1996)
Scambelluri et al. (2001)
Shervais and Mukasa (1991)
Takazawa et al. (2000)
Bonatti et al. (1986)

Seifert and Brunotte (1996)
Zhang et al. (2000)

Bernstein et al. (1998)
Boyd and Mertzman (1987)
Boyd et al. (1993)

Boyd et al. (1997)

Boyd (1999)

Carlson et al. (1999)
Jaques et al. (1990)
Kopylova and Russell (2000)
Lee and Rudnick (1999)
Peltonen et al. (1999)
Rudnick et al. (1993)

Table 2 (continued)

Peridotite type Data source

Schmidberger and Francis (2001)
Winterburn et al. (1990)

Xenoliths

Ocean Island Ehrenberg (1982)
Gregoire et al. (2000)
Hauri et al. (1993)
Siena et al. (1991)

Cont. Rift Bedini et al. (1997)
Tonov et al. (1993)
Press et al. (1986)

Cont. Intraplate Aoki (1981)
Dautria and Girod (1986)
Dautria et al. (1992)
Dupuy et al. (1987)
Embey-Isztin et al. (1989)
Francis (1987)
Frey and Green (1974)
Griffin et al. (1987)
Hunter and Upton (1987)
Jagoutz et al. (1979)
Laurora et al. (2001)
Lee et al. (2003)
Lenoir et al. (2000)
Lenoir et al. (2001)
Menzies and Hawkesworth (1987)
Morten (1987)
Peslier et al. (2002)
Qi et al. (1995)
Shi et al. (1998)
Smith and Levy (1976)
Smith et al. (1999)
Song and Frey (1989)
Stolz and Davies (1991)
Vaselli et al. (1995)
Xue et al. (1990)
Yaxley et al. (1998)
Zangana et al. (1999)

Cont. Arc Liang and Elthon (1990)
Luhr and Aranda-Gomez (1997)
Oceanic Arc Franz et al. (2002)

Maury et al. (1992)
Mclnnes et al. (2001)

usually of known age, but are less frequently sampled
and may also undergo modification when exhumed or
exposed in environments with complex geological
histories.

This contribution examines a large data compilation
of'the bulk composition of mantle peridotites in outcrop
and as xenoliths from a range of tectonic settings. The
database is used in concert with experimentally mea-
sured partition coefficients (D) and mantle melting
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reactions, to distinguish the pressure (P) and oxygen
fugacity (fO,) of melting and potentially the tectonic
environment for the formation of lithosphere later
sampled accidentally as xenoliths in alkaline magmas.

2. The mantle peridotite data set

More than 1700 peridotite bulk rock analyses were
compiled from over 80 data sources in the literature.
Similar though less extensive compilations have been
published previously (Hart and Zindler, 1986; Maaloe
and Aoki, 1977; McDonough and Sun, 1995; Palme
and Nickel, 1985), but in this case a full table of
analyses (Table 1) is available as a supplementary
online electronic data set accessible via the Elsevier/
Lithos website. The main focus here is on the abun-
dances of Al, Cr, Sc, V and Yb because they are
mildly incompatible elements less affected by meta-
somatism, as will be shown below.

All data sources are post-1969. In all cases, ele-
ment concentrations were determined by X-ray fluo-
rescence (XRF), neutron activation or inductively

coupled plasma mass spectrometry (ICPMS). Unfor-
tunately, Sc, V and Yb are not always analysed in the
same or all samples in a suite. Interlaboratory consis-
tency or accuracy for these elements is not always
demonstrable and no robust assessment of this issue
can be presented at this time. Problems arise from this
because some peridotites have V or Sc contents near
the typical detection limits for these elements using
XRF ( ~ 10 ppm). A recent assessment by Lee et al.
(2003) for V showed that this element is likely known
to within 10% relative.

The peridotite samples were divided according to
the tectonic environment in which they were sampled
either in outcrop or as accidental xenoliths in volcanic
rocks (Table 2). High-temperature peridotites with
‘sheared’ or porphyroclastic textures derived from
kimberlites are often strongly overprinted by trace
element budgets related to melt-metasomatism and
are excluded from this study. Some tectonic environ-
ments are not well represented (e.g., forearc exposures,
arc xenoliths), mainly due to a lack of studies in the
literature. Nonetheless, the division of tectonic envi-
ronments shows a good correlation with the average
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Fig. 1. The median and mean level of depletion (Al,O; content) of mantle peridotites in the data compilation from this study (#>1700),
classified according to the tectonic environment in which they were sampled. Samples from outcrop are listed in italics, all others are xenolith
data. Error bars are one standard deviation of the mean. The composition of primitive upper mantle (PUM) used in this and subsequent figures is

from McDonough and Sun (1995).
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Fig. 2. Al,O3 contents in peridotite residues as a function of melt
fraction (F) at pressures of 1.5, 3.0 and 7.0 GPa. Trends are
calculated using a fractional melting model in which Al is treated as
a mildly incompatible element, with primitive upper mantle (PUM)
as the source material. Bulk D0, residue/liq is parameterized as a
function of (F) using chemical data from peridotite melting
experiments and weighted according to experimentally determined
stoichiometry of melting reactions (see Canil, 2002 for details). The
inflections in the melting trends at each pressure correspond to
consumption of a phase and corresponding change in the
stoichiometry of the melting reaction. Note that although garnet is
stable on the solidus at 3.0 GPa, it is consumed at ~ 10% melting,
corresponding to ~ 3.5 wt.% ALO; in the residue.

level of depletion as indexed by the bulk rock Al,O3
content (Fig. 1). Al,O5 is used as a depletion index
because it is immobile during metamorphism and
allows for comparison of samples from all states of
preservation. Moreover, the behaviour of Al,O5 during
partial melting is sensitive to P (Herzberg, 1995;
Walter, 1998) and simple to model empirically with
experimental data on peridotite melting (Fig. 2).

3. Empirical partial melting model

Experimentally measured element partition coeffi-
cients (D) in mafic and ultramafic systems (Table 3,
Fig. 3) are used in a fractional melting model (John-
son et al., 1990) that weights the D’s according to the

stoichiometry of the melting reactions along the
peridotite solidus, also determined by experiment.
This empirical melting model is described in detail
in Canil (2002) and used to derive the composition of
residues as functions of P, degree of melting and, in
the case of V, oxygen fugacity (fO,). Because exper-
imentally measured D values vary considerably (by
factors of 2 to 5), the melting models used to derive
residue trends in this study were calculated as end-
member cases (i.e., highest and lowest D) for com-
parison with chemical data for mantle residues. The
elements Yb, Cr, Sc and V all partition differently
amongst key mantle minerals (garnet, spinel, clino-
pyroxene, orthopyroxene, olivine) involved during the
partial melting of peridotite (Table 3). Of these ele-
ments, V is redox sensitive, and the order of partition
differs, with the general relation: Dyy1iqg>Depxniq = Dsp/
lig for Sc and Yb> Dsp/liq>Dcpx/liq>>Dgt/liq for V7 Dsp/
liq = Depxniq™Dyiiq for Cr. Thus, correlations amongst
Yb, Cr, Sc, Vand Al are predicted to be illustrative of
the effects of P, fO, and extent of melting to form a
peridotite residue.

4. Effects of metasomatism

Numerous isotopic and trace element studies have
revealed that all examples of mantle lithosphere have
suffered some degree of chemical modification (meta-
somatism) that post-dates the original melting process.
An assessment of the impact of metasomatic process-
es on the bulk rock chemistry of samples considered
in this study is required to evaluate the degree to
which they retain their chemical signature as residues.

Elements that are highly incompatible are most
compromised by metasomatism, either over long
periods in the lithosphere or immediately prior to or
during entrainment in their host magma. The resi-
dence of many highly incompatible elements (bulk
D<0.01) is dominated by minor phases and grain
boundary phenomena, some of which are introduced
by entrainment in the host magma (Pearson et al.,
2003). For this reason, this study does not concern
itself with highly incompatible elements. The main
focus here is on Al, Cr, Sc, V and Yb, because these
elements generally have a bulk D (residue/liq) be-
tween | and 0.1 and thus their abundances should be
less affected by chemical modifications impregnated
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Table 3
Data sources for partition coefficients
Mineral Bulk Element D Data source
comp. value
Garnet komatiite Sc 1.1 Yurimoto and Ohtani,
1992
basalt Sc 2.62  Hauri et al., 1994
komatiite Yb 0.9 Yurimoto and Ohtani,
1992
basalt Yb 6.6 Johnson, 1998
peridotite V *E Canil, 2002
Clinopyroxene picrite Sc 0.51  Ulmer, 1989
basalt Sc 1.31  Hart and Dunn, 1993
basalt Yb 0.22  Gaetani and Grove,
1995
basalt Yb 0.623 Hauri et al., 1994
Ab-An-Di V Hk Canil and
Fedortchouk, 2000
basalt \% Hk Canil and
Fedortchouk, 2000
Olivine basalt Sc 0.12  Beattie, 1994
chondrule Sc 0.47  Kennedy et al., 1992
basalt Yb 0.0157 Beattie, 1994
chondrule Yb 0.017 Kennedy et al., 1992
komatiite V wok Canil and
Fedortchouk, 2001
Low Ca picrite Sc 0.33  Ulmer, 1989
Pyroxene  chondrule Sc 0.48  Kennedy et al., 1992
chondrule Yb 0.032 Kennedy et al., 1992
basalt Yb 0.08  Schwandt and
McKay, 1998
chondrule V H Canil, 1999
Spinel Fo-An-Di Sc 0.36  Horn et al., 1994
synthetic  Sc 0.0478 Nagasawa et al., 1980

basalt Yb 0.01  McKenzie and
O’Nions, 1991
synthetic  Yb 0.0076 Nagasawa et al., 1980

komatiite V H Canil, 2002

**D values for V vary with fO, according to relationships given in
the data source. See Fig. 2 for range of D.

upon mantle peridotites during their residence in the
lithosphere, as is demonstrated with detailed studies of
the metasomatic process.

A well-constrained study of metasomatism at the
outcrop scale by McPherson et al. (1996) examined
trace element abundances in peridotite surrounding
amphibole-bearing veins in the Lherz orogenic massif.
The veins were interpreted to be channels for melt that
percolated outward into the host peridotite creating a
metasomatic front. Fig. 4 shows no real change can be
discerned for whole rock abundances of Sc, V, Al and
Cr (not shown) with distance from the veins into the
host peridotite. Only the most incompatible Yb has
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Fig. 3. End-member (highest and lowest) partition coefficients (D)
measured experimentally for mantle minerals in mafic and
ultramafic systems (Table 3). Note the order of partition for these
mildly incompatible elements differs for each phase. The spread in
V is due its change with fO, (Table 3).

been disturbed, but only for small mantle volumes near
the veins. This example shows that metasomatism may
only serve to inflate the concentrations of all incom-
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Fig. 4. Chemical data for peridotites sampled in outcrop at intervals
away from metasomatic veins in the Lherz orogenic peridotite
massif, France (McPherson et al., 1996). Note little change in Al, V
and Ti (used as a proxy for Sc) away from the veins, and inflation of
Yb relative to the former three elements, but only within a decimeter
scale near the veins. Data for Cr are not shown to reduce the scale
but show an identical trend to Al.
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patible elements relative to the original residue, and
will preferentially increase the abundances of Yb
relative to Al, V, Sc or Cr.

Grain-scale heterogeneity in trace and major ele-
ments suggests that many mantle samples contain too
much garnet and pyroxene for their degree of deple-
tion, and have experienced addition of these compo-
nents to an original residue, in some cases shortly
before or during entrainment in their host magma
(Griffin et al., 1999a,b; Pearson et al., 2002; Simon
et al., 2003). The degree to which clinopyroxene and
garnet components in mantle rocks are not primary and
have been introduced to a residue during its residence
in the lithosphere needs to be evaluated because the
budgets of Al, Yb, Sc, Cr and V in bulk rock peri-
dotites are dominated by these phases (e.g., Glaser et
al., 1999; Schmidberger and Francis, 2001). The
modes of clinopyroxene and garnet in highly depleted
rocks are only adequately sampled in large specimens
(Boyd and Mertzman, 1987), so only high-quality data
from large samples is useful in this analysis. Fig. 5
shows the observed modes of these rocks compared
with those expected from a partial melting model.
Such a comparison is only semi-quantitative because
modes of clinopyroxene and garnet in a melting model
are dependent on starting compositions, and are lower
than those recorded in natural samples equilibrated at
temperatures below the solidus.

Most residues with greater than 2 wt.% Al,O5 do
not contain inordinate amounts of clinopyroxene,
whereas those with less than ~ 1.5 wt.% Al,O3
contain an excess of several percent (Fig. 5). A
similar trend is observed by Pearson et al. (2002)
using a different melting model and Mg# as a
depletion index. The origin of the excess clinopyrox-
ene in such rocks has been debated. Such residues
may have cooled to form clinopyroxene from higher
temperature Ca- and Al-rich pyroxene above the
solidus, as originally proposed on textural grounds
(Cox et al., 1987) and demonstrated by experiment
(Canil, 1991). More quantitative mass balance and
consideration of trace element abundances and het-
erogeneity show that exsolution does not account for
sufficient clinopyroxene in these rocks, and that much
of this clinopyroxene is instead “added” to a residue
(Boyd and Mertzman, 1987; Canil, 1992; Shimizu et
al., 1997; Simon et al., 2003). This would explain the
scatter of clinopyroxene abundance in residues show-
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Fig. 5. Modal garnet and clinopyroxene in large (>500 g) samples of
cratonic garnet peridotites from Vitim, the northern Slave, Kaapvaal
and Somerset Island, Canada plotted against Al,O5 (see Table 2 for
references). The latter element is used as a depletion index. Partial
melting trends assuming a primitive upper mantle starting material
(PUM) are based on the same model detailed in Canil (2002) and
summarized in Fig. 2. Note the regular change in garnet, but relative
scatter in clinopyroxene, with depletion. Peridotites with less than
~ 1.5 wt.% AlL,O5 appear to contain clinopyroxene and or garnet in
excess of that predicted by their degree of depletion by partial melting.

ing a range of depletion (e.g., Al,O; content—Fig. 5).
The effect of this added clinopyroxene on trace
element abundances is evaluated further below.

The presence of garnet overgrowths in several
studies shows that some component of this phase
has also been introduced in the mantle lithosphere.
No study has yet provided a quantitative estimate of
the total mass of garnet added to a mantle rock by
metasomatism, relative to the amount originally pres-
ent. A survey of the size of metasomatic garnet
overgrowths described in the literature (Smith et al.,
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1991; Smith and Boyd, 1992; Griffin et al., 1999a,b;
Simon et al., 2003) suggest that 40% to 70% of the
volume of garnet was added in one or more metaso-
matic processes. This figure is determined by approx-
imating the garnets as spheres and using the grain
radii reported in these studies to calculate relative
volumes of the original core and the overgrown rims.
The volumes of the overgrowths are maxima because
the garnets were assumed to have been sectioned in
their geometric center, which is not likely the case.

Some authors report garnet in excess of that
expected for a given degree of depletion (Pearson et
al., 2002), but comparing observed modes to partial
melting trends shows that garnet shows a very regular
trend with depletion (Fig. 5B), rather than a scatter as
observed for clinopyroxene. As in the case of clino-
pyroxene, the spatial association of garnet and ortho-
pyroxene in some mantle specimens has led to the
proposal for an exsolution origin from high Ca—Al
orthopyroxene. Experiments on a typical cratonic
peridotite residue with only 1.5 wt.% Al,O; show
exsolution of 3% to 7% garnet during cooling (Canil,
1991), similar to that actually observed in modes of
these rocks (Fig. 5). The mass balance for exsolution
of garnet also fits much better than for clinopyroxene
(Canil, 1992; Simon et al., 2003).

Estimates of the effect of garnet and clinopyroxene
component, if added by metasomatism, on the abun-
dances of mildly incompatible trace elements can be
made in some well-characterized, large garnet peri-
dotites from the Nikos kimberlite, Somerset Island,
Canada, for which modes, and trace element abun-
dances in garnet, clinopyroxene and bulk rocks are
known (Schmidberger and Francis, 2001). In this
example, the authors did not analyze for Sc—Ti is
substituted as an element with broadly similar behav-

Fig. 6. Abundances of Ti, V, Yb and Cr in cratonic garnet peridotites
from Somerset Island, Canada, plotted against Al,O;. Shown are the
original bulk analyses (measured), and re-calculated whole rock
analyses in which clinopyroxene (no cpx), gamet (no gt), and both
clinopyroxene and garnet (no cpx + gt), are subtracted from the bulk
rock, assuming they were ‘introduced’ to the residue by
metasomatism. The calculations used whole rock, modal and
mineral chemical data for large specimens (Schmidberger and
Francis, 2001). Note that relative to Al, garnet addition/subtraction
does not affect trends for Yb, Sc, Cr and V, whereas clinopyroxene
addition/subtraction has a notable affect, but only for V and Ti (the
latter element is assumed to behave like Sc). The modeled removal
of garnet and clinopyroxene also incorporates the budget for Al.

0.25 : : ,
® measured A
o no c?x ° °
0.2r Eﬂg gpx+gt ]
O
0.15} ]
[ )
0.1 o ) R
[ ]
+ [ ) L ]
00504 ‘oF 0 ¢ ]
@" T °° TiO, wt%
0 L L L
100
V (ppm) B
80 (] R
L ]
60 [ .
[ )
[ ]
40 ¢
.....
[ )
&
20 ™ t Y [e] oo T
0 Il \D
0.4 . . .
0.35F Yb (ppm) - C|
® [ ]
0.3} . ]
(o]
0.25 ]
02F ]
0.15 | & & 1
01f Yoo ]
O o °
0.05 [ 4 s, ]
n@ o
0 . L L
0.8 . , ;
07 Cro0gwi% © °D |
o
0.6} ]
. . ° o
05F ° ]
#s0 ..
04} %, . ]
o o
03F . ]
[o]
02 .
A *
0.1F ]
a
N
0 1 2 3 5

381



382 D. Canil / Lithos 77 (2004) 375-393

iour in the mantle. Fig. 6 shows a regular trend for
mildly incompatible elements for these samples that
could be consistent with simple melt depletion. If it is
assumed that clinopyroxene was added to these rocks
in a metasomatic process, subtraction of this phase
would serve to lower the abundances of only V and Sc
(Ti in this example), for a given level of depletion
(Al), and would produce far more scatter, compared to
the regular depletion trend (Fig. 6A,B). In contrast,
subtraction of garnet, if considered to be introduced to
these samples, moves samples parallel to the depletion
array for all elements, towards lower Al (or level of
depletion).

Thus, the effects of clinopyroxene and garnet
added by a metasomatic process differ on the mildly
incompatible element arrays (Fig. 6). Addition of
garnet by metasomatism is indistinguishable from
the melt depletion trend, whereas clinopyroxene ad-
dition will inflate some element abundances at a
constant level of depletion. Relative to Al, significant
garnet addition to a peridotite is not substantial for its
Yb, Sc, Cr and V contents, whereas clinopyroxene has
a notable affect on V and Sc (the latter assumed to
behave like Ti). This was also an extreme end-mem-
ber case because 100% of the garnet and clinopyrox-
ene was assumed to be introduced; as shown above,
this is certainly an overestimate for garnet. The
‘depletion trends’ for mildly incompatible element
abundances in peridotites from the database compiled
in this study can now be viewed in this light.

5. Element correlations in peridotites
5.1. Crvs. Al

Covariation of Cr with Al,O3 shows essentially no
change in Cr content with increasing depletion, irre-
spective of peridotite sample type or facies. Notable
scatter in Cr is generally not present in massif peri-
dotites from outcrop, but restricted to the xenolith and
abyssal peridotite data sets. This scatter is ascribed to
a ‘nugget’ effect for spinel. Spinel is a modally minor
phase (<2%) in peridotites but one that dominates the
bulk rock budget for Cr. Spinel is adequately sampled
in the typically larger specimens of massif peridotites
taken in outcrops, but poorly sampled in the smaller
xenolith and/or abyssal peridotite specimens (Fig. 7).
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Fig. 7. Cr vs. Al in the world peridotite database comparing (A) on-
and off-craton xenoliths (B) cratonic xenoliths and massif
peridotites and (C) cratonic xenoliths with abyssal peridotites and
ophiolites (Table 2). Note significant scatter in Cr abundances for
xenolith specimens, especially at low Al content. SP—spinel
peridotite, GP—garnet peridotite.
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The latter specimens in the data set are mainly from
Ocean Drilling Program shipboard reports where
limited sample is permitted for analysis.

Chemical data from peridotite melting experi-
ments show that bulk Dcya; between residue/melt
decreases substantially with increasing pressure
(Fig. 8). In order for Cr to remain constant, and
the Cr/Al ratio of a residue to change with deple-
tion, this simple observation from experimental data
must require that melting occur mainly at P<3.0
GPa where Dcpa1 between melt and residue along
the solidus is large. This observation applies to all
peridotite samples irrespective of their current pres-
sure of equilibration (i.e., in the garnet- or spinel-
facies). Peridotites from both the cratonic data sets
(both spinel and garnet bearing), and abyssal spinel
peridotites trend to low Cr at less than 2 wt.%
AlLO5; (Fig. 7C). This trend might suggest that
these peridotites formed at P greater than 4 GPa,
where Dcya; is lower, leaving less Cr in the
residue. An origin for abyssal peridotites at greater
than 4 GPa can be ruled out on several grounds.
The trend of some peridotites to low Cr/Al is most
likely due to exhaustion of spinel at high degrees
of depletion. Qualitatively, it suggests the garnet-
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Fig. 8. Compilation of D¢,/4; between bulk residue and melt derived
from peridotite melting experiments at various pressures plotted
against the degree of partial melting. D¢,/ is calculated from mass
balance of chemical data from the melting experiments (Baker and
Stolper, 1994; Falloon et al., 2001; Pickering-Witter and Johnston,
2000; Robinson et al., 1998; Schwab and Johnston, 2001; Walter,
1998). Experiments that did not mass balance for Cr or Al are
omitted. Note melting at pressures greater than 3 GPa does not
significantly fractionate Cr from Al as is observed in the mantle
peridotites (Fig. 7).

bearing cratonic peridotite samples must have
formed in the spinel stability field.

5.2. Yb vs. Al

The correlation of Al with Yb in mantle rocks is
well known and utilized. The coherency of these
two elements in meteorites and their covariation in
peridotites has had much utility in estimates of
primitive upper mantle (PUM) (Hart and Zindler,
1986; Jagoutz et al., 1979; McDonough and Sun,
1995). These previous studies show a straight line
for this array in mantle samples but detailed in-
spection of samples in this larger database reveals
an inflection at ~ 2 wt.% Al,O5 (Fig. 9).

The trend of Yb and Al in residues and its
inflection are fit by the melting model only at P of
3 GPa and with the highest Dy, values for all mantle
minerals stable at the solidus (Fig. 9). Melting at
lower pressure and high Dy, predicts too little Yb in
the residue, whereas too much Yb is retained for
melting at 7 GPa, even using low Dy, values in the
calculations. This trend might suggest that all mantle
residues are produced in the garnet stability field but
this not the case. At 3 GPa, garnet is not stable in
the melting interval of peridotite beyond 10% melt-
ing (Robinson and Wood, 1998; Walter, 1998) which
corresponds to a residue with only ~ 3.5% Al,O;
(Fig. 2). Most of the melting interval to produce
more depleted residues with less than 3 wt.% Al,O3
does not involve garnet, but rather clinopyroxene,
which plays a major role until its exhaustion at larger
degrees of melting (~2 wt.% AlLO;—Fig. 2),
corresponding almost exactly to the inflection in
the Yb—Al array for natural samples (Fig. 9). The
match between the inflection derived from the melt-
ing model and that in the array of peridotite compo-
sitions suggests that the former, although clearly
empirical, is a satisfactory description of the residues
produced in nature.

Thus, most lithosphere in ophiolites, orogenic
massifs and the modern ocean basins (abyssal
peridotites) formed at P less than or equal to 3
GPa. Garnet is exhausted with limited melt deple-
tion at this pressure (Fig. 2) and so does not play a
major role during melting to form most mantle
peridotite residues. Furthermore, the fit of melting
model to the residue trend only at high values of
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Fig. 9. Covariation of Yb and Al in mantle peridotites. (A) Data for
samples from outcrop in ‘known’ tectonic settings (Table 1). Lines
are partial melting trends calculated using a fractional melting
model, melting reactions from experiment (see Canil, 2002), and
lower limits for Dy, values from Table 2. Higher Dyy, values give
erratic results. (B) As above but showing cratonic garnet peridotites
(GP) and off craton xenolith samples, with same partial melting
models as in (A). SP—spinel peridotite, GP—garnet peridotite.

bulk Dy suggests that Yb and other HREE are
quite likely very compatible in near-solidus clino-
pyroxene, as has been argued on other experimental
evidence (Blundy et al., 1998).

The calculated Yb—Al trends can be used to
interpret the P of origin of accidental volcanic-

hosted xenoliths. All peridotite xenoliths, whether
from on- or off-craton, in the garnet or spinel
facies, appear to form as residues at P less than
3 GPa (Fig. 9B). Almost no mantle residues plot
near the trend exhibited by the 7 GPa melting
model. Most interesting is that at a given level of
depletion (i.e., Al content), few garnet-bearing man-
tle samples show the higher Yb expected for
residues produced in the garnet stability field be-
cause of the large Dgyiq for Yb (Fig. 3). This
feature further amplifies the case that garnet is not
present during melting to form the residues repre-
sented by almost all of the mantle peridotites in this
compilation.

5.3. Vs Al

The behaviour of V during mantle melting is
sensitive to fO, and variations of this element in
peridotite can be a useful paleoredox indicator
(Canil and Fedortchouk, 2000). Covariation be-
tween V and Al in mantle peridotites has been
reviewed (Canil, 2002). Examination of more data
for samples from “known” geological environments
in this study adds to that analysis. It must be
emphasized, however, that the modeling of perido-
tite V contents in terms of their ‘paleoredox’ during
formation can still only be illustrative because of
the pack of internally consistent analytical data for
V (Lee et al., 2003).

Abyssal peridotites have the highest V for a given
level of depletion and plot along a melting trend
consistent with an fO, between NNO-2 and NNO-3
(Fig. 10). This fO, is identical to that recorded by
mid-ocean ridge basalts (Carmichael, 1991) consid-
ered to be the complement of abyssal peridotites
(Baker and Beckett, 1999). Many abyssal peridotite
samples clearly have V in excess of what could be
explained by the melting model. It is uncertain wheth-
er such samples have experienced V addition (relative
to Al) by hydrothermal alteration or impregnation
with melt, or have a mantle source with a V content
considerably different from PUM. Some of the sam-
ples in the database are shipboard measurements
requiring relatively small samples, and there may be
a bias due to coarse grain sizes.

Mantle tectonites in ophiolites are also interpreted
to have formed beneath spreading centers in oceanic
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Fig. 10. Covariation of V and Al in mantle peridotites from outcrop
in ‘known’ tectonic settings (Table 2). Comparisons of peridotite
compositions with partial melting trends calculated for melting at
1.5, 3.0 and 7.0 GPa and two different log fO,’s relative to the
nickel—nickel oxide (NNO) buffer using Dy values from Canil
(2002). Note the lack of fit of most residue trends with melting at
pressures of 7 GPa, and much better fit between 1.5 and 3 GPa.
SP—spinel peridotite, GP—garnet peridotite.

lithosphere, though not necessarily within extensive
ocean basins. Ophiolite mantle is slightly less enriched
in V when compared to abyssal peridotites, and forms
a coherent array along a depletion trend consistent with
depletion at a fO, similar to that for abyssal peridotites
today (Fig. 10). This would suggest that perhaps the
scatter to high V contents in many abyssal rocks is a
secondary effect.

In contrast, massif peridotites, considered to be
sub-continental mantle exhumed in orogenic settings
(Den Tex, 1969; Menzies and Dupuy, 1991) form an
array with even less V, likely due to melting at
higher fO, in the continental environment (see also
Woodland et al., 1992). There is also no real
difference between garnet- or spinel-bearing massif
peridotites, though the ultrahigh P garnet peridotites
from the Dabie Sulu region form a distinctly low V

array (Fig. 10). This has been attributed to formation
at very high fO, in a convergent margin environment
(Canil, 2002). Note from the analysis above that
metasomatism in the continental lithosphere would
serve to increase the levels of V in the rock at the
expense of Al This means that trends on this
diagram require an even higher fO, if the rocks
had V disturbed by metasomatism.

A large proportion of cratonic peridotite xenoliths
form a trend distinct from many other peridotite types.
Many of these rocks have low V for a given Al,O;
content (Fig. 11). One interpretation is that most
cratonic peridotites were formed by melt extraction
at a fO, higher than that during formation of other
types of continental or oceanic mantle lithosphere,
perhaps in a convergent margin setting (Canil, 2002).
The bulk Dy for melting in the garnet facies is
distinctly lower than that in the spinel facies (Canil
and Fedortchouk, 2000) and so the low V in many
cratonic peridotites could also be equally attributed to
higher P of origin. In the absence of other data, it is
difficult to separate the effects of P from fO, based on
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Fig. 11. Covariation of V and Al in mantle peridotites sampled as
xenoliths compared with partial melting trends calculated as in
Fig. 10. SP—spinel peridotite, GP—garnet peridotite.
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V content of cratonic peridotites alone. The covaria-
tion of Vand Yb, however, can be used to unravel the
effect of P versus that of fO, in causing the distinct V
contents of different types of mantle residues, because
Yb is very sensitive to the pressure of melting (Fig. 9).

54. Vvs. Yb

The Yb—Al covariation in most peridotites is
difficult to explain at any P of melting greater than
3 GPa (Fig. 9). This pressure is a maximum, because
if the rocks were metasomatized, Yb contents are
inflated relative to Al (Fig. 4). Furthermore, the
covariation of V and Yb in residues from known
geological environments (Fig. 12A) also makes clear
that none of the residues from orogenic massifs,
ophiolites or abyssal peridotites is consistent with a
pressure of melting greater than 3 GPa. The distinctly
high V at a given Yb content for abyssal peridotite
remains consistent with a lower fO, for formation of
these peridotites compared to those in ophiolites and
massifs.

There is relatively less data for Yb and V in xen-
oliths, but many cratonic peridotites plot along a dis-
tinct array of low V for a given Yb content (Fig. 12B), a
distribution similar to that observed in V—Al space
(Fig. 11). Thus, it appears that the lower V in these
residues is caused by a low bulk Dy during melting at
higher fO,, and pressures below 3 GPa, rather than by
melting at higher pressures and lower fO,.

5.5. Sc vs. Al

Covariations of Sc with Al show an opposite trend
than would be predicted by trends with V and Cr. The
abyssal peridotite array does not extrapolate to prim-
itive upper mantle values for Sc, but spreads along a
distinct trend with high Sc for a given Al content (Fig.
13A). The reasons for this are not presently under-
stood—they may be analytical, or may concern the
different behavior of Sc in the mantle than can be
modelled here. Alternatively, it is possible the source
for abyssal peridotite has a Sc content higher than that
in PUM.

The trends for Sc—Al, as well as the inflections at a
given degree of depletion in residues are fit by the
melting trends at pressures between 1 and 3 GPa and
the range of Dg. values encompassed in the experi-
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Fig. 12. (A) Covariation of V and Yb in mantle peridotites from
outcrop in ‘known’ tectonic settings (Table 1) compared with partial
melting trends calculated for melting at 1.5, 3.0 and 7.0 GPa and
two different log fO,’s relative to the nickel—nickel oxide (NNO)
buffer using Dy values from Canil (2002) and Dy, from Table 3.
(B) As above but comparing melting models with xenolith data.
Note the lack of fit of the residue trends with melting at pressures
above 3 GPa. SP—spinel peridotite, GP—garnet peridotite.
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outcrop in ‘known’ tectonic settings (Table 1), and (B) in xenoliths,
compared with partial melting trends calculated for melting at 1.5
and 3.0 GPa using high and low Ds, values from Table 3.

mental measurements. This is especially true for the
ophiolite data sets. The xenolith data sets show the
same distribution, but there is considerable scatter that
may represent an analytical effect (Fig. 13B).
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outcrop in ‘known’ tectonic settings (Table 1) and (B) in xenoliths,
compared with partial melting trends calculated for melting at 1.5
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5.6. Vvs. Sc

The covariation of these two elements in samples
of known geological environment show curious sub-
parallel arrays for abyssal, massif and ophiolite-
hosted peridotites (Fig. 14A). If it is assumed that
Sc behaves similar to Al, then it would appear that
abyssal peridotites are low, rather than high in V at
a given level of depletion. This is unlikely, because
a strong case can be made that V contents are
mainly controlled by fO, during melting, and that
the lower fO, of melting at mid-ocean ridges
produces the higher V in abyssal peridotites, their
complementary residue. The Sc—V trend in abyssal
peridotites is perplexing and cannot be explained by
any melting model at any reasonable Dg. value
(Fig. 14A). One interpretation could be that abyssal
peridotites have a mantle source with Sc and V
contents that differ from those of PUM. More and
better data for the latter samples are required to test
this idea.

The xenolith data sets show much scatter, again
likely due to analytical effects. A significant number
of cratonic peridotites at high levels of depletion have
low Sc/V whereas Sc/V increases with level of deple-
tion in abyssal peridotites, ophiolites, and massifs
(Fig. 14B). The change in this ratio to low values in
the cratonic peridotite data could be due to a detection
limit effect in the analyses of these rocks. In most
samples from the database, Sc is determined by XREF,
which typically has a detection limit for this element
near 10 ppm. Because few constraints are offered in
publications which report bulk peridotite data, more
robust statements cannot be made on the quality of the
analytical data for Sc and V.

6. Conclusions

An over-arching observation for all peridotites
examined with respect to their Al, Cr, V, Sc and Yb
abundances is that almost all mantle peridotites, re-
gardless of sample type (abyssal, orogenic massif,
ophiolite, on/off craton xenolith), tectonic environment
(divergent margin, convergent margin, passive margin,
craton, peri-craton) or the final P of equilibration
(plagioclase-, spinel-, or garnet facies) likely originat-
ed as lithosphere produced mainly at less than 3 GPa.

Based on whole rock data and residue trends,
the original depletion events to form the cratonic
mantle lithosphere occurred at lower depths than
those at which the mantle was later sampled by
kimberlite (> 120 km depth), requiring tectonic
transport of lithosphere to these depths beneath
the craton, likely by underthrusting, stacking or
subduction of originally shallow, spinel-facies resi-
dues (Helmstaedt and Schulze, 1989). A similar
conclusion has been made on the basis of other
evidence (Canil and Wei, 1992; Kelemen et al.,
1998; Stachel et al., 1998) and convincing evidence
for this process is provided by seismic images of
‘frozen subduction’ at mantle depths along the
western margin of the Archean Slave Province
(Bostock, 1998; Cook et al., 1998). In this light,
it is difficult to ascribe any large volume of the
mantle roots beneath cratons to plume sub-cretion
(e.g., Griffin et al,, 1999a) or analogous vertical
tectonics that arise in plate-less numerical simula-
tions (De Smet et al., 2000). The former models
require the generation of residues at pressures far
above those required by the melting models using
known partitioning of mildly incompatible elements
between mantle minerals and melts.
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