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Abstract

New measurements of partition of vanadium (V) between spinel, garnet and a pigeonite-like high pressure (P)
pyroxene and magnesian liquids on the mantle solidus as a function of oxygen fugacity (fO,) are presented. The spinel-
liquid experiments show an effect of Cr/Al in spinel on partitioning, and further suggest that V exists as V3*, V4* and
V>* in melts at terrestrial fO,. Vanadium is mildly incompatible in both ‘pigeonitic’ pyroxene and garnet between 4.5
and 6.5 GPa on the mantle solidus. Analysis of the fO,-sensitive partitioning for V between mantle minerals and melts
are combined with compositional data from peridotite melting experiments to model the covariation of V and Al in
peridotite residues produced by non-modal, fractional melting under different fO, from 1.0 to 7.0 GPa. The partial
melting models at 1.0 to 3.0 GPa fit the covariation of V and Al in abyssal peridotites quite well at fO,s similar to those
of mid-ocean ridge basalt. Many orogenic massifs and spinel lherzolite xenoliths represent mantle that formed at fO,
higher than that produced at mid-ocean ridges in a range of tectonic environments. A large proportion of spinel-facies
Archean cratonic lithosphere formed at fO5s significantly higher than those of abyssal peridotites possibly linking its
formation to a convergent margin (arc) tectonic setting. The case for garnet-facies cratonic mantle is equivocal; it may
have formed at significantly higher pressures (7.0 GPa), or within the spinel-facies at lower pressures but at significantly
higher fO, than is observed for abyssal peridotites. The imbrication of both oceanic garnet-facies mantle with spinel-
facies arc mantle may explain the datasets for some Archean cratons. Overall, the data for Archean mantle melts and
residues make clear that models cannot look to reduced, mantle-derived volcanic gases containing H, and CO to
engender early life synthesis, or to promote hydrogen escape and gradual oxygenation of the Archean earth
system. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction rich variety of questions such as the origin of
the continents, the rheology of the lithosphere,

An understanding of the origin of mantle litho- and its role in orogeny or as a geochemical reser-
sphere in diverse geological settings addresses a voir [1,2]. The prevailing fO, during the forma-

tion of mantle lithosphere bears on the geochem-
ical history and mass transfer of the atmophile
elements (C, H, S, N) between the Earth’s mantle,
* Tel.: +1-250-472-4180; Fax: +1-250-721-6200. crust, and exosphere (hydro+atmosphere) [3.4].
E-mail address: dcanil@uvic.ca (D. Canil). The redox states of mantle-derived magmas
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clearly vary with tectonic setting [5,6] a trend that
appears to be preserved in volcanic rocks as old
as Archean [7,8] but a complementary spatial and
secular variation in the fO, during formation of
mantle lithosphere remains obscure. Although the
fO, of mantle lithosphere can be recorded by min-
eral equilibria in peridotites at the time of their
exhumation [9] it is not clear whether these fO,
values represent those at the time of original litho-
sphere formation or of later processes, because
oxygen is generally poorly buffered in the upper
mantle [10].

This study attempts to unravel the paleo-redox
states during formation of mantle lithosphere us-
ing the vanadium (V) abundances of peridotites.
New measurements on the fO,-sensitive partition-
ing of V between spinel, garnet, pyroxene, and
melt along the peridotite solidus, in addition to
similar measurements on olivine, orthopyroxene
and high Ca clinopyroxene [7,11-13], are com-
bined with data from peridotite melting experi-
ments to construct fractional melting models of
the abundance of V in peridotite residues pro-
duced under different P and fO,. The residue
trends from the melting models are compared to
a large database for peridotites from different tec-
tonic settings from Archean to Phanerozoic. The
new melting models provide an independent test
of inferences that the fO, of the Archean mantle
was as high as that of today [8,11] and have im-
plications for the tectonic environment for the
formation of Archean mantle roots and for Pre-
cambrian atmospheric evolution.

2. Behavior of V during igneous and metamorphic
processes

V exists in four potential valence states in mag-
mas, V2*, V3 V4 and V>*. In melts at terres-
trial fO5s only V3*, V4t and V>* are likely to be
present, the abundance of V¥ and V>* is small,
and the proportion of V3* (or the V3*/ZV ratio)
decreases substantially with increasing fO, [7].
The crystal structures of most liquidus phases
in mafic and ultramafic magmas prefer to in-
corporate V3", and for this reason experimentally

tal/liquid : ;
measured DS/ (which is the sum of

D(y2+ v+ s+, ys+)) decreases with increasing O
[14]. In this way, increased fO, during melting
or crystallization will decrease the overall compat-
ibility of V, as it does for Fe. Unlike Fe, however,
post-igneous changes in the V3¥/SV ratio of a
rock are irrelevant, it need only remain a closed
system with respect to its bulk V abundance to
preserve its original igneous redox memory. The
low mobility of V during alteration and metamor-
phism favors the preservation of this redox mem-
ory even in rocks more than 3 Ga old [§].

As a mildly incompatible element, the potential
exists for V to be re-distributed during the com-
plex history of mantle samples that is often re-
corded by strongly incompatible elements and
their isotopes (e.g. Sr, Nd, Pb). Nonetheless,
post-melting phenomena in the mantle lithosphere
do not appear to play a major role in re-distrib-
uting V. This is clearly evidenced in the Ronda
peridotite, for which field and isotopic studies
document a long and complex igneous, metamor-
phic and tectonic evolution [15], and yet there is
no apparent disturbance of the melt depletion
trend for V [16].

The mildly incompatible behavior of V during
partial melting in the mantle is largely controlled
by clinopyroxene and spinel until these phases are
exhausted after about 25% melting [12]. Garnet
and a low Ca ‘pigeonitic’ pyroxene appear on
the mantle solidus above 2.8 GPa [17] and could
also potentially control V partitioning between
melt and residue, but this inference remains to
be tested by experiment.

3. Experiments
3.1. Spinel-liquid

At a given fO, D™ shows a larger variation
than has so far been observed for any other phase
on the mantle solidus [12]. To model more accu-
rately and understand the behavior of V during
partial melting in the spinel peridotite stability
field, DY/" was measured in this study in three
different compositions under variable fO, (Table
1). Two starting compositions were komatiites
(adk, auk) specifically chosen to have olivine and



D. Canil| Earth and Planetary Science Letters 195 (2002) 75-90 77

spinel in equilibrium with picritic melts at temper-
atures within the melting range of peridotite at
pressures below 3 GPa. A third starting composi-
tion (AnFo30) in the system Fo-An was chosen
to investigate DY/ in a far simpler system where
spinel is on the liquidus [18] and to confirm the
valency of V substituting into spinel as a function
of fOz

The partitioning experiments on all three com-
positions were performed at 100 kPa using the Pt
wire loop method with techniques described pre-
viously [7]. Polished run products mounted in ep-
oxy were analyzed by electron microprobe (EMP)
using 100 s count times for V in spinel and glass
(Table 2, Background Data Set'). Some spinel
analyses with inordinately high Si contents
(>0.5 wt% SiO,) were rejected due to excitation
from nearby glass. Only grains 10 um or larger
could be reliably analyzed by EMP. Experiments
were not reversed but equilibrium is suggested by
the convergent results produced for the two differ-
ent komatiite starting materials, and the lack of
observable zoning in any phase.

The partitioning of trace elements (La, YD, Zr,
YDb, Zn, Ga, V) between olivine and liquid in the
komatiite experiments was measured in a previous
study by laser ablation inductively coupled plas-
ma mass spectrometry (LA-ICP-MS) [13]. In this
study, some of these trace elements were not de-
termined in coexisting spinel grains because they
were too small to be analyzed by LA-ICP-MS. Of
the trace elements added only Ga, Zn, and Sc
partition in any significant amount into spinel
[19]. Using the concentration of these elements
determined by LA-ICP-MS in the coexisting glass
[13], and assuming the Di}Pe{}lZcil.Sc values of Horn
[19] the spinel in these experiments likely con-
tained on the order of 460 ppm Ga, 4 ppm Zn
and 145 ppm Sc. These concentrations are not
expected to affect the D™ values in any way.

3.2. Garnet- and ‘pigeonite’-liquid
At pressures above 2.8 GPa on the mantle sol-

idus, garnet replaces spinel, and low- and high-Ca

! http://www elsevier.com/locate/epsl

pyroxenes converge in composition to a ‘pigeon-
ite’-like pyroxene, replacing orthopyroxene as a
subsolidus mineral [20]. To investigate the role
of these phases in V partitioning at higher pres-
sures during melting, the partitioning of V be-
tween garnet, pyroxene and ultramafic liquid
along the mantle solidus was measured in run
products of melting experiments between 4.5 and
6.5 GPa on natural fertile peridotite KLB1 (Table
1). All but one of these run products were previ-
ously described in detail [21] but were re-investi-
gated analytically in this study (Table 3, Back-
ground Data Set'). Low levels of V in small
grains (<30 um) of garnet and pyroxene were
determined using 300 s counting times for V by
EMP. In larger grains (>80 pum) of coexisting
olivine, pyroxene and in pools of ultramafic lig-
uid, V concentrations were determined by LA-
ICP-MS using a Merchantek Geolase® LUV266
Nd-YAG UV laser system coupled to a VG®@
quadrupole PQIIS ICP-MS at the University of
Victoria. Laser spot diameters were 30 um for
olivine and pyroxene and 100 um for quenched
liquid. Details of the instrumentation, operating

Table 1
Starting compositions for experiments?®

Sample auk adk AnFo30 KLBI
Na20 0.3
MgO 19.4 20.1 42.9 39.2
Al O4 9.4 5.9 25.6 3.6
Si0, 44.5 48.7 17.1 44.5
CaO 9.9 9.8 14.1 3.44
TiO, 0.61 0.6 0.16
Cr,03 2 2 0.31
MnO 0.12
FeO 9.3 9.4 8.1
Total 98.3 98.9 99.7 99.73
V (ppm) 714 646 836 82

These compositions were synthesized from mixtures of re-
agent grade CaCOs;, MgO, SiO,, Al,O; Fe,03, ZnCO3, Ni
and V,0s and fused into glasses at 1500°C in air. Oxides of
La;0s, Yby03, Sc,03, GeO,, Ga,03 and ZrO, (to a total of
2.5 wt%) were then added to the mixture, followed by re-
grinding, a second fusion and final grinding to a powder
with 2 wt% Cr,O3 added to promote spinel saturation. Glass
of AnFo30 doped with ~840 ppm V was synthesized from
oxides as described above.

4 EMP analyses of starting glasses, except KLB1 which is a
bulk rock analysis [21].
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conditions, calibration and data reduction are de-
scribed elsewhere [12,22]. Precision and accuracy
based on analysis of standard basalt glass BCR-2
is better than 5% for V [12]. In each sample at
least three different spots of each phase were an-
alyzed.

All the KLBI experiments were carried out in
graphite capsules using techniques described pre-
viously [21] except for run #979 (Table 3, Back-
ground Data Set') in which the starting material
was loaded in a Re capsule, surrounded by a mix-
ture of Re and ReO; powder packed in a second
Re capsule in an effort to buffer the charge at the
Re-ReO, buffer. The fO, in these experiments
cannot be externally controlled but can be mea-
sured using the fO,-sensitive partitioning of V be-
tween olivine and liquid [11,13]. In experiment
#601 (Table 3, Background Data Set!) the fO,
determined by olivine-liquid V partitioning for V
was cross-checked with that measured by the Fe
content in a 30 um diameter Pt wire loaded in the
charge [23]. The two techniques produced fO, es-
timates within error of one another (Table 3,
Background Data Set!), confirming the utility
and accuracy of the olivine-liquid V partitioning
technique for estimation of fO, in high pressure
melting experiments.

4. Results
4.1. Spinel-liquid

At 1375°C, the two komatiite compositions sat-
urate with olivine and spinel whereas the AnFo30
composition saturates only with spinel (Table 2,
Background Data Set!). Spinels in all composi-
tions crystallized as cubes and octahedra less
than 20 pm in size. Spinels in the auk and adk
compositions formed both inside and outside of
olivine grains. At a given fO,, the adk and auk
komatiites have D{"™ that are within error of
one another (Fig. la) whereas the AnFo30 com-
position produces generally lower DY/ (Fig. 1a).
All compositions show a similar S-shaped cova-
riance of D™ with fO, typical of the partition-
ing of other polyvalent elements (e.g. Cr, Fe) in
magmas [24].
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Fig. 1. Covariation of Dy with fO, relative to the nickel—
nickel oxide buffer (ANNO ={0O, experiment—fO, NNO buff-
er at P and 7). 7-fO, values for NNO buffer from [59].
Trend lines fitted using Eq. 1 with coefficients given in Table
4, Background Data Set!. (a) Experimental data from this
study. Error bars at 1o. (b) Experimental data from this
(filled symbols) and previous (open symbols) studies [7].

The trend in Fig. la can be fit to an equation of
the form:

—_
~—

Vn
log {d elt—l} = blogso, + ¢ (
Vp

which was originally developed to describe Cr>*—
Cr’* equilibria between spinel and basaltic melt
[24] assuming that the abundance of Cr** is much
greater than Cr’>* in spinel, which has since been
demonstrated [25]. Eq. 1 has been used to describe
V equilibria [7] but the assumption of only V3* in
spinel might appear invalid, as both V3* and V**
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Fig. 2. Correlation of V and Al cations in spinel from
AnFo30 composition. Error bars at 1o. The trend of V with
Al does not extrapolate to the 2.0 cations expected from
spinel stoichiometry due to the small amount of Si in the
spinels (Table 2, Background Data Set!).

spinels are well known [26]. The regular negative
correlation between Al and V cations in spinels in
the AnFo30 experiments, however, suggests that
only V3* substitutes for AI** in the octahedral
site of spinel (Fig. 2) and that DSY*/™ for spinel
and other mantle phases is governed by the avail-
ability of V3T in the coexisting liquid. The in-
crease in V3 in spinel with decreasing fO, can
further imply that if V2* or V4 exist in multi-
component melts they do not substitute into the
spinel structure, and do not influence the value of
DY at least over the range in fO, investigated.

In Eq. 1, the value of b is germane to the va-
lence state of V in the melt phase and governing
the partition. For example, if V3* and V#* are the
prevailing valence states in the melt then the fol-
lowing equilibrium:

VO, 5 + 0.250, = VO, ()

may be operative for which:
K = aV0,/(aVO, 5f0,°%) (3)

where K is the equilibrium constant and a is ac-
tivity. Eq. 3 implies D™ should scale to fO, by
a factor b of 0.25. The experimental data shown
in Fig. 1la were fit by multiple, non-linear regres-

sion to Eq. 2 assuming b is a constant of 0.25 (i.e.
Eq. 2). The resultant fit provides a fair description
of the data but if the b parameter is instead al-
lowed to vary, the regressed values of b are invar-
iably greater than 0.25 and a statistically better fit
is achieved (Table 4, Background Data Set!). Val-
ues for b greater than 0.25 are suggestive of a
valence change for V in the melt phase that is
greater than 1.0, such as:

VOi5+0.50;, VO, 4)

for which b would equal 0.5. That the regressed
values of b for the auk and adk komatiites (and
other compositions described below) are inter-
mediate between 0.25 and 0.5 (Table 4, Back-
ground Data Set!) suggest that equilibria between
V3*, V¥ and V> (ie. both Egs. 2 and 4) are
operative in melts and control the partitioning
of V over the fO, range of the experiments, con-
trary to the inference of only two valence states
(V3*, V#) proposed }).reviously [7,13].

The change of D" with fO, in other mafic
and ultramafic compositions are compared in Fig.
Ib. All bulk compositions show similar trends
that can be adequately fit by Eq. 1 but with differ-
ent fit coefficients (d, b, ¢) for each composition
(Table 4, Background Data Set'). There is a pos-
itive correlation between D" and Cr/Al ratio in
spinel at constant fO, (Fig. 1b) which may result
from a crystal chemical effect if the excess free
energies of mixing of V-Cr spinels are lower
than those of V—Al spinels. There are no thermo-
chemical data on vanadiniferous spinel solid solu-
tions but excess free energies of mixing of 3.2 and
12.9 kJ mol™! are estimated for V-Cr and V-Al
spinels, respectively, using a cation size mismatch
approach [27] suggesting that this may indeed be
the cause for correlations of DY /M4 with Cr/Al in
spinel. Alternatively, an electronic exchange on
the octahedral site (Fe’* + V3* e Fe?™ 4+ V4)
may be responsible for the correlations [27].
Both mechanisms are testable in experiments in
simpler systems than examined in this study.

4.2. Garnet- and pyroxene-liquid

The results for D%t/ " in three experiments on
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the KLBI solidus are plotted for comparison with
similar experimental data for garnet in komatiite
melt, and for clinopyroxene (Fig. 3a). The levels
of V in garnets measured by EMP in the current
study are above 30 of the background but the
data are not particularly precise, whereas analyses
of coexisting liquids for V by LA-ICP-MS are
very accurate and precise. The D%,t/ 4 yalues can
thus be regarded as upper limits. Because fO,
cannot be explicitly controlled in these high pres-
sure experiments (only measured) there is not a
large spread of data relative to the NNO buffer as
is achievable in the 100 kPa experiments. None-
theless, it is clear in all cases that V is mildly
incompatible in garnet at conditions of ~NNO-
3, and that DE/™ is far less than that of clinopy-
roxene as suggested previously [12]. If the trend of
D%,t/ 9 follows that of other silicates, V will be
even less compatible in garnet at higher fO;.

The levels of V in ‘pigeonitic’ pyroxene on the
peridotite solidus above 4.5 GPa are below detec-
tion limits of EMP, even using long counting
times (Table 2, Background Data Set!). Estimates
for DE,'g/ " for these experiments are also only
upper limits. Only in experiment #361 (Table 3,
Background Data Set') were the pyroxene grains
large enough to be analyzed by LA-ICP-MS to
provide an accurate estimate of DR All data
show that DY®/" values along the mantle solidus
are very similar to DY measured at 100 kPa
(Fig. 3b).

R
Fig. 3. Covariation of Df,ryml/ 4 with fO, for experiments in
this study compared with published data. All trends are fit-
ted to Eq. 1 with a variable b parameter except for low Ca
pyroxene (Table 4, Background Data Set'). All error bars at
lo. (a) Covariation of D%,l/ 4 with fO, for experiments in this
study compared with experimental data for D™ [12] and
D%}/ 9 from (filled circle) [7]. (b) Covariation of D\p,'g/ 9" with
fO, for experiments in this study (solid diamonds) compared
with experimental data for DSP™ (open circles) and DB/
(filled circle) [7]. Note that D{’,‘g/ 4" values for three experi-
ments are maxima (arrows). (c) Summary of the covariation
of DY/ with fO, for experiments on various mafic and ul-
tramafic compositions [7,11,13]. Error bars omitted here for
clarity.

5. Partial melting model

Experimental data for the fO, dependence of
DM for olivine, orthopyroxene and clinopy-
roxene [7,11-13] can be combined with new esti-
mates for DY /g D%,‘/ 9 and DE,'g/ 9 to calculate
the V abundance in mantle lithosphere with

’ . (@)
Garnet & Clinopyroxene |

1? ]
—O—cpx @ gt (this study)|
01 | I B SR RN RN RE N RS
i (b) ]
'low Ca' Pyroxene |

o) Q
= 8
S
n 0.1}
@ Q
| .
(@)
D>
—CO— opx 100 kPa
@ pigeonite’ > 4.5 GPa
0.01
1,““\““““““““““““\““,
Leo @ (o)
e Olivine
0.1} i
| -43-- komatiite 1270 C
| - =O- - komatiites 1225 - 1425C
O  basalt 1100C
—l— komatiite 1370 C, undoped
A komatiite 1 GPa DN
001 b e e e e -




D. Canill Earth and Planetary Science Letters 195 (2002) 75-90 81

1 L L B
[ @ this study
<& hss15v komatiite ® °
Ok X tiit
08 -1 X fo2chondrie o°® ]
¥ rp chondrule
—_ ® peridotite melting Q. (] ﬁo
Q 06 ) s i
o N Azars O B A 27% melt
(%2} L . vV 0O O
H 04 &AA e W . ]
O r
o,
®  Earh
0.2 - ]
o °
0 [ ) ) 1{"”9” \‘;:o‘ ) ’;030
0.4 0.5 0.6 0.7 0.8 0.9 1
Mg# spinel
Fig. 4. Plot showing the Cr/Cr+Al (Cr#) versus 1>/Ig/Mg+Fe
sp/liq

(Mg#) for spinels from experiments in which Dy’™ is mea-
sured (this study and) [7] compared to spinel compositions in
the melting interval of terrestrial [28,29] and Martian mantle
compositions [60] from ~1 to 30% partial melting. The
AnFo30 spinels are not unlike near solidus spinels whereas
the auk and adk spinels are similar to spinels in equilibrium
with higher degree partial melts.

changing fO, during partial melting. In light of
the new experimental results for spinel, previous
experimental data for clinopyroxene, orthopyrox-
ene and olivine were re-fit according to Eq. 1 with
a variable b parameter that considers V3*, V4+
and V>* in melts (Fig. 3). At pressures above
2.8 GPa, D%,t/hq was assumed a value of 1.0, and
near-solidus ‘{pi'geonitic’ pyroxene is assumed to
have a DS*/M9 of orthopyroxene (Fig. 3). The
weighted D{f“due/ 4 at a given P, melt fraction and
fO, was calculated by combining the stoichiome-
try of melting reactions along the peridotite sol-
idus determined in experiments at 1.0, 1.5, 3.0 and
7 GPa [28-30] with experimentally measured
DM for phases stable on the solidus (Figs.
1 and 3). The value of D™ was estimated to lie
between the lower limit of the low Cr/Al AnFo30
data, which are not unlike near solidus aluminous
spinels, to the higher Cr/Al auk and adk spinels
similar to those stable well into the melting inter-
val (Fig. 4).

The calculated V abundances in mantle residues
as a function of fO, are compared with another
element that measures melt depletion in the resi-
due. Al is chosen as a depletion index because it is

immobile during serpentinization, marine weath-
ering and metamorphic processes that ensue dur-
ing the exhumation of mantle peridotites [31] per-
mitting samples from many different settings in all
states of preservation to be compared with each
other and with the partial melting model calcula-
tions. In addition, the behavior of Al during par-
tial melting is coherent with that of V except that
the latter may vary with fO,. This geochemical
coherency arises because V and Al show prefer-
ence for the same mantle minerals, or the same
lattice sites in a given mineral. The change in
AlO; in the mantle residue with degree of melt-
ing at different pressures was modelled by treating
Al as a mildly incompatible element. Chemical
data for melts and residues in isobaric peridotite
melting experiments were fit by linear regression
and show changes in bulk D:’fz'gie/ 4 with melt
fraction at a given pressure (Table 5, Background
Data Set!, Fig. 5) that are consistent with the
trends deduced from phase equilibria in simple
systems [32]. -

The parameterized Djfls“éue/ " values are com-
bined with weighted D{fszi @e/la i the equation
for non-modal, fractional melting [33] to calculate
V and Al,Oj; in the residue at a given melt frac-
tion, fO, and pressure. The starting composition
used in the calculations was primitive upper man-
tle (PUM) with 82 ppm V and 4.45 wt% ALO;

1
—@— 1.0 GPa
0.8 —{1—15GPa|
——3.0GPa
—O—4.0GPa
0.6 - —¥—60GPa| |
—/—7.0 GPa

D003 residuel/liq
o
N

o
(V)
i

0 | | I | | |
0 01 02 03 04 05 06 07 08

melt fraction

Fig. 5. Covariation of Dj:lsjge/ 4 yersus melt fraction at dif-

ferent pressures fitted by linear regression (Table 5, Back-
ground Data Set!). Diflszldol;e/ 4 js calculated from mass balance
of chemical data from peridotite melting experiments [28-30].




82 D. Canil| Earth and Planetary Science Letters 195 (2002) 75-90

[34]. The essential equations for Dgysml/liq

' of near-
solidus minerals and for folszldofe/ U4 are given in
Tables 4 and 5, Background Data Set'.

Petrological studies of mantle melts and resi-
dues in the ocean basins show that melting in
the mantle to form lithosphere is a polybaric,
near-fractional process [33,35]. The model devel-
oped above is a combination of isobaric, equilib-
rium melting reactions with equations for frac-
tional melting. It is empirical and clearly not a
universal description of melting that can be ex-
trapolated to a wide variety of scenarios in na-
ture, but was necessarily simplistic because the
current state of knowledge of peridotite phase re-
lations and melting reactions determined by ex-
periment does not afford a better description of
the melting process to form a mantle residue. As
emphasized by Walter [36] melting reactions on
the solidus can only be derived from isobaric ex-
periments, and such reactions will only be an ap-
proximation to the diverse set of changing reac-
tions that must occur during polybaric, fractional
melting in a real, multi-component mantle. The
results of the polybaric, fractional melting process
in nature should fall within the extremes of the
isobaric, fractional cases considered in the mod-
els. This assumption seems to be a close approx-
imation for the generation of many mantle-de-
rived magmas [35] and is tested below where the
model is applied to abyssal peridotite residues for
which the melting conditions (P, fO,, degree of
depletion) and petrogenetic history are reasonably
well understood [33,35,37].

6. Abyssal peridotites

The covariation of V with Al,Os3 in abyssal
peridotites®> can be compared with calculated res-
idue trends at 1.5 GPa assuming a constant DY/
(Fig. 6a) or two extreme values of D" for high-
and low-Cr/Al spinels (Fig. 6b). The abyssal peri-
dotite array is produced by 25-30% partial melt-

ing in both models, higher than that estimated for

2 A geochemical database (n>1200) of these and other
samples discussed in this paper is available upon request.

most abyssal samples [33,35,37] but this is mainly
an effect of the Al,O; assumed in the starting
composition (PUM). If a more depleted source
(e.g. 3.5 wt% AlL,O3) is used in the calculations,
the trend is the same with only 5-25% melting
required to match the abyssal peridotite array,
more consistent with petrologic data for natural
samples. Because of the pressure dependence of
melt reaction stoichiometry and the value of
Dflszlgfe/ 4 (Fig. 5), melting models at 1.0 GPa re-
quire a higher fO; to produce a given V-Al,0O3
covariation (Fig. 6b). All spinel peridotite melting
models, regardless of assumed pressure and
DY fit the array of abyssal peridotite compo-
sitions quite well at fO,s during melting that
bracket those estimated thermobarometrically
for mid-ocean ridge basalts and their complemen-
tary abyssal peridotite residues (NNO-1 to NNO-
3 [6,9)).

Melting in the garnet stability field to produce
MORB and abyssal peridotite residues is contro-
versial [17,33]. Garnet peridotite melting at 7 GPa
does not fit the trend of abyssal peridotite resi-
dues at any reasonable fO, (Fig. 6d) whereas re-
sults at 3 GPa are not unlike those at 1.5 GPa,
and produce a reasonable approximation to the
natural data at an fO, between NNO-2 and
NNO-3 (Fig. 6¢), consistent with thermobaromet-
ric estimates for natural samples.

The consistency of all of the calculated trends
with the array of abyssal peridotite residues indi-
cate that the empirical partial melting model de-
veloped using V and Al partitioning is a reason-
able approximation to the natural case. Models at
different pressures require different fO, to pro-
duce the same residue trend, but regardless of
the model chosen, increased fO, during melting
results in a clearly different V-Al covariation,
with less V in the residue for a given level of
melt extraction. This attribute of all the partial
melting models can now be used to examine
trends for mantle residues of other ages and geo-
logical settings.

7. Off-craton peridotites

Off-craton peridotites are considered in this



V (ppm)

100

80

60

40

20

100

80

60

40

20

100

80

60

40

20

100

80

60

40

20

D. Canil| Earth and Planetary Science Letters 195 (2002) 75-90 83

@)

NNO-3

. Abyssal Peridotites
PUM|

oo

——+— NNO-3 (lo Cr-Sp, 1.5 GPa) |

==+==NNO-2 (hi Cr-Sp, 1.5 GPa)

wessteens NNO-1 (hi Cr

Sp, 1.0 GPa)

B o NNO-3

PUM |

ALLO, Wt%
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ing models at 3.0 and 7 GPa.
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study as peridotite xenoliths or massifs in Prote-
rozoic to late Cenozoic orogenic belts, or as
dredged samples in modern oceanic forearcs and
subduction zones. Covariations of V and A,O3 in
these rocks are compared in Fig. 7 with partial
melting trends for spinel peridotite at various
fO, conditions. Most spinel peridotites from oro-
genic massifs are on average much less depleted
than abyssal peridotite, ranging in composition
from estimates for PUM to depleted compositions
not unlike abyssal peridotites (Fig. 7a). Few oro-
genic spinel peridotites are colinear with the abys-
sal array, and most are shifted to the right of this
array on the diagram, containing lower V for a
given degree of depletion. The trend of orogenic
peridotites is fairly coherent and generally one of
melt depletion at ~ 1logfO; unit greater than for
abyssal peridotites.

Peridotites dredged from oceanic forearcs are
depleted with less than ~1.5 wt% Al,O3, and
plot along the abyssal array (Fig. 7a) whereas
samples from active subduction zones such as in
western Mexico are much less depleted. The Mex-
ican samples plot along an array suggesting con-
ditions of melting at one or two orders of magni-
tude higher fO, than beneath mid-ocean ridges,
similar to the fO, recorded by mafic lavas from
this region [6].

Off-craton spinel peridotite xenoliths are also
on average far less depleted than abyssal perido-
tites, and like orogenic spinel peridotites, are
shifted to the right of abyssal samples. When
compared to orogenic peridotites, however, the
xenolith suites show a pronounced dispersion to
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Fig. 7. Calculated residue trends at 1.5 GPa for a fO, condi-
tions compared to samples of (a) spinel-bearing orogenic
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xenoliths and (b) off-craton spinel peridotite xenoliths. In (c)
garnet-bearing orogenic peridotite massifs are compared with
calculated residue trends at 3.0 GPa. The abyssal peridotite
array from Fig. 6 is shown for reference.

lower V for a given degree of depletion (Al) (Fig.
7b). A significant population of off-craton xeno-
liths are colinear with the trend of less-depleted
mantle from active subduction zones and are de-
rived from tectonic environments that experienced
variations in fO, during melting that are much
larger than observed for orogenic massifs. Most
of the xenolith suites shifted to the right of the
orogenic array are from either young, active ex-
tensional terranes (S.E. China, Romania, Hun-
gary) or areas that have experienced late Cenozoic
subduction (southern British Columbia, Italy).
The xenoliths are consistent with a range of fO,
during depletion of over three orders of magni-
tude (~NNO to NNO-3).

Orogenic garnet peridotites from four massifs
are compared with melting models for both spinel
and garnet peridotite in Fig. 7c. The origin of
these peridotites as either residues in the garnet-
or spinel-facies is debated. Many of these bodies
show an extremely complex tectonic and meta-
morphic history, and both the Ronda and Da-
bie-Sulu show petrological evidence for being ex-
humed from depths in excess of 150 km [38,39].
Intriguingly, all orogenic garnet peridotites are
some of the most impoverished in V of the entire
off-craton dataset. This distribution immediately
raises the suspicion as to whether samples plotting
to the right of the abyssal array in Fig. 7 truly
reflect higher fO, during melting (and thus more
incompatible behavior of V) or are simply related
to the presence of garnet at the solidus at higher
pressures. Recall from Fig. 6, however, that melt-
ing at 1.5 or and 3.0 GPa (i.e. spinel- versus gar-
net-facies) produces a similar array on this dia-
gram, because garnet is consumed near the
solidus at 3.0 GPa [30]. Therefore, even for garnet
peridotite melting at 3.0 GPa, melting at higher
fO, is still required to explain V and Al in garnet
peridotite residues that plot far to the right of the
abyssal array (Fig. 7c).

Both the Ronda and Horoman datasets are
consistent with melt extraction at higher fO,
than the abyssal peridotites. Indeed, both of these
massifs have a V-Al,0O5 distribution that is not
unlike that of xenoliths from active subduction
zones shown in Fig. 7a. Of particular geodynamic
significance are the data for orogenic garnet peri-
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dotites from the Dabie-Sulu terrane in east-central
China. These particular peridotites show the low-
est levels of V for a given degree of depletion and
comparison of their trend to either spinel or gar-
net peridotite melting models show that the Da-
bie-Sulu rocks were likely produced at very high
fO, (~NNO). An alternative interpretation is
that they were produced at much higher pressures
(7.0 GPa) at an fO, similar to that recorded by
abyssal peridotites. The high fO, model, however,
is more consistent with the numerous petrological
and geological observations on peridotites from
this terrane, which suggest they formed in the
hanging- or footwall of a subduction zone, before
being subducted to depths of the diamond stabil-
ity field and later exhumed [39].

8. Cratonic peridotites

Cratonic peridotites are xenoliths with low tem-
peratures of equilibration (< 1200°C) and coarse
textures, hosted in kimberlites from Archean cra-
tons [40]. The Re—Os isotopic systematics in many
cratonic peridotites show that they formed as res-
idues in the Archean, and were isolated in the
mantle ‘roots’ of cratons since that time [41]. As
a separate type of lithospheric mantle, these rocks
have a special place in discussions of the tectonic
environment for the formation of deep mantle
roots beneath Archean cratons.

A large proportion of cratonic peridotites con-
tain significantly lower FeO than off-craton peri-
dotites. The higher levels of depletion in cratonic
lithosphere suggest that lithosphere-forming pro-
cesses in the Archean occurred under greater de-
grees and/or higher pressures of melt extraction
when compared to Phanerozoic examples [40].
Whether cratonic peridotites formed at high pres-
sures in equilibrium with garnet, or at generally
lower pressures by extraction of melts in the
spinel stability field is debated [42-44] and can
imply different tectonic settings for the formation
of mantle lithosphere beneath Earth’s first conti-
nents. Melt extraction at generally low pressures
culminating in the spinel-facies is consistent with
a large body of geochemical and petrological data
[42,45,46] but is at odds with the low FeO of

cratonic peridotites [43,44]. Information on the
tectonic setting and redox state is essential in clar-
ifying this issue and the V distributions in cratonic
peridotites become useful in this debate.

Fig. 8 shows the covariation of V and Al,O3 in
cratonic peridotites from five different cratons,
with data from each craton separated according
to peridotite-facies (garnet- or spinel-bearing).
Overall, a significant population of cratonic peri-
dotites have lower V abundances for a given de-
gree of depletion when compared to abyssal peri-
dotites, but there are subtle details for each craton
(Fig. 8). If cratonic mantle lithosphere is consid-
ered a residue of primitive mantle, then spinel-
bearing lithosphere beneath the Siberian and
Kaapvaal cratons formed at higher fO, than
lithosphere forming today beneath ocean ridges
(Fig. 8a,b) and more like conditions similar to
those in modern convergent margins. Interest-
ingly, the Siberian and Kaapvaal datasets are
also the only two suites that show consistently
higher Si-enrichment and FeO depletion when
compared to other mantle rocks, characteristics
which have been attributed to processes in a con-
vergent margin [42].

The covariation of V and Al for cratonic peri-
dotites from other cratons shows somewhat var-
ied patterns. Almost all spinel peridotites investi-
gated from Tanzania are extremely depleted and
plot along the abyssal array (Fig. 8d). Few spinel
peridotites but almost all garnet peridotites from
this craton are shifted to the right of the abyssal
array, suggesting that the deeper parts of the Tan-
zanian lithosphere formed or was re-fertilized at a
higher fO,. This may have been related to re-ac-
tivation of lower parts of the Tanzanian craton by
propogation of the east African rift, as suggested
by Re-Os isotopic systematics in xenoliths from
this region [47].

The opposite trend is exhibited for peridotites
from the Jericho kimberlite in the northern Slave
craton, where the deeper garnet-bearing samples
of the mantle lithosphere plot exclusively along
the abyssal array, but many spinel peridotites
from shallower levels record higher fO, during
melting (Fig. 8c). The deeper garnet peridotites
from beneath the northern Slave province might
have formed as oceanic mantle lithosphere not
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unlike that of abyssal peridotites, that has under-
thrust spinel-facies mantle formed in a more oxi-
dized convergent margin setting. Convincing seis-
mological and magnetotelluric evidence for low
angle subduction to explain such a stratification
exists beneath the Slave craton [48,49]. The Slave
craton also shows significant stratification in its
level of depletion [50-52] which may correlate
with the redox state and tectonic provenance of
the lithosphere that has been imbricated to form
the craton root.

Interpretation of the V-Al array of garnet-fa-
cies mantle from Archean cratons in terms of its
redox state and tectonic environment during for-
mation is equivocal using the partial melting mod-
els in this study. If the unique FeO depletion in all
cratons is attributed to melting at pressures great-
er than 3.0 GPa, [43,44] then the fO, during for-
mation of Archean garnet peridotites need not be
very high. Garnet peridotites from all Archean
cratons plot along depletion trends at 7.0 GPa
and fO, similar to those observed beneath mod-
ern mid-ocean ridges or hotspots (NNO-3 to
NNO-2) (Fig. 9). Arguments to explain the high
Cr/Al in garnets from these samples, however,
implicate original melt depletion in the spinel-fa-
cies with subduction or underthrusting of litho-
sphere to conditions of garnet stability [45,46].
Such an interpretation would suggest that melting
models at pressures at or below 3.0 GPa would
apply to all peridotites from cratons, in which
case the vast majority of the garnet-bearing sam-
ples would have formed at quite high fO, (Fig. 8).

The possibility that mantle lithosphere formed
in the Archean under the oxidizing conditions of a
convergent margin may lead to clues as to the
origin of the unique and enigmatic FeO depletion
in many cratonic peridotites. As noted above,
spinel peridotite melting models can explain
many attributes of these rocks, but fail to explain
their low FeO. What has not been considered in
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this discussion is the possibility that Archean
mantle lithosphere formed by melting under
more oxidized conditions than sub-oceanic litho-
sphere of younger age. The evidence above clearly
shows this is a tenable scenario. Melting at higher
fO, causes more Fe (as mildly incompatible Fe’*)
to enter the melt phase, leaving the residue with a
greater Mg# for a given degree of melting than at
lower fO,. This hypothesis is testable given the
requisite experimental data for peridotite melting
under conditions of varying fO,. Unfortunately, a
mantle at ‘FMQ’ has become almost axiomatic in
the petrological literature, and has confined exper-
imental studies on mantle melting to restricted
and generally reducing conditions, despite evi-
dence that the fO, of mantle source regions may
vary almost nine orders of magnitude [6]. This
problem is partly attributable to technical limita-
tions. For example, most experimental studies de-
voted to mantle melting are performed in graphite
capsules, generating almost exclusively very low
fO, conditions [53]. Analysis of mantle melts
and residues may be biased by the experimental
results of what are reduced fO, conditions when
compared with most mantle samples. Although
experimentally challenging, peridotite melting
studies under more oxidizing conditions above
‘FMQ’ in the future can address the full implica-
tions of this variable for the origin of Archean
and younger lithosphere.

9. Mantle redox, life and atmospheric evolution

The observations for Archean mantle residues,
and complimentary work on Archean magmas
[7,8,11] argue strongly that the conditions of man-
tle melting to form lithosphere in the Archean
were just as oxidized as those of the more recent
geologic past in various tectonic environments.
These data might appear at odds with the very
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reduced fO, recorded by sulfides included in dia-
monds [3,54] but the latter samples are not likely
to be representative of the mantle as a whole.
Many other inclusions in diamonds (native Fe,
SiC) [55] attest to very extreme fO, conditions
achieved in regions of the mantle which are not
relevant to the formation of magmas or litho-
sphere.

The Earth’s oldest microfossils occur in rocks
3.5 Ga old, and biomarkers are suggestive of even
earlier forms of life [56]. Early Archean mantle
redox is thus a period critical to discussions of
the origin of life. Abiotic synthesis of molecules
and hydrocarbons that can lead to life in early
Archean mantle-derived volcanic gases requires
they contain significant H, and CO, [57] but
such reduced components are not supported by
results of this and many other studies, which im-
ply a scenario of Archean mantle redox not unlike
that of today. Life may have found its origins in
other environments or by other mechanisms.

Furthermore, the results above for Archean
mantle lithosphere suggest that the mantle was
oxidized early (by ~3.5 Ga), so gradual oxida-
tion of the solid Earth system by volcanic degass-
ing of reduced species and ensuing H, escape [3]
cannot have occurred. Gradual oxidation of the
mantle by H,O recycling during subduction is
also implausible on petrological grounds [58]. It
has been emphasized [3] that if the mantle did not
become oxidized in the Archean then the atmo-
sphere must itself have already been oxidized at
this time. This scenario would be at odds with
many interpretations of the geological evidence
for atmospheric evolution. An answer to this co-
nundrum is beyond the scope of this paper. What
is clear, however, is that future models for pre-
biotic synthesis and the evolution of O, in the
atmosphere must consider a more oxidized state
of the Archean mantle.
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