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Abstract—A suite of diamonds from the Sdo Luiz, alluvial deposit, Brazil, shows an unprecedented
abundance of (Mg,Fe)O (ferropericlase-magnesiowiistite - fPer) inclusions, which under normal circum-
stances are most likely to be derived from the lower mantle. Furthermore, occasional colourless
inclusions in the same diamonds have compositions of (Mg,Fe)SiO; and CaSi0,, corresponding to those
of the phases MgSi-perovskite (MgSiPvk) and CaSi-perovskite (CaSiPvk), which are also expected to
occur in the common peridotitic compositions of the lower mantle. Aluminous phases in the same suite
of diamonds include: (1) a phase (TAPP) of garnet composition, (Mg, Fe)AL,Si,0,, but with a distinct
tetragonal crystal structure; (2) an Al-rich MgSiPvk; (3) an Al,O; phase.

Unlike the occasional and always magnesian fPer inclusions reported in diamonds from other
localities, the Sdo Luiz fPer have an extremely wide range of composition, with Fe?>*/(Fe?* + Mg)
ranging from 0.14 to 0.62. In some of these fPer inclusions very fine scale exsolution of a magnesioferrite
spinel phase has been detected. The CaSiO; are exceptionally restricted in major-minor element
compositions, and are close to pure CaSiO,. MgSiPvk inclusions have ALO, ranging from 1.2 to 2.7
wt%, except in one case where it is 10.0%. The Fe?*/(Fe** + Mg) of MgSiPvk ranges from 0.02 to 0.03,
so that Fe®™ is relatively distributed in favour of fPer as expected from experimental work. However,
Mossbauer spectroscopic determinations show MgSiPvk and TAPP to have significantly higher propor-
tions of Fe>* than fPer, especially in the case of the high-Al MgSiPvk and TAPP. TAPP grains have
Fe’*/(Fe** + Mg) of 0.03 to 0.06, with close to 3 Si cations in a 12 oxygen formula unit, and thus no
sign of majoritic solid solution. Associations of fPer, MgSiPvk and SiO, in the same diamonds give phase
relationships consistent with experimental data for lower mantle conditions. TAPP is unreported from
experimental work.

Ion microprobe analysis of the inclusions for trace elements shows very low, generally less than chondritic,
compositions for the fPer, MgSiPvk and TAPP. However, in CaSiPvk the REE contents are very high (ca.
200X chondrite), in agreement with previous experimental work for lower mantle assemblages. A small
positive Eu anomaly is seen in the CaSiPvk inclusions analysed. A calculated bulk pyrolite composition for
the Sdo Luiz assemblages gives trace element bulk compositions in between those of estimated primitive
mantle and average OIB compositions. An ion microprobe oxygen isotope analysis on one CaSiPvk inclusion
shows 8'80 of ca. 6 permil, consistent with expected mantle compositions. For the diamonds containing the
inclusions, bulk §"C analyses yield typical mantle values.

Consideration of the inclusion associations found in the diamonds, in conjunction with ultra-high pressure
experimental data, suggests that the natural mineral assemblages have come from a depth range of possibly
less than 100km in the uppermost part of the lower mantle, with TAPP largely taking the place normally
assigned to gamnet (majoritic) in the upper part of this depth range. The possible stability range of TAPP is
probably very restricted, being replaced with increasing depth by aluminous MgSiPvk in normal ultrabasic-
basic compositions, on the basis of both the inclusion and experimental evidence. Thus within the uppermost
lower mantle there is a shallower Al-poor MgSiPvk mineral facies, and a deeper Al-rich MgSiPvk mineral
facies. The inclusions probably became encapsulated in diamond in this depth range.

The lower mantle S&o Luiz inclusion suite suggests that some material has formed from other sources
(protoliths) besides expected lower mantle ultrabasic/pyrolite compositions. The Eu anomaly shown by
the CaSiPvk inclusions may indicate an original crustal source. On the other hand, the very wide range
in Fe/(Fe + Mg) of the fPer, and in particular the high Fe compositions may result from some derivation
of material from the D" layer at the mantle-core boundary. If these origins are correct, then the S&o Luiz
data may suggest a mixing of some material of both crustal and D" origins with pyrolitic mantle adjacent
to lower/upper mantle boundary, which argues in favour of layered mantle convection.

INTRODUCTION

THE EARTH’s lower mantle, at depths between approx-
imately 660 and 2880 km, is the largest of the Earth’s
major subdivisions, and its chemical composition, min-
eralogy and rheology are of major importance in assess-
ing its interplay with the upper mantle and core, and
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their effect on the state and history of the planet. Be-
cause of its inaccessibility, information on the constitu-
tion of the lower mantle is largely a matter of inference
from geophysical, geochemical, crystal chemical and
experimental data, and there is extensive evidence from
these sources to suggest a lower mantle with a dom-
inantly magnesian peridotitt or pyrolite chemical
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composition, which is mainly composed of the silicate
(Mg, Fe)SiO; in the perovskite crystal structure
(MgSi-perovskite or MgSiPvk) and the oxide (Mg,Fe)O
(e.g., Rnowoop, 1982; Ringwoop and IRIFUNE, 1988;
POIRIER, 1992). In addition, a separate Ca-rich phase
(CaSiO, in perovskite structure — CaSi-perovskite or
CaSiPvk) is expected to occur, and in some circum-
swances a separate Al-rich phase.

In recent years a number of (Mg,Fe)O mineral inclu-
sions in diamonds have been reported which suggest the
possibility of recovering and directly examining actual
samples of lower mantle material. Attention on this
possibility was focussed by ScorT-SmrTH et al. (1984),
who presented data on two (MgFe)O inclusions in
diamonds from Orroroo and suggested that an inclusion
of (Mg,Fe)SiO; in the same diamond suite might rep-
resent a MgSi-perovskite which had co-existed with
MgFe-oxide in the lower mantle. MOORE et al. (1986)
reported six further inclusions of (Mg,Fe)O composi-
tion from three localities (Koffiefontein, Monastery and
Sloane), including one diamond from Koffiefontein
which contained inclusions of (Mg,Fe)O and (Mg,Fe)-
SiO, in the same diamond though not in contact with
one another. Most recently (Mg, Fe)O inclusions have
been reported from S#o Luiz (WILDING et al., 1991;
HarTe and HARRIS, 1994; HARRIS et al., 1997), Letseng-
La-Terai (McDapE and HARris, in press), Mwadui
(STACHEL et al., 1998) and Guinea (HUTCHISON, 1997).

Up to the present, the Sdo Luiz diamonds are
proving the most exceptional for the abundance and
variety of (Mg,Fe)O inclusions recovered and the
occurrence of both (Mg,Fe)O and silicate inclusions
in the same diamond. The S&o Luiz diamonds have
been recovered from alluvial deposits near Aripuena,
Mato Grosso, Brazil, and are associated with river
gravels on the S#o Luiz river, which drains into the
Amazon via the Aripuena river. The diamonds are
thought to have been derived from Cretaceous kim-
berlites, which intrude through Proterozoic crustal
rocks belonging to the Aripuena province. In addition
to the occurrence of lower mantle mineral associa-
tions, diamonds from the S&o Luiz deposit have
proved remarkable in also showing large proportions
of inclusions of garnet with variable solid solution of
pyroxene (‘majorite’ substitution) and thus implying
formation within the transition zone of the upper
mantle (WILDING et al., 1991; HARTE, 1992).

This paper will concentrate on the Sdo Luiz mineral
associations suggesting a lower mantle origin. Although
MgSiPvk is expected to be the most abundant lower
mantle phase, we have focussed attention in these stud-
ies on diamonds containing (Mg,Fe)O inclusions. This
is because MgSiPvk has compositions, dominantly Mg-
Si0, with FeSiOj in solid solution, overlapping those of
orthopyroxene (enstatite-hypersthene solid solution)

which is an abundant phase in the upper part of the
upper mantle and occurs in diamonds of upper mantle
origin (e.g., MEYER, 1987). To distinguish MgSiPvk and
orthopyroxene inclusions on the basis of chemistry
without crystal structure is therefore not possible; nor
would crystal structure data provide unequivocal evi-
dence of origin, since inversion of MgSiPvk inclusions
to pyroxene structure may be expected during their
transport to the Earth’s surface. On the other hand,
although (MgFe)O oxides have a wide pressure-
temperature stability field in Si-poor compositions, they
are only expected to occur in normal mantle ultrabasic
compositions in the lower mantle (e.g., RINGwoob and
IRIFUNE, 1988), and may therefore provide a surer guide
to material of potential lower mantle origin than the
occurrence of inclusions with (Mg,Fe)SiO, composi-
tions. (Mg,Fe)O inclusions also have the merit of com-
monly being semi-opaque and sometimes having irri-
descent blue colours, which makes them relatively easy
to identify within the diamonds before breaking of the
diamonds for extraction of inclusions.

The focus of the work presented here is upon mineral
compositions and associations, with only a little work
on crystallographic structure incorporated. Thus we cir-
cumstantially identify potential lower mantle originally
perovskite-structured inclusions (MgSiPvk and Ca-
SiPvk) on the basis of their chemical composition, cou-
pled with their occurrence in diamonds also containing
(Mg,Fe)O inclusions. Present evidence from X-ray dif-
fraction studies suggests that both MgSiPvk and Ca-
SiPvk inclusions reported herein now have lower pres-
sure pyroxene structures (R. ANGEL and N. Ross, pers.
comm., 1993; P. CoNraD and R. HEMLEY, pers. comm.
1997), and have therefore inverted from the perovskite
structure upon transport from the lower mantle. Further
studies on the crystallographic structure of lower mantle
suite of Sdo Luiz inclusions, using within-diamond and
synchrotron X-ray techniques developed for small in-
clusions, are presently being undertaken.

METHODS

The inclusions were broken out of the diamonds in a
custom built sealed stainless steel crusher, following stan-
dard techniques (HARRIS and GURNEY, 1979). After break-
out individual inclusions were examined and described and
then mounted in araldite within small brass cylinders
(‘pips’) with an internal diameter of 2.6 mm and a length of
4.8 mm. The upper surfaces of the inclusions were then
polished in preparation for electron and ion microprobe
analysis, as well as for SEM and TEM examination in some
cases.

Electron microprobe analyses were conducted at the De-
partment of Geology and Geophysics, University of Edin-
burgh, using Cambridge Instruments Microscan V and
Cameca Camebax instruments, at 30 nA and 20 nA respec-
tively and 20 kV. Metal (Cr, Ni, Fe, Ti, Mn, Fe), oxide
(MgO, Al,0;) and silicate (CaSiO;, NaAlSi;Og, KAlSi;Og)
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standards were used in electron microprobe analysis and
ZAF and PAP correction procedures were followed.

Trace element and oxygen isotope analyses were made
using SIMS techniques at the Edinburgh University/NERC
Ion Microprobe Facility. For trace elements an O~ primary
beam was used and high energy secondary ions collected
following the techniques described by HARTE and KIRKLEY
(1997), who also provide information on error ranges. Ion
yields were calculated relative to Si for silicates and relative
to Mg for (Mg,Fe) oxide. The oxygen isotope analysis of a
CaSiO; (originally CaSiPvk) inclusion was made using a Cs
primary beam and following the techniques described by
VALLEY et al. (1998). A wollastonite (CaSiO;), provided by
JOHN VALLEY (University of Wisconsin-Madison), was used
as a standard in the oxygen isotope analysis.

DIAMOND SAMPLES AND MINERAL
ASSOCIATIONS IN DIAMONDS

The data reported for Sdo Luiz herein come very largely
from two sets of inclusions obtained from diamonds with
specimen numbers BZ65 to BZ120, and BZ201 to BZ214,
respectively broken out of diamonds by WILDING and HARRIS
and WATT and HARRIS. Some data on an additional set of
inclusions, more recently broken out of diamonds by HUTCH-
SON and HARRIS and published in HARRIS et al. (1997) and
McCAMMON et al. (1997), will also be considered. Recently
gathered data on associations involving unusual pyroxene-like
compositions and possible associations transitional between
the upper and lower mantle (HUTCHISON, 1997) will be pre-
sented elsewhere (HUTCHISON e al., in prep.).

The above diamond specimens were selected for detailed
study because their inclusions were sufficiently large to be
broken out of the diamonds and analysed, as well forming part
of a suite with abundant (Mg,Fe)O inclusions. Colourless
inclusions in the diamonds containing (Mg,Fe)O were found to
have chemical compositions of (Mg,Fe)SiOs;, CaSiO;, and
Si0O,. In addition some inclusions of green colour occurring in
the same diamond as (Mg,Fe)O were found to have the com-
position of a pyrope-almandine garnet and are referred to
herein by the acronym TAPP (tetragonal almandine-pyrope
phase, see below). In addition to inclusions confirmed as
occurring with (Mg,Fe)O, the specimen series BZ65 to BZ214
yielded some other colourless inclusions: two inclusions of
(Mg,Fe),Si0,, four of Ca-rich pyroxene composition, and one
with an unstable Ca-Al-rich composition. Since these phases
were not confirmed as occurring in diamonds containing
(Mg Fe)O, there is no particular evidence to associate them
with the lower mantle, and they are omitted from further
discussion in this paper. WATT ez al. (1994) also reported the
occurrence of an inclusion with Al,0; composition from a
diamond that lacked a (Mg,Fe)O phase. Some further inclu-
sions, which were too small for reliable break out from the
above diamonds, are now being considered for investigation by
synchrotron X-ray techniques.

The chemical compositions of all inclusions investigated are
given in Table 1 (MgFe oxides) and Table 2 (silicate phases),
together with notes on which inclusions came from the same
diamond. Particular significance is attached to the association
of mineral inclusions in one diamond, and the associations
reported here have all been confirmed by electron microprobe
analysis subsequent to break out from the diamond. Associated
inclusions in diamonds from higher levels of the mantle have
commonly been interpreted as having been in equilibrium with
one another (e.g., MEYER, 1987; GURNEY, 1989) even though
the different mineral inclusions are usually separated by dia-

- mond and not in contact with one another. However evidence

of exceptions to this interpretation do occur (e.g., STACHEL et
al., 1998), and some exceptions occur in the present inclusion
suite. In particular, one diamond (BZ205) contained two
(Mg,Fe)O inclusions with different compositions, which
clearly could not be in equilibrium. It must be noted that in the
present suite of material associated inclusions were only in
actual contact with one another on one occasion (specimen
BZ207 with MgSiPvk and TAPP in contact). Further evidence
regarding equilibrium between associated inclusions will be
discussed below.

Table 3 gives a summary list of all the inclusions and
identifies the mineral associations seen in single diamonds
and their frequency of occurrence. The terminology used is
appropriate for perovskite-bearing (MgSiPvk and CaSiPvk)
mineral assemblages of the Jower mantle even though the
inclusions from diamonds now commonly appear to be in a
low pressure structural state (see above). TAPP is for tet-
ragonal almandine-pyrope phase (HARRIS e al., 1997). Note
also that we refer to (Mg,Fe)O compositions as ferropero-
clases (fper); this conforms to normal mineralogical practice
since the oxides are typically MgO rich and close to peri-
clase (MgO), but there has been a tendency in the literature
to refer to similar lower mantle (Mg,Fe)O phases as mag-
nesiowiistite (MW). The list of Fe?*/(Fe** + Mg) compo-
sitions of (Mg,Fe)O in mineral associations given in Table
3 discounts occasional situations where the inclusions inside
one diamond do not appear to be in equilibrium.

MINERAL CHEMISTRY—
MAJOR/MINOR ELEMENTS

Abbreviations
Fe' total Fe atoms.

FeO" total Fe calculated as ferrous oxide.
[6] coordination number of atomic site
(six in this case).

D& PP partition coefficient of Fe** for Mg-

SiPvk/fPer calculated as cations
Fe**/(Fe** + My).

partition coefficient for Fe?™ between
MgSiPvk and {Per calculated on
basis of cations Fe?" per formula
unit; RSiO; and RO being the stan-
dard formula units for MgSiPvk
and fPer, where ‘R’ indicates cat-
ions.

DMgSink/fPer
Fe24%¥

For tabulation of partition coefficients for other cat-
ions and phases see Table 4.

(Mg,Fe)O minerals

Electron microprobe analyses. Table 1 gives the
compositions of 24 fPer from Sdo Luiz, and 12 fPer
given in the literature from other localities: Koffie-
fontein, Monastery, and Letseng La Terai in southern
Africa (MOORE et al., 1986; McDADE and HARRIS, in
press); Mwadui, Tanzania (STACHEL ef al., in press);
Guinea, West Africa (HUTCHISON, 1997); Orroroo,
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FiG. 1. Ni and Cr cations [for one (Mg,Fe)O formula unit], plotted against Fe?*/(Fe?* + Mg) for fPer
(all fPer data from Table 1).

FiG. 2. Photograph of SEM backscatter image, showing small elongate bodies of magnesioferrite with
high backscatter intensity in darker fPer matrix (specimen BZ70); scale bar 10pm.
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Table 2. Silicate mineral compositions for Sao Luiz and other localities

Locality Sao Luiz Sao Luiz Sao Luiz Sao Luiz  Koffiefontein  Orroroo Sao Luiz Sao Luiz
Sample BZ120C BZ207A BZ210B BZ251B A262 ORR3 Bz97 BZ115
Phase MgSiPvk MgSiPvk MgSiPvk MgSiPvk MgSiPvk MgSiPvk CaSiPvk CasSiPvk
Other inclusions fPer fPer + TAPP fPer fPer fPer u. incls.
Wt %

Sio2 56.64 55.34 51.41 57.04 57.10 57.44 50.80 50.59
Tio2 0.22 0.19 0.02 0.15 0.03 0.00 0.00 0.01
Al203 1.23 2.74 10.04 1.33 1.16 0.50 0.1 0.08
Cr203 0.45 0.16 1.19 0.40 0.36 0.25 0.00 0.01
FeOt 4.63 9.00 5.14 3.80 3.33 4.42 0.08 0.16
MnO 0.16 0.30 0.93 0.14 0.11 0.11 0.04 0.02
NiO 0.01 0.03 0.02 0.00 . 0.02 0.13 0.00 0.00
MgO 35.39 32.11 30.21 36.25 36.90 36.31 0.09 0.14
CaO 0.04 0.06 0.65 0.06 0.12 0.73 48.71 48.49
Na20 0.06 0.07 1.05 0.03 0.00 0.04 0.02 0.02
K20 0.01 0.00 0.02 0.00 0.00

Total 98.83 100.00 100.66 99.22 99.13 99.93 99.83 99.51
Cations

Si 0.981 0.965 0.878 0.979 0.942 0.924 0.983 0.982
Ti 0.003 0.003 0.000 0.002 0.000 0.000 0.000 0.000
Al 0.025 0.056 0.202 0.027 0.023 0.010 0.003 0.002
Cr 0.006 0.002 0.016 0.005 0.005 0.003 0.000 0.000
Fet 0.067 0.131 0.073 0.055 0.048 0.063 0.001 0.003
Mn 0.002 0.004 0.013 0.002 0.002 0.002 0.001 0.000
Ni 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000
Mg 0.913 0.834 0.769 0.927 0.942 0.924 0.002 0.004
Ca 0.001 0.001 0.012 0.001 0.002 0.013 1.010 1.008
Na 0.002 0.002 0.035 0.001 0.000 0.001 0.001 0.001
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Ferric-Ferrous

Fe3+/Fet 0.20 0.20 0.75 0.20 0.20 0.20

Fe3+ 0.013 0.026 0.055 0.011 0.010 0.013

Fe2+ 0.054 0.105 0.018 0.044 0.038 0.051

Wit% Fe203 1.03 2.00 4.28 0.84 0.74 0.98

Wit% FeO 3.70 7.20 1.28 3.04 2.66 3.54

Fe2+/(Fe2++Mg) 0.055 0.112 0.023 0.045 0.039 0.052

Other inclusions refer to inclusions in the same diamond; “u. icnls.” means small unknown inclusions or other inclusion lost

on polishing.

Absence of a number means element not anlysed. Fet refers to total Fe.
Ferric-ferrous ratios are based on McCammon et al. (1997) with average Fe3+/Fet value taken as: 0.70 in TAPP,

0.2 in Al-poor MgSiPvk, 0.75 in Al-rich MgSiPvk.

Australia (SCOTT-SMITH et al., 1984); and Sloane,
USA (MOORE et al., 1986; OTTER and GURNEY, 1989).

Ten of the Sdo Luiz fPer occur in the same dia-
monds as silicate mineral associations itemised in
Table 3; including one case (BZ205, Table 1) where
2 separate fPer inclusions occur in one diamond
together with a TAPP inclusion. An association of
oxide and silicate inclusions has been recorded so far
from only one diamond outside Sdo Luiz, and that is
the occurrence of fPer and MgSiPvk in diamond
A262 from Koffiefontein (in Table 1 and 2, data from
MOORE et al., 1986). Rare fPer and MgSiPvk inclu-
sions from Orroroo were suggested as occurring to-
gether but were not taken from the same diamond
(ScoTT-SMITH et al., 1984).

All fPer are reasonably pure Mg-Fe oxide compo-
sitions (Table 1). SiO,, TiO,, Al,O5, Ca0, and K,O,

are all <0.25 wt%. Other minor elements typically
occur in amounts of <1.5 oxide wt%, with: Cr,O4
0.0 to 1.4% (excepting a value of 2.6% in inclusion
BZ205C); MnO 0.1 to 0.8%; NiO 0.1 to 1.6%; Na,O
0.00 to 1.2%.

In contrast to the restricted variation of minor ele-
ments, the range in MgO to FeO is extremely wide,
although the majority of inclusions are magnesian. The
S#o Luiz fPer have a range of Fe*/(Fe** + Mg) of
0.16 to 0.64; while those from other localities recorded
in the literature are restricted to the range 0.11 to 0.14,
with the exception of one extreme specimen from Mon-
astery with Fe?"/(Fe*" + Mg) of 0.88 (MOORE et al.,
1986). Mossbauer spectroscopic analysis (MCCAMMON
et al., 1997) of five of the Sao Luiz fPer show extremely
low Fe"/Fe' ratios of 0 to 7%. These values include
Mossbauer analyses on the two most Fe-rich specimens,
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Sao Luiz Sao Luiz Sao Luiz Sao Luiz Sao Luiz Sao Luiz Sao Luiz Sao Luiz Sao Luiz
BZ116B BZ119 BZ252 BZ103 BZ205A BZ206B BZ207A BZ238A BZ244B
CaSiPvk CaSiPvk CaSiPvk Sti(Si02) TAPP TAPP TAPP TAPP TAPP
fPer u. incls. fPer 2 fPer fPer fPer+ MgSiPvk fPer
52.01 51.03 51.18 99.26 42.54 42.43 39.56 41.41 42.12
0.05 0.02 0.06 0.01 0.02 0.01 4.20 0.03 0.06
0.05 0.07 0.07 0.04 23.88 23.48 20.16 23.33 23.83
0.01 0.01 0.03 0.01 247 2.22 1.39 2.99 2.80
0.08 0.04 0.16 0.07 4.96 4.64 9.41 4.98 4.60
0.00 0.04 0.06 0.01 0.84 0.47 0.25 0.92 0.96
0.02 0.01 0.07 0.03 0.01 0.01
0.46 0.06 0.14 0.02 25.43 26.66 24.85 24.95 25.63
46.94 45.75 48.43 0.01 0.11 0.12 0.03 0.13 0.09
0.04 0.02 0.01 0.00 0.16 0.15 0.03 0.16 0.09
0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.02 0.00
99.64 97.04 100.18 99.43 100.44 100.24 99.91 98.93 100.19
1.008 1.017 0.987 0.998 2.937 2.918 2.806 2.908 2.915
0.001 0.000 0.001 0.000 0.001 0.001 0.224 0.002 0.003
0.001 0.002 0.002 0.000 1.943 1.903 1.685 1.931 1.944
0.000 0.000 0.000 0.000 0.135 0.121 0.078 0.166 0.153
0.001 0.001 0.003 0.001 0.287 0.267 0.558 0.292 0.266
0.000 0.001 0.001 0.000 0.049 0.027 0.015 0.055 0.056
0.000 0.000 0.000 0.001 0.004 0.002 0.001 0.001
0.013 0.002 0.004 0.000 2.616 2.732 2.627 2.612 2.644
0.974 0.977 1.001 0.000 0.008 0.009 0.002 0.010 0.007
0.002 0.001 0.000 0.000 0.022 0.019 0.004 0.022 0.012
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
2.000 2.000 2.000 1.000 8.000 8.000 8.000 8.000 8.000
0.70 0.70 0.70 0.74 0.70
0.201 0.187 0.391 0.216 0.186
0.086 0.080 0.167 0.076 0.080
3.86 3.61 7.32 4.10 3.58
1.49 1.39 2.82 1.29 1.38
0.032 0.028 0.060 0.028 0.029

as well as Mg-rich and intermediate compositions, and
suggest that Fe>*/Fe' is consistently low. The Fe>*/Fe'
content of (Mg,Fe)O phases is related to the solid so-
lution of the spinel end members, magnesioferrite to
magnetite (MgO-Fe,O; to FeO-Fe,0,), and the restric-
tion of such solid solution at very high pressures is
consistent with experimental data (McCAMMON et al.,
1995 and 1998; see following subsection).

Examination of the variation in minor element
compositions in conjunction with Fe*>*/(Fe?* + Mg)
of the fPer reveals few systematic variations. The
most conspicuous relationship is shown by Ni, which
tends to increase as Mg increases (Fig. 1). There is
also a tendency for Cr to increase 'with Mg in the Sdo
Luiz samples, and this may be seen in Fig. 1 if one
excludes samples with Fe**/(Fe** + Mg) <0.17,
since most of these samples do not come from Sio
Luiz.

SEM-TEM data on magnesioferrite-magnetite in
fPer. Back-scattered electron (BSE) images made by
SEM for maximum atomic number contrast (LLOYD,

1987) on fPer inclusions from S&o Luiz, indicate that
some contain very small elongate bodies, which have
a high back-scatter intensity. These bodies, illustrated
in Fig. 2, are typically around 1 to 3pm in Iength and
<0.4pum wide, and sometimes appear to be linked
together in chains which may show rough align-
ments. Their features are possibly the product of
nucleation of material in dislocation arrays. In one
case (BZ67) the tiny elongate bodies appear to have
coalesced into sinuous linear arrays, which poten-
tially represent subgrain walls.

Chemical analysis of these tiny inclusions is diffi-
cult. Scanning of small areas on the SEM shows that
inclusion-rich areas have slightly higher Fe'/(Mg +
Fe') than inclusion-poor areas. TEM investigation of
specimen BZ67 shows that the elongate bodies have
the crystal structure of MgO-Fe,O, to FeO-Fe,0,
(magnesioferrite to magnetite) spinel solid solutions.
Chemical analysis by TEM of individual inclusions
and by SEM of the sinuous linear arrays in BZ67
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Table 3. Lower Mantle Mineral Associations in Sao Luiz diamonds.

Mineral association

Approximate composition

No.  Fé&*/(Fe**+Mg) of

found associated fPer

fPer (Mg Fe)O 14 0.14 t0 0.62
CaSiPvk CaSiOs3 4

TAPP (Mg Fe)3;Al:S1301, 1

fPer + MgSiPvk (low-Al) (Mg, Fe)O + (Mg,Fe)SiOs 2 0.15t0 0.30
fPer + MgSiPvk (high-Al) (Mg,Fe)O + (Mg,Fe)o.9Alo2Sio903 1 0.18

fPer + CaSiPvk (Mg,Fe)O + CaSiO3 1 0.19

fPer + Sti Mg, Fe)O + SiO, 1 0.30

fPer + TAPP (Mg, Fe)O + (Mg,Fe);Al,Si3012 3 0.17 t0 0.30
fPer + MgSiPvk + (Mg, Fe)O + (Mg,Fe)SiO; 1 0.30

+TAPP

+ (Mg,Fe)3A125i3012

fPer - ferropericlase; MgSiPvk - MgSi perovskite; CaSiPvk - CaSi perovskite; Sti - stishovite;
TAPP - phase with almandine-pyrope garnet composition (pyrope-rich).

strongly suggests >95% of the magnesio-ferrite
(MgO-Fe,05) molecule.

Approximately a quarter of the fPer contain mag-
nesioferrite inclusions, but their occurrence shows no
obvious correlation with the bulk composition of the
fPer, and in particular with Fe*"/(Mg + Fe**) or
Fe**/(Fe?** + Fe®") ratios. Their appearance sug-
gests decoration of dislocations and it appears possi-
ble that their formation has been partly controlled by
kinetic dislocation controls on nucleation as well as
by chemical, P-T, or oxygen fugacity conditions.
From the viewpoint of phase equilibria, little infor-
mation is available on the MgO-FeO-Fe,O; system at
lower mantle pressures. Solid solution of high-
pressure phases of MgO-Fe,0,;-FeO-Fe,05 in (Mg-
,Fe)O is believed to be very restricted even at high
fO, McCammON ez al., 1995 and 1998), and the
available phase data suggests that the limited exso-
lution described above might result from: increasing
pressure, or decreasing temperature, or increasing
fO,. Of these, temperature decrease seems the more
likely cause of exsolution, since the late pressure
changes affecting the included minerals are more
likely to be decreasing rather than increasing, and
fO, change is unlikely to affect the inclusions after
encapsulation in diamond. However, the temperature
effect on exsolution would probably have to have
occurred in a thermal boundary layer of the mantle
convection system, because temperature changes in

the rising limbs of the convective system would only
be adiabatic and their effect on the phase equilibria
would likely be offset by the much more substantial
pressure changes occurring during upward flow
(HARTE et al., 1998).

MgSiPvk compositions

Excluding BZ210B, the major-minor element
compositions of these mineral grains are relatively
unremarkable. They are Mg-rich, with Al,O5 (up to
2.7 wt%) and Cr,O5 (up to 0.5 wt%) as the principal
components in addition to the (Mg,Fe)SiO; formula
units (Table 2). The BZ210B composition shows a
distinctive 10.0 wt% Al,O,, equivalent to 0.2 cations
per (Mg,Fe)SiO5 formula unit, and this specimen is
referred to as high-Al MgSiPvk in Table 3 and below,
in distinction to the other, low-Al MgSiPvk, compo-
sitions. Na contents are small for low-Al MgSiPvk,
and Na is usually lower in MgSiPvk than that in
associated fPer (Tables 1 and 2). The high-Al Mg-
SiPvk, BZ210B, shows distinctly higher values of Cr,
Mn, Ca and Na than the other MgSiPvk inclusions.

Mossbauer spectroscopy (McCAMMON et al.,
1997), has shown a low-Al MgSiPvk (BZ251) to
have Fe**/Fe' of 20%. This is reasonably similar to
the value of 12% quoted by Fer et al. (1996) for
experimental data. In contrast the high-Al specimen
(BZ210) has Fe*"/Fe' of 75%. On the usual basis of
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Table 4. Partition coefficients for associated phases

(a) Data for MgSiPvk/fPer
Symbolism Partition ratios BZ207 Bz251 A262 ORR Average for BZ210
MgSiPvk/fPer low-Al MgSiPvk  high-Al MgSiPvk

Mesipvii fper Fe?*/(Fe?*+Mg) 037 031 032 039 0.34 0.13
:;:;'ka/ﬂ’er Fe'/(Fe'+Mg) 043 037 040 047 0.41 0.42
;g;smmr Fe®* cations 036 030 032 038 0.34 0.11
;e;;:vk/ﬁer Fe®* cations 435 369 390 462 4.14 15.75
f;;;:’vk/ff‘er Mn cations 148 145 134 163 1.48 7.09
Z:;if'vk//i’er Ni cations 0.06 0.04 026 0.12 0.03
AA:;Sink/fPer Ca cations 19.32 6.85 13.08 216.21
AC;;Sink//Per Na cations 1.09 0.38 0.74 2.70
IAZ;ink/ﬁer Ti cations 21.36 34.25 27.81 713
Z;prer Cr cations 063 268 146 295 1.93 2.00
54

(b) Data for TAPP/fPer

Symbolism Partition ratios BZ205 BZ206 BZ207 BZ238 Average for

TAPP/Per TAPP

TAPPI fPer Fe?*/(Fe®*+Mg) 0.18 016 020 017 0.18
523;,,”, FeY/(Fe'+Mg) 053 051 062 058 0.56
;:;mer Fe®* cations 016 016 0.19 0.5 0.17
Zzza:;fper Fe* cations 18.64 17.79 21.61 21.39 19.86
::13’:/?27 Mn cations 7.18 3.99 1.68 7.82 5.17
;Z;/mr Ni cations 003 017 010 0.02 0.08
;v;wfper Ca cations 20.51 8273 12.86 38.70
;:;P/fPer Na cations 0.99 0.35 0.57 4.08 1.50
;«:;WPW Ti cations 372 173 63361 230 258"
;,’;P,,,,e, Cr cations 955 473 769 13.87 8.96

€r*

* - indicate molar partition coefficients (Beattie et al., 1993) calculated as ratio of given cation to total cations (R) per formula unit.

Formula units: RSiO3 for MgSiPvk, RO for fPer, Ry ¢sSiO4 for TAPP.

- average calculated without BZ207.

Al-Fe* substitution relationships in silicate struc-
tures, this high Fe>* content may be linked with the
high Al content (Woob and RUBIE, 1996, McCaMMON
et al., 1997). In the high-Al MgSiPvk, the 0.20 cat-
ions of Al and the 0.06 of Fe** per formula unit
(Table 2) exceed those necessary (0.12 cations) to
complete the Si, 6-fold coordinated site. Thus solid
solution of an AI™?'AI'MO, perovskite molecule,
with Al in [12]-fold and [6]-fold coordination (Woob
and RUBIE, 1996) is indicated, together with some
further substitution of Fe** and Cr for Al The stoi-
chiometry of BZ210 alone does not indicate how Al,
Cr and Fe*™ should be distributed between the [12]-

and [6]-fold coordinated sites of the perovskite struc-
ture. However, computer simulation studies (RicH-
MOND and BRODHOLT, 1998) suggest preferential sub-
stitution of Fe’* into an Mg 12-fold site, charge
balanced by Al substitution into an adjacent Si site.
Further discussion on the Fe**/Fe' and Fe?*/(Fe**
+ Mg) ratios in MgSiPvk are given below and in
discussion of Fe/Mg partition coefficients.
Associated MgSiPvk and fPer which appear to be
in equilibrium (see section on Fe/Mg partitioning),
provide data on minor element partitioning between
the two phases. The data are summarised in Table 4
and show reasonable consistency between inclusion
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pairs from different diamonds. Ni markedly parti-
tions in favour of fPer, whilst Ti and Ca decidedly
favour MgSiPvk. Cr, Mn and Na atoms show weak
preferences for either MgSiPvk or fPer, except for a
high Mn value in high-Al MgSiPvk. These data for
natural minerals are broadly similar to experimental
data on Ni, Cr and Mn partitoning by Kesson and
FrrzGerALD (1991), but detailed comparison is lim-
ited by the restricted extent of the analytical data for
the experimental charges and the limited number of
natural samples. Average partition coefficients for the
natural samples are compiled in Table 4. In view of
the restricted number of samples and their limited
composition range, a straightforward numerical av-
erage value is given in Table 4, and any samples with
abundances below detection limits are ignored. Com-
parison of low-Al and high-Al MgSiPvk in Table 4
shows that high-Al MgSiPvk has lower partition co-
efficients for Fe?>* and Ti, but higher values for Fe**,
Mn and Ca.

TAPP compositions

The TAPP phase occurs as apple green inclusions,
30 to100um across, which were initially identified as
a garnet (HARTE and HARRIS, 1994) on the basis of
them having chemical stoichiometry fitting garnet
(R2*R37Si,0,,—where R*>* cations are in a dis-
torted [8]-fold coordinated site and R** in [6]-fold
coordination). Crystallographic studies (HARRIS ef
al., 1997) have shown a markedly tetragonal struc-
ture (@ = 6.526 A and ¢ = 18.182 A) distinct to
garnet, with three rather than two types of cation sites
in addition to two Si sites. The tetragonal structure
may be represented by the formula M;M5M5Si;O,
(where M? is a capped [4]-fold site, while M® and M®
are [6]-fold sites), where M* and M° take cations
equivalent to the R*™ site of garnet. Because of the
close similarity of TAPP and garnet compositions
and the widespread occurrence of garnet in the upper
mantle, we shall often compare TAPP compositions
and phase relations with those of garnet. This is also
appropriate in view of the fact that TAPP has not yet
been synthesised at high pressure, and although it is
believed to be a primary phase, it cannot be dis-
counted as a depressurisation product of an original
high-pressure phase such as a garnet (HARRIS et al.,
1997).

On the basis of the electron microprobe analy-
sis, calculating all Fe as FeO', then TAPP composi-
tions are very close to those of a pyrope-rich
(Mg,Fe);Al,Si;0,, (almandine-pyrope) garnet. It has
unusually low Ca compared with both common gar-
net inclusions from diamonds and with garnets found
in mantle xenoliths of peridotitic and eclogitic com-

positions. From the crystallographic study (HARRIS et
al., 1997) and the atomic stoichiometry (Table 2),
TAPP also shows no evidence of substitution of Si on
the [6] sites, unlike the majoritic garnets predicted for
the lower part of the upper mantle. The lack of
majorite-like substitution may result from the stabi-
lisation of the perovskite minerals (MgSiPvk and
CaSiPvk) which provide a [6]-fold site for Si under
lower mantle conditions as well as alternative sites
for Mg/(Mg + Fe?*) and Ca. The stabilisation of
CaSiPvk also occurs at lower pressures than Mg-
SiPvk, and in the lower part of the upper mantle this
may cause Ca to be contained within CaSiPvk and
removed from garnet-like phases before the depth of
the lower/upper mantle boundary is reached. The
stabilisation of MgSiPvk and solid solution of
(Mg,Fe);Al,Si,0,, garnet components in MgSiPvk
proceeds in the uppermost lower mantle (see below
for further discussion of phase relations).

Mossbauer analysis (McCAMMON et al., 1997) has
shown that much of the Fe in TAPP occurs in the
ferric form, with Fe>*/Fe' of 66% and 74% in two
Sdo Luiz inclusions. Assuming an average Fe>*/Fe'
of 70% for all TAPP compositions, gives Fe*/(Fe>™*
+ Mg) ratios of only 0.03 to 0.06, lower than those
of low-Al MgSiPvk (Table 2); see below for further
discussion. This allowance for Fe*>* gives totals of
R3" in excess of 2 in an 8 cation formula unit, and
therefore in excess of the number expected for the
R>" site in garnet and the MP® site in TAPP. This
points to substitution of Fe*" on the M? site of
TAPP, and Harris et al. (1997) give a formula
of (Mg,Fe*")[Al,Cr,Mn],{Mg,Fe®"},Si,0,,, where
(), 11, {} indicate the M?, M and M° cation sites, and
they suggest that the small deficiency in Si (Table 2)
is made up by substitution of Al

Cr is the commonest minor component of TAPP
(with 0.08 to 0.17 cations out of § cations per formula
unit - Table 2); though the abundances are low by
comparison with garnets from upper mantle peridot-
itic xenoliths and diamonds (HARRIS et al., 1997). In
one case, BZ207A, Ti is unusually high with 0.22 out
of 8 cations. By comparison with the other associated
phases (Tables 1, 2 and 4), it is clear that Cr and Fe3*
partition into TAPP rather than fPer or low-Al Mg-
SiPvk, while Ni prefers to substitute into fPer. Mn
and Ca partition into TAPP rather than fPer, but show
similar preferences for TAPP and MgSiPvk in spec-
imen BZ207. Na shows no strong preference for
oxide or silicate phases.

CaSiPvk and SiO, compositions

The five CaSiO; inclusions found by electron mi-
croprobe analysis of Sdo Luiz inclusions are remark-
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ably pure; all oxides other than CaO and SiO, are less
than 0.2wt% (Table 2), with the exception of 0.46%
MgO in BZ116B. They are considered to represent
primary CaSiPvk rather than wollastonite because:
(a) CaSiO; is not expected in peridotite-eclogite
compositions so long as Ca-rich pyroxenes and gar-
nets are stable; (b) fPer has been found to be associ-
ated in one case.

The SiO, inclusion found associated with fPer in
diamond BZ103 is virtually pure SiO, (Table 2). At
the pressure conditions of the shallower part of the
lower mantle this phase would have the stishovite
structure.

Fe’*/Fe®™ and Fe/Mg ratios for associated phases

The distinction of Fe** and Fe?* in the mineral
compositions has a marked effect on the partitioning
of Fe and Mg in the fPer, MgSiPvk and TAPP
compositions. This is because fPer is the most Fe-rich
phase but has very low Fe?*/Fe' (ferric Fe/total Fe);
whilst low-Al MgSiPvk has intermediate Fe®'/Fef,
and both of the aluminous phases, high-Al MgSiPvk
and TAPP, have very high Fe**/Fe' (Tables 1, 2 and
4; data from McCAMMON et al., 1997). The ability of
transition zone silicates to carry relatively substantial
Fe** has been noted by O’NEILL er al. (1993), who
also note that this does not necessarily imply high
oxygen fugacity, but will have an important effect on
physical properties such as electrical conductivity.

MgSiPvk and fPer associations. Figures 3a and 3b
show relative partitioning of Fe/Mg, and Fe>*/Mg,
between associations of MgSiPvk and fPer in four dia-
monds from S&o Luiz and one diamond from Koffie-
fontein. We have also added the data for MgSiPvk and
fPer from Orroroo using the average of two very similar
fPer compositions reported from Orroroo (SCOTT-SMITH
et al., 1984), even though the Orroroo inclusions are not
in the same diamond. The Fe'/(Fe' + Mg) parameter
plotted in Fig. 3a corresponds with the Fe/(Fe + Mg)
parameters of FEI et al. (1991, 1996) and Woop and
RUBEE (1996), or their parameters Xy, and Fe# respec-
tively, where Fe** and Fe** are not separated. Whether
calculated with Fe' or Fe>* (Fig. 3 and Table 4), com-
positions from four of the diamonds (BZ251and BZ207
from Sdo Luiz, together with the Koffiefontein and
Orroroo stones) show closely similar partitioning of Fe
between MgSiPvk and fPer with an average D8P v<4Per
of 0.34 for Fe**/(Fe*" + Mg) and 041 for FeY(Fe' +
Mg). Frr et al. (Fig. 8, 1991) using experimental data for
similarly magnesian compositions from several sources,
show an average DYES#V¥IPer of ca (.23, and a similar
value is suggested from other experimental data (Guyot

et al., 1988; Woob and RUBIE, 1996). KEsson and FITzGer-
ALD (1991) give experimental data for DS e rang
ing from approximately 0.2 to 0.4, but with a marked
dependence on the bulk Fe'/(Fe' + Mg), which is not
evident in our limited data set or that of Frr ez al. ( 1991).

In Figs. 3a and 3b the associated MgSiPvk-fPer
mineral pair for diamond BZ120 do not appear to
represent equilibrium by comparison with the other
inclusion data, irrespective of whether Fe®*/(Fe2* +
Mg) or Fe'/(Fe' + Mg) is considered. This is also
indicated on the SiO,-MgO-FeO plot of Fig. 6b,
where the dotted tie-line for BZ120 is not aligned
with the other MgSiPvk-fPer tie-lines.

All the above inclusion pairs involve low-Al Mg-
SiPvk, and the situation for high-Al MgSiPvk is
clearly different, as predicted from experimental data
by Woop and RuBie (1996). In the case of high-Al
MgSiPvk a much higher proportion of the Fe is
present as Fe’”, and on the Fe**/(Fe** + Mg) plot
(Fig. 3b) the BZ210 inclusion is displaced from the
other inclusions and shows a D& IPer of only
0.13 compared with the average of 0.34 for the
low-Al MgSiPvk inclusion associations (excluding
the aberrant BZ120). On the other hand, the Fe" plot
(Fig. 3a) shows BZ210 with a slightly higher
DYESPYIP than the other inclusions, and this in-
crease of Fe'/(Fe' + Mg) in the high-Al MgSiPvk is
in accord with the relationships derived from exper-
imental charges by Woop and RUBIE (1996). How-
ever, in contrast to the Woop and RUBIE (1996)
prediction based on Fe', the distinction of Fe?* and
Fe3* in the natural minerals, shows that the effect of
high-Al is not so much to increase Fe"/(Fe' + Mg) as
to lower Fe?"/(Fe>* + Mg) in the MgSiPvk (Fig. 3,
Table 4). The different orientation of the BZ210
high-Al MgSiPvk tie-line, compared with other Mg-
SiPvk-fPer tie-lines, is also apparent in Fig. 6b.

TAPP associations. Figures 3c-d and Table 4 show
Fe'/(Fe' + Mg) and Fe?*/(Fe?* + Mg) for TAPP and
fPer associations from four Sao Luiz diamonds. In
the case of diamond BZ205 two fPer occur in the
same stone, but have very different compositions and
both cannot be in equilibrium with TAPP. Figures 3¢
and 3d show very clearly that it is fPer BZ205C that
is out of equilibrium, whilst BZ205B fits in with data
from the other associations. Excluding BZ205C the
TAPP/fPer associations have similar DTAPPPer for
Fe?*/(Fe’" + Mg) and Fe'/(Fe' + Mg), with average
values of 0.18 and 0.56 respectively. The marked
difference between the Fe>*/(Fe** + Mg) and Fe!/
(Fe' + Mg)values reflects the very large proportion
of Fe' that is Fe*>* in TAPP.
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FiG. 3. Plots of FeY(Fe' + Mg) and Fe?*/(Fe** + Mg) for associations in the same diamond of
MgSiPvk with fPer, and TAPP with fPer; in atomic proportions from the data of Tables 1 and 2; where
Fe' refers to total Fe. (a) Fe/(Fe' + Mg) MgSiPvk vs Fe'/(Fe' + Mg) fPer, (b) Fe**/(Fe’* + Mg)
MgSiPvk vs Fe?t/(Fe*™ + Mg) fPer, (c) Fe'/(Fe' + Mg) TAPP vs Fe'/(Fe' + Mg) fPer, and (d)
Fe?*/(Fe?* + Mg) TAPP vs Fe?*/(Fe*™ + Mg) fPer. Note that for (b) and (d), the Fe** contents are
based in many cases upon average values of Fe>*/Fe' for each phase using the data of MCCAMMON e al.
(1997), see also Tables 1 and 2. Lines give average DM&5Fv/Fer and D™APPIPr excluding mineral pairs
given specimen numbers (with BZ prefix); see text for further explanation.

TRACE ELEMENT AND STABLE
ISOTOPE COMPOSITIONS

Diamond characteristics

The Sdo Luiz diamonds containing the inclusions
discussed in this paper show a number of distinctive
features. They are generally characterised by irregu-
lar and dodecahedral morphologies, but most partic-
ularly by a very high proportion of stones with Type
11 nitrogen charcteristics (WILDING, 1990; HUTCHISON,
1997), whereby nitrogen contents are at or below the

limits of detection by Fourier transform infra-red
techniques (FTIR).

In addition, bulk determinations of carbon isotope
composition show a tight grouping of values. WILD-
ING (1990) made 5 determinations of diamonds with
lower mantle minerals (including diamonds with a
CaSiPvk inclusion, a SiO, inclusion, and BZ66 with
the most Fe-rich fPer), and found 8'*C ranging from
—4.14 to —5.15. Further data (HutcHisoN, 1997,
HUTCHISON et al., 1998), including analyses of dia-
monds which contained MgSiPvk and TAPP inclu-
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sions, have expanded this range of 8'C for bulk
diamonds with lower mantle associations to —3.47 to
—7.88. Thus the bulk compositions are closely
grouped around the —5 to —6 values typical of many
diamonds, which are believed to represent typical
mantle compositions (HARR1s, 1987; GURNEY, 1989).

Trace element data for included minerals

The trace element compositions of inclusions ana-
lysed by ion microprobe are given in Table 5, and a
plot of average compositions is shown in Fig. 4. The
small size of many of the silicate inclusions (20—50
pm), coupled with often low trace element abun-
dances, has made it difficult to obtain good absolute
and relative abundance patterns for many of the in-
clusions. Only CaSiPvk inclusions are the exception,
and analyses of two of these inclusions show consid-
erable similarity, with most elements showing abun-
dances substantially above chondrite. The LREE and
MREE have abundances about 200X chondrite,
while those of the HREE drop progressively with
decreasing ionic radius from this value to about 80X
chondrite. Y and Zr abundances are ca. 90X and 50X
chondritic respectively. Only K and Ba have sub-
chondritic abundances. A most notable feature of
both the CaSiPvk analyses is the presence of a small
positive Eu anomaly (Table 5, Fig. 4).

The abundances of many trace elements in fPer,
MgSiPvk and TAPP were near the detection limits
(Table 5), and in Fig. 4 they are represented by
average compositions. Given the large error of ion
microprobe analyses at such abundance levels, the
average values plotted in Fig. 4 have been compiled
by considering individual analysis values below de-
tection limit to be zero; where an element gave con-
sistent values below detection limits it has been ig-
nored in drafting Fig. 4. This means that the values of
Fig. 4 must be considered as only indicative of rela-
tive concentrations amongst MgSiPvk, TAPP, and
fPer, and are likely to be maxima in absolute terms.
The patterns illustrated in Fig. 4 are rather ‘spiky’, in
. reflection of the low abundances, and show that fPer
tends to have slightly higher abundances than the
co-existing MgSiPvk and TAPP silicates. The one
marked exception is a high value of Zr in the BZ207
TAPP, though this is not seen in the other TAPP
analysed (Table 5). Because of this marked differ-
ence between the two TAPP’s, an average value has
not been plotted in Fig. 4. Distinct enrichment of
TAPP in MREE and HREE is not seen; unlike garnet
in the upper mantle. On crystal chemical grounds this
is not surprising because REE show a close link with
Ca distribution (e.g., HARTE and KIRKLEY, 1997), and
in the present lower mantle situation TAPP is Ca

poor, with virtually all Ca being in CaSiPvk. Mg-
SiPvk, the most abundant phase expected in the lower
mantle, has low trace element inventories irrespective
of its Al content. All the phases except CaSiPvk show
evidence of anomalously low Y (Fig. 4), when Y
abundances are compared with the geochemically
similar element, Ho.

One feature of the trace element distributions that
is clearly hidden by the average values of Fig. 4, is
evidence of composition variation related to Fe2*/
(Fe** + Mg). For the silicate phases, evidence of
such relations is limited by the small number of
analyses and low abundances, but there are consid-
erably more data concerning fPer. In Fig. 5 we plot
fPer compositions as a function of Fe®"/(Fe2* +
Mg), for the relatively abundant elements Sr, La, Y
and Zr. The diagram provides evidence of a signifi-
cant drop in abundances as Fe>*/(Fe** + Mg) in-
creases.Thus, the fPer associated with MgSiPvk and
TAPP [with Fe**/(Fe** + Mg) <0.30] show dis-
tinctly higher abundances than those of the more
Fe-rich fPer. It is also interesting to note that the
magnesian fPer appear to be as favoured a location
for K and Ba as their associated silicates, which
coincides with the relatively high contents of Na in
the fPer (Table 1).

In showing the CaSiPvk as the major holder of
REE, the above results for the natural assemblages
show a general agreement with the experimental re-
sults of KaTo et al. (1988, 1996) for phase assem-
blages involving combinations of CaSiPvk, Mg-
SiPvk, majoritic garnet and melts. The major
difference to the relationships indicated by the Sdo
Luiz analyses is that KATO ef al. (1988, 1996) found
Zr to partition somewhat preferentially into MgSiPvk
compared with CaSiPvk, whilst we have found high
concentrations of Zr in CaSiPvk and TAPP but not in
MgSiPvk.

It is interesting to consider what values of trace
element abundances in a lower mantle ultrabasic rock
composition might be implied by the Sfo Luiz data.
We have therefore calculated the bulk trace element
composition for a combination of Sio Luiz phases
giving the major element (SiO,, Al O, FeO', MgO
and Ca0) composition of pyrolite (IRIFUNE and RING-
woob, 1987, McDoNouGH and Sun, 1995). A good
approach to such a major element composition is
given by 77% MgSiPvk, 16% fPer, and 7% CaSiPvk;
using an average of the Sio Luiz compositions
BZ120 and BZ210 for MgSiPvk, BZ103 and BZ116
for fPer, and Bz97and BZ 115 fo CaSiPvk. Taking
the trace element data from these same minerals in
the same proportions (77% MgSiPvk, 16% fPer, and
7% CaSiPvk) yields the bulk trace element compo-
sition labelled as SLLM Pyrolite in Fig. 4. This may
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FiG. 4. Trace element abundance patterns normalised to chondrite values. The data plotted for
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average values below detection limit have been ignored. The values for SLLM pyrolite were calculated
by combining data for Sdo Luiz MgSiPvk, fPer and CaSiPvk in the ratio 77%, 16% and 7% respectively
(these ratios giving a pyrolite bulk major element composition for the elements Si, Al, Fe, Mg and Ca);
see text for further details. The data for primitive mantle is from McDONOUGH and SUN (1995), the

chondrite normalisation values and OIB data are from SUN and McDoONOUGH (1989).

be compared to the global estimate of primitive man-
tle composition based on the pyrolite model by Mc-
DonoucH and SuN (1995), which is also shown ‘Prim
mantle’ in Fig. 4, and average OIB composition (Sun
and McDoNoucH 1989). The SLLM pyrolite estimate
lies between these two, with abundances similar
those of MOR basalts (SUN and McDoNouGH 1989).
Convective mixing of crustal and mantle material, as
suggested in the discussion section of this paper,
might therefore be responsible for the Séo Luiz com-
positions. In any situation, it is clear that the distri-
bution and phase relationships of CaSiPvk, even
when it is present in small amounts, are going to
dominate trace element behaviour in the lower
mantle.

Oxygen isotope composition of CaSiPvk

Oxygen isotope composition potentially may be
used to assess original protolith compositions and

equilibration with normal mantle protoliths (MATTEY
et al., 1994; CHAZOT et al, 1997). Unfortunately,
reliable SIMS measurements for stable isotopes re-
quire good flat polished surfaces and calibration with
a phase of closely similar composition (VALLEY ef al.,
1998). These conditions are hard to meet for the
present inclusions, because the silicates are generally
less than 50 wm across and have generally been
submitted to trace element analysis by ion micro-
probe, whilst the fPer require special standards to
calibrate their wide range of Fe/(Fe + Mg). Under
the circumstances only one inclusion was worthy of
analysis, this being a CaSiPvk still enclosed in dia-
mond, but which had been exposed during polishing
the diamond.

Oxygen isotope analyses were made at two points
on this CaSiPvk, using a wollastonite (CaSiOs) of
known 8'®0 as standard. The two measurements
yielded values of §'®0 of 4.92 and 6.95 permil with
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a standard error of ca. * 1 permil. Within error, these
data are very close to the estimated mantle signature
of near ca.5.4 permil (MATIEY et al., 1994; CHAZOT et
al., 1997), and thereby support a mantle origin for the
oxygen of the inclusion. Unfortunately, the results do
not descriminate as to whether the oxygen has always
been within the mantle, or whether its history might
have included forming part of an erupted crustal
basalt at some time.

PHASE RELATIONSHIPS AND MINERAL
FACIES IN THE UPPERMOST LOWER MANTLE

Phase compositions of assemblage SiO,-fPer-
MgSiPvk in the system SiO,-MgO-FeO

Experimental studies (e.g., Liu, 1975; YAGI et al.,
1979; Ito and Takauashui, 1989; FEI et al., 1991,
1996) at ultrahigh pressures have shown that Mg- and
Fe-perovskites along the join MgSiO;-FeSiO; have a
stability range restricted to relatively Mg-rich com-
positions (referred to here as MgSiPvk). In more
Fe-rich bulk compositions perovskite is replaced by
the mineral pair SiO,-fPer (or magnesiowiistite in-
stead of fPer in Fe-rich assemblages). The phase
compositions of the limiting assemblage in which
MgSiPvk, fPer and SiO, co-exist is therefore of cru-
cial importance in determining the limits on Mg-
SiPvk and SiO, occurrence in the rock compositions
of lower mantle, and has implications for the physical
as well as chemical characteristics of the lower man-
tle (e.g., Ito and TakaHAsHI, 1989; FrI et al., 1996).

The Sdo Luiz inclusions show a series of associa-

tions of MgSiPvk and fPer, and also one association
of an SiO, phase with fPer, which may be used to
help define the limiting SiO,-fPer-MgSiPvk phase
field. At given pressure and temperature conditions
then the most Fe-rich MgSiPvk possible should co-
exist with a fPer that can also co-exist with SiO, (Fig.
6). In fact the inclusion associations fit this relation-
ship extremely well. The most Fe-rich MgSiPvk, in

‘diamond BZ207, has Fe>*/(Fe>* + Mg) of 0.11 and

is associated with an fPer having Fe?"/(Fe** + Mg)
of 0.30; whilst in diamond BZ103 an fPer associated
with SiO, also has a Fe**/(Fe*™ + Mg) of 0.30.
Combining these relationships, the position of the
limiting SiO,-fPer-MgSiPvk assemblage is shown in
Fig. 6.

Comparison with experimental data shows general
good agreement with this estimate of the limiting
(most Fe-rich composition) for MgSiPvk (Iro and
TAKAHASHI, 1989; FrI ef al., 1991, 1996). For likely
conditions in the uppermost lower mantle of ca. 25
GPa and 1600°C, ITo and TAKaHASHI (1989) deter-
mined the limiting composition for MgSiPvk in equi-
librium with SiO, and fPer as having 0.11 Fe/(Fe +
Mg), which is very close to the value from the S&o
Luiz natural assemblages of Fe'/(Fe' + Mg) of 0.14.
However, their estimate of the composition of the
co-existing fPer at Fe/(Fe + Mg) of 0.58 is much
higher than our value of 0.30 and indicates a lower
DYeSiPviiPer Fe3™ [Fel is not recorded for the Ito and
Takahashi data. At similar experimental conditions
of 26 GPa and 1600 °C, FrI et al. (1996) estimated
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Fic. 6. Phase compositions and relations in SiO,-
MgO-FeO (molecular proportions). (a) Compositions of
(Mg,Fe)O (ferropericlase-magnesiowustite) inclusions from
Sdo Luiz (solid diamond symbols) and other localities (open
triangles), together with associated (Mg,Fe)SiO, (MgSiPvk)
and SiO, inclusions occurring in the same diamond as a
ferropericlase (fPer) grain. Solid circles are MgSiPvk (with
low A1,O5) from S&o Luiz, x is MgSiPvk (with low Al,0,)
from Koffiefontein; cross is a high Al,0, grain from Sdo
Luiz; solid square is a SiO, inclusion from Sdo Luiz. The
tie-lines connect mineral inclusions in the same diamond
and are believed to represent compositions in equilibrium
with low Al,0; MgSiPvk solid solutions. The dashed line
joining MgSiPvk with SiO, is not based on actual associ-
ated inclusions, but is put in to indicate the expected posi-
tion of the MgSiPvk-fPer-SiO, three-phase field. Open
squares show positions in SiO,-MgO-FeO compositional
space of primitive MORB and depleted oceanic harzburgite
(H) compositions (IRIFUNE and RINGWoOD, 1987). (b) MgO-
rich portion of SiO,-MgO-FeO triangle showing inclusion
compositions associated in one diamond. Solid tie-lines join
compositions believed to be in equilibrium with low Al,O,
MgSiPvk (see diagram a); dashed tie-line joins associated
high Al,O; MgSiPvk and fPer; dotted tie-line joins Mg-
SiPvk and fPer occurring in one diamond but not believed to
be in equilibrium (see text). Representative bulk composi-
tions are: H—depleted harzburgite; P—pyrolite (IRIFUNE
and RINGWoOD, 1987); C—chondritic mantle composition
and S—solar mantle composition (ANDERSON, 1989), plot-
ted with all Fe as FeO.

the maximum Fe of the limiting MgSiPvk composi-
tion as 0.10 to 0.13 Fe/(Fe + Mg). Fe1 et al. (1996)
estimated Fe**/Fe' as 0.12 in their experimental
charges, thus giving Fe®*/(Fe>* + Mg) of 0.9 to
0.12, which compares well with 0.11 from our natural
data.

Phase compositions of assemblage SiO,-fPer-
MgSiPvk-TAPP

The diamond giving the Fe-rich association of
MgSiPvk and fPer used above to define the position
of the SiO,-fPer-MgSiPvk phase field, also contained
TAPP. Since the MgSiPvk and TAPP are actually in
contact in this diamond, it further allows definition of
the SiO,-fPer-MgSiPvk-TAPP phase field. Relations
between fPer, MgSiPvk and TAPP are further illus-
trated in Fig. 7 and the three-phase assemblage from
diamond BZ207 is indicated. Because of the disequi-
librium noted above, only the fPer BZ205B compo-
sition, and not that of BZ205C, is connected to the
TAPP composition by a tie-line.

The left to right plotting positions of Fig. 7 are
again based on Fe**/(Fe>" + Mg) mineral compo-
sitions and leave out Fe’*. The high Fe?*/(Fe2* +
Mg) of the fPer compared to both of the ferromag-
nesian silicates is very marked, as well as the fact that
MgSiPvk has a higher Fe**/(Fe>* + Mg) than
TAPP. This is the inverse of what is known for
phases of equivalent composition (orthopyroxene and
garnet) in the upper mantle, and is the inverse of what
is often assumed for garnet-like phases in the lower
mantle (e.g., Woob and Rugig, 1996). Note that the
high-Al MgSiPvk shows similarly low Fe>*/(Fe?* +
Mg) to TAPP, and both have high Fe>*/Fe".

TAPP phase relations

The nature of the phase or phases carrying Al in
the lower mantle has been a matter of uncertainty
from experimental data for some time (e.g., Ito and
TakaHASHI, 1987; IRIFUNE and RINGWooD, 1993;
AHMED-ZAID and Mapon, 1995). This uncertainty
remains, but in one respect there is now a wide
consensus (e.g., O’NEILL and JEANLOZ, 1994; KESSON
et al., 1995; IRIFUNE et al., 1996; HIROSE ef al., 1999)
that majoritic garnet, although stable at the 660 km
discontinuity, becomes unstable with increasing
depth, and this instability is accompanied by Al be-
coming substantially incorporated in MgSiPvk solid
solution. _

In the first instance, a difference between the Sdo
Luiz inclusions and the experimental relations, is
given by the crystallographic structure of TAPP,
which has not been reported from experimental in-
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Fic. 7. Phase compositions and relations of fPer, MgSiPvk and TAPP in Mg-Fe-(Si+Al) space.
(Si+Al) apex calculated as mineral cations ratio [(Si + Al + Cr + Fe* + TD/(Si + Al + Cr + Fe**
+ Ti) + Mg + Fe>*], and Mg:Fe ratios as cations Fe>*/(Fe®" + Mg) - as in the manner of the projection
of THOMPSON (1957). Tie-lines join inclusions associated within one diamond: solid lines for low-Al
MgSiPvk and fPer, long dashed lines for high-Al MgSiPvk and fPer; short dashed lines for TAPP and
fPer. Only compatible TAPP-{Per tie-lines shown (diamonds BZ205, BZ206 and BZ207); no tie-line is
shown to the fPer BZ205C composition because this is incompatible with the other data (see text and Fig.
3). Bulk compositions for: H—depleted harzburgite; P—pyrolite; C—chondritic mantle; S—solar
mantle; and MORB— basalt (see also Fig. 6) are plotted as atomic proportions with all Fe calculated

as Fe?*.

vestigations and is distinct to garnet, even though
TAPP compositions are similar to those of pyrope-
almandine garnets. Although the major evidence in-
dicates TAPP to be primary phase, its density in
particular opens the possibilty that it is of decom-
pression origin (HARRIS ef al., 1997). Thus it is pos-
sible that TAPP actually represents a garnet structure
under lower mantle conditions.

Although TAPP has garnet-like compositions, it
also differs from the garnets synthesised experimen-
tally, in that it shows no evidence of the majorite
substitution of Si in place of Al This substitution is
regarded as typical of experimental run products at
Jower mantle conditions, in continuance of the wide-
spread stability of majoritic garnet in the deeper part
of the upper mantle. However, experimental work
also shows restriction of the distribution and compo-
sition of such garnet as a consequence of the stabi-
lisation of CaSiPvk in the lowermost upper mantle
and MgSiPvk at the upper-lower mantle boundary. In

effect the progressive reduction in the composition
field of garnet with increasing depth, coupled with
the extending substitution of Al into MgSiPvk, leads
to the eventual instability of all garnet at depths
somewhere near 730 km (27 GPa) or a little deeper
(O’NeILL and JEANLOZ, 1994; KEssoN et al., 1995;
MiYAIIMA et al., 1996; IRIFUNE et al., 1996; HIROSE et
al., 1999). The precise depth interval of co-existence
of ‘garnet” and MgSiPvk, will clearly depend on the
precise mineral compositions involved (and therefore
the rock bulk composition).

The essence of these relationships may be seen in
the MgSiO;-Al,0; binary system, and Fig. 8a shows
the recent summary of relationships based on exper-
imental data by IRIFUNE ef al. (1996). It should be
noted that the formation of ilmenite-structured Mg-
Si0; just before perovskite-structured MgSiOj in this
diagram depends critically on the exact pressure and
temperature gradient across the upper-lower mantle
boundary, and is not critical to the present discussion.
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FiG. 8. Phase relations in the MgSiO;-Al,O; system at
pressure and temperature conditions close to the upper-
lower mantle boundary. MgSiPvk is perovskite structured
MgSiO;, Ilm is ilmenite structured MgSiO,, Grt is pyrope
(Mg;Al,S8i50,,) garnet, mGrt is pyrope garnet with ma-
Joritic substitution, Crn is corundum, TAPP is tetragonal
phase with pyrope chemical composition. (a) top: Relation-
ships at 1500°C, as determined experimentally by IRIFUNE ef
al. (1996); (b) centre: Modification of (a) for occurrence of
nonmajoritic garnet in association with MgSiPvk; and (c)
bottom: Modification of (a) for occurrence of TAPP, with
the chemical composition of a non-majoritic garnet but a
crystal structure distinct to garnet.

The IRIFUNE et al. (1996) diagram (Fig. 8a) shows
well that with increasing depth: (a) the composition
field of majoritic garnet is dramatically restricted
towards pyrope compositions over a range of ca 4.5
GPa, (b) the composition field of MgSiPvk expands,
and (c) pyrope garnet becomes unstable near 27 GPa.

In Figs. 8b and 8c we show that relatively little
modification of the experimental relationships of IRI-

FUNE et al. (1996) is necessary in order to accommo-
date the features shown by the Sfo Luiz inclusions.
Taking the simplest modification, which would as-
sume that TAPP actually represents a decompressed
lower mantle garnet, then the Sdo Luiz assemblages
may be accommodated by restricting majoritic garnet
substitutions to lower pressures. In Fig. 8b this is
done by placing the limit of majoritic garnet at same
pressure as that of MgSiPvk stabilisation. On the
other hand, if TAPP is truly a lower mantle phase,
then a separate phase field must exist for it at pres-
sures above those of garnets. Within the main con-
fines imposed by the experimental data in Fig. 8a, a
stability field for TAPP may be inserted as shown in
Fig. 8c. In constructing Fig. 8¢ we have used the
natural inclusion compositions to modify the limits of
Al solid solution in MgSiPvk shown in Fig. 8a, but
the change is not substantial within the limits of
determination of experimental mineral compositions
(IRIFUNE, 1994; IRIFUNE e al., 1996).

In both Figs. 8b and 8c the lowest pressure com-
positions of co-existing MgSiPvk and garnet or
TAPP are based on the inclusion compositions of
MgSiPvk and TAPP in contact in diamond BZ207.
The relationships of Fig. 8 also show that the high-Al
MgSiPvk composition of inclusion BZ210B, could
be formed at the higher pressure conditions where
solid solution of Al in MgSiPvk becomes substantial.
Thus the composition of MgSiPvk BZ210B may
either co-exist with corundum at pressures just above
the limit of garnet-TAPP stability field, or fall com-
pletely within the aluminous MgSiPvk phase field at
still higher pressures. It is interesting to note that a
corundum inclusion has been reported from the Sdo
Luiz inclusion suite by WATT er al. (1994), but it did
not occur in association with fPer or the silicate
phases reported herein, and its potential significance
as a lower mantle inclusion was not considered. Fur-
ther data on Al,O5-bearing associations is’ given by
HurchisoN (1997) and will be presented elsewhere
(HUTCHISON et al., in prep.).

Irrespective of the detailed differences in the phase
relationships portrayed in Fig. 8, the stability field for
garnet and/or TAPP must be very small compared to
the whole range of pressures of the lower mantle. The
experimental data of IRIFUNE (1994) and IRIFUNE ef al.
(1996) summarised in Fig. 8, suggest that the increas-
ing stability of high-Al MgSiPvk may limit the lower
mantle zone or mineral facies with garnet and/or
TAPP to as little as ca. 2GPa or 60 km. Other
experimental data (O’NeiL and JEANLOZ, 1994: KEs-
SON et al., 1995; MIvasma et al., 1996) suggest it is
probably more than 100 km deep. HIROSE ef al.
(1999) show that the overlap in pressure of stability
of MgSiPvk and garnet-majorite is only near 1GPa
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for a MORB basic rock composition. They also point
out that the phase relationships will vary from those
of the simple MgSiO;-Mg;Al,Si;0,, system as a
function of other chemical components (such as Na)
in the natural systems. The Sdo Luiz inclusions em-
phasise that Fe*>*/Fe' will be an important factor in
these relationships.

Mineral facies for ultrabasic and basic rock
compositions

In the preceding discussion we have shown that the
S#o Luiz silicate (MgSiPvk, TAPP, SiO,) and oxide
(fPer) inclusions show regular features of association
and composition which are compatible with phase
equilibrium requirements and are in accord with
much experimental data for the uppermost 100 km of
the lower mantle. Consideration may now be given to
the mineral assemblages expected in natural bulk
rock compositions in the lower mantle. In Figs. 6 and
7 we plot estimated average mantle compositions
based on chondritic and solar element abundances
(ANDERSON, 1989); as well as pyrolite, primitive
MORB and harzburgite bulk compositions used by
Ir1FUNE and RiNgwooD (1987) to model average man-
tle and subducted oceanic lithosphere mantle. The
more usually adopted ultrabasic compositions all plot
in the field of MgSiPvk-fPer (= TAPP) assemblages,
but the solar mantle and the primitive MOR basalt
compositions may be expected to carry SiO, in ad-
dition. Taking consideration of Fe**/(Fe** + Fe’™)
will move projected compositions in Figs. 6 and 7 to
more magnesian positions, because the projections
plot all Fe as FeO. Thus commonly expected ultra-
basic (meta-peridotite or pyrolite) and basic (meta-
basalt or meta-eclogite) compositions are likely to be
constrained to MgSiPvk-bearing assemblages with
fPer up to 0.30 Fe'(Fe' + Mg) and MgSiPvk up to
0.11 Fe'(Fe' + Mg).

In addition to the Mg-Fe-Al-Si-O phases discussed
in detail (Figs. 6, 7 and 8), lower mantle ultrabasic
and basic mantle compositions may be expected to
carry a Ca-rich phase, which is CaSiPvk on the basis
of the present inclusion data and experimental data
(MaoO et al., 1989). In consideration of the phase
relations, CaSiPvk is an extra phase stabilised by the
extra component Ca, which is additional to Mg-Fe-
Al-Si-O phases and components.

Based on both the experimental and the inclusion
data one may distinguish two major mineral facies
(EskoLa, 1921) for the upper part of the lower
mantle:

i) A low-Al MgSiPvk facies, with limited Al sol-
ubility in MgSiPvk and a separate stable Al-silicate
phase (garnet and /or TAPP).

(ii) A high-Al MgSiPvk facies, where all Al will be
accommodated in MgSiPvk for normal ultrabasic and
basic compositions (exceptional Al-rich composi-
tions might contain corundum, Al,O5).

In the low-Al MgSiPvk facies, ultrabasic rocks are
expected to carry the assemblage MgSiPvk + fPer +
CaSiPvk (=Grt/TAPP, depending on the Al content
and pressure-temperature conditions); whilst basic
rock compositions will have assemblages of Mg-
SiPvk + CaSiPvk + Grt/TAPP (£fPer or SiO,,
depending on bulk Si content). In the high-Al Mg-
SiPvk facies, ultrabasic rocks will have MgSiPvk +
fPer + CaSiO;; whilst basic rocks have MgSiPvk +
CaSiPvk (£ fPer or SiO,).

Clearly, the distributions of the mineral assem-
blages noted above, coupled with the chemical com-
positions and elastic constants of the minerals, will
determine the mechanical, dynamic and general geo-
physical properties of lower mantle rocks (e.g., IRI-
FUNE and Ringwoop, 1987, 1993; Jeanroz and
KNITTLE, 1989; Jacoss, 1992; Woop and RUBIE,
1996; McCaMMON, 1997; STIXRUDE et al., 1992,
1998). The zone with a separate Al-silicate-phase at
the top of the lower mantle is a crucial one from the
viewpoint of the changing density relationships for
ultrabasic and basic rock compositions and their rel-
ative propensity to sink (e.g., RINGwooD, 19838; Iri-
FUNE and RINGwooDp, 1993; HIROSE et al., 1999). In
the situation of layered mantle convection (e.g., Ja-
coBs, 1992) the garnet and/or TAPP stability zone
will form part of the thermal boundary layer (e.g.,
RicuteR and McKenzig, 1981; StaAcey, 1992;
BoEeHLER, 1997) and the stability relations will be
affected by a strong temperature gradient as well as
pressure variation. Although the overall stability re-
lations of garnet and TAPP are very important in this
situation, the similarity in density characteristics of
garnet and TAPP, means that the density changes of
ultrabasic and basic compositions in this zone are not
strongly modified by the occurrence of TAPP rather
than garnet (HARRIS et al., 1997).

DISCUSSION OF ORIGINS, P-T CONDITIONS
AND MANTLE DYNAMICS

Original source materials, P-T conditions of
equilibration and encapsulation in diamonds

In the preceding section, we have argued that
where the phase relationships of the mineral asso-
ciations containing fPer are well constrained, they
indicate conditions of formation at shallow depths
in the lower mantle. Effectively this is equivalent
to noting the conditions of latest recrystallisation
or metamorphism for the inclusion associations,
and may potentially be distinguished from the na-
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ture of the original source rock material (or proto-
lith), which underwent the recrystallisation or
metamorphism. Such a distinction is important,
given that material within the mantle is clearly
subject to displacement by convection, together
with descent in subduction zones and ascent in
plumes (e.g., JacoBs, 1992). s

A major proportion of the mineral inclusions re-
leased from S3o Luiz diamonds have shown shapes
indicating imposed diamond morphology (WILDING,
1990; Hutchison, 1997). Such imposition of domi-
nant host crystallographic faces upon inclusions is
common with diamond hosts, and not only is it con-
sidered to show the crystalloblastic force of diamond
faces, but to demonstrate that the growth of both
diamond and inclusion occurred simultaneously
(Harris and GURNEY, 1979). It is presumably partly
for this reason that the diamonds tend to have inclu-
sions which are each of a single mineral rather than a
mineral aggregate. The formation of the diamond
itself was most likely connected to ingress and reac-
tion of a C-O-H fluid, probably with changing con-
ditions of oxygen fugacity (DemES, 1980). The evi-
dence of simultaneous growth of diamond and
inclusions, links encapsulation of the inclusions not
only to a period of diamond growth, but to a period
of recrystallisation or reconstitution of the material
giving rise to the inclusions. Thus even though the
source material for the inclusions may have under-
gone transport and modification in the mantle before
the time of encapsulation in diamond, it must bear the
imprint of the pressure-temperature and chemical
conditions pertaining to the time of diamond growth.
After encapsulatioh the included material was pro-
tected from further change in chemical composition,
but its physical state may well have been affected by
transport of the diamonds to a different pressure-
temperature regime.

We therefore emphasise the point that the pres-
sure-temperature conditions we have been able to
define for the Sdo Luiz inclusions refer to a period
of mineral growth when the diamonds encapsu-
lated the inclusions, and that this period of mineral
growth (diamonds and inclusions) may be separate
in time from that of the origin of some geochemi-
cal characteristics which refer to the initial source
material for both the diamonds and the inclusions.
Thus for any diamond-inclusion pair we might be
able to distinguish two separate origins of material
(one for diamond, one for inclusion), but will have
only one set of pressure-temperature conditions for
both minerals, which refers to the time of inclusion
encapsulation.

Protoliths

We have shown that much of the inclusion mate-
rial has chemical characteristics indicative of com-
mon mantle rocks of ultrabasic to basic composition,
and that these are coupled with phase assemblages
(mineral facies) expected for such material at upper-
most lower mantle conditions. However, two specific
features of geochemical composition, relating to Ca-
SiO; and (Mg,Fe)O inclusions, suggest the possibil-
ity of two very distinct origins (special protoliths) for
parts of the Sdo Luiz inclusion suite, and these are
discussed in turn below.

A crustal origin for some CaSiPvk? The Eu anom-
aly found in the CaSiPvk inclusions is a very distinc-
tive feature, and the best known circumstances of
formation of such anomalies is associated with the
crystallisation of feldspar within which divalent Eu is
strongly partitioned. This implies an original source
rock containing feldspar, and therefore most probably
of crustal origin, which entered the mantle by sub-
duction. One way of demonstrating that the Eu-
anomaly derived from a previous protolith composi-
tion would be if the anomaly occurred in several of
the lower mantle minerals forming the present assem-
blages. Unfortunately, the abundances of REE within
the other minerals (MgSiPvk, fPer, TAPP) are too
low to test this, since the low concentrations give
large errors, which make the presence or absence of
an Bu anomaly unclear for all minerals other than the
CaSiPvk.

An alternative explanation to a crustal origin for
the Bu anomaly, might relate to some intrinsic feature
of CaSiO,-perovskite crystal chemistry which af-
fected Eu partitioning. However, it is notable that Eu
anomalies are not normally associated with the ordi-
nary CaTiO; perovskites of the upper mantle (MiTCH-
ELL, 1996). Thus, at present the most obvious expla-
nation of the Eu anomalies is that the CaSiPvk
inclusions indicate the presence of subducted crustal
protolith material along the lower/upper mantle
boundary; as might be expected if buoyancy relation-
ships caused some accumulation at the top of the
lower mantle of basic compositions, which were then
spread laterally by convection (IRIFUNE and RING-
WwooD, 1993; HIROSE ef al., 1999). The calculated Sio
Luiz bulk trace element compositions (indicated by
SLLM pyrolite in Fig. 4) are also compatible with
this supposition.

A D" origin for some (Mg,Fe)O inclusions? A most
striking aspect of the Sdo Luiz fPer is their wide
range of Fe’>*/(Fe>™ + Mg) compositions. Mantle
compositions are expected to be Mg-rich, and as
discussed above, mineral compositions would not



148 B. Harte et al.

normally exceed 0.30 Fe?*/(Fe** + Mg). Consider-
ing only a mantle source region, a range of Mg-Fe
compositions might be generated by crystal-melt
fractionation processes, but the range of fPer compo-
sitions seen at Sdo Luiz is extremely large and
extends to 0.62 Fe?*/(Fe?™ + Mg). Furthermore,
crystal-melt fractionation processes in the lower
mantle are probably restricted given the high po-
tential melting temperatures compared with likely
geothermal gradients (ZERR and BOEHLER, 1994;
BoeHLER, 1997; HIROSE et al., 1999); though this
problem might be averted by imagining the differen-
tiation processes as occurring in the upper mantle and
being transported to the lower mantle by convection
or subduction. Another difficulty facing a crystal-
melt fractionation process is that the more Fe-rich
fPer inclusions appear to have come from an envi-
ronment less-rich in incompatible elements than the
magnesian fPer (Fig. 5), which is the opposite of
what might be expected for an evolved Fe-rich melt.
A potential way round the high Fe/Mg problem of
some fPer would be to speculate that these composi-
tions had come from the D” zone of the mantle,
adjacent to the Earth’s core. KNITTLE and JEANLOZ
(1991) and Zerr and BoEHLER (1994) have noted
from experimental data the potential for interaction
of (Mg, Fe)O with molten Fe at the core-mantle
boundary. The Fe-rich material generated this way
may then be transported to higher levels by uprising
parts or plumes of mantle -convection systems (e.g.,
Lorer and McCARTNEY, 1986; Hormann, 1997), and
if convection is layered, with a boundary at the lower/
upper mantle junction, then Fe-rich (Mg,Fe)O mate-
rial from D" may become entrained along that junc-
tion at a similar level to that from which silicates of
the Sdo Luiz lower mantle suite appear to derive.

- Mantle dynamics

Matters concerning source rocks and pressure-
temperature conditions of formation may now be
viewed in the context of mantle dynamics. Under the
pressure-temperature conditions obtaining in all the
mantle except that of the lithosphere, a system of
convective flow must clearly be expected (e.g., RiCH-
TER and McKenzE, 1981; Jacoss, 1992; CHris-
TENSEN, 1995). What is less clear is whether the
convective cells embrace the whole range of mantle
depths below the lithosphere or whether convection
is layered with separate circulatory systems in the
upper and lower mantle. The question of the scale of
mantle mixing is also linked to questions concerning
subduction and plumes: do subducted slabs penetrate
the lower mantle? and do the plumes giving rise to
eruptive igneous rocks arise within the upper mantle

or may they come from the lower mantle? Figure 9
illustrates the two common alternative situations with
‘whole’ and ‘layered’ mantle convection.

Ringwoop and IriFUNE (1988) and IRIFUNE and
RingwooD (1993) have extensively discussed the ef-
fects of the phase transformations occurring at the
lower/upper mantle boundary, and noted that lower
density basic material may tend to accumulate near
the boundary whilst ultrabasic material sinks, thus
causing differentiation between subducted materials
at this depth. Geodynamic arguments are strongly
dependent on the magnitude of the changes of the
physical properties at the lower/upper mantle bound-
ary (CHRISTENSEN, 1995; ForTE and WOODWARD,
1997). Recent seismic evidence has favoured the
continuation of subducted material into the lower
mantle (VAN DER HILST et al., 1997; GRAND et al.,
1997), and it may be that such material accumulating
in D" causes distinctive seismic characteristics for
that zone (Loper and LAy, 1995; KeEnpALL and SiL-
VER, 1996). HAGGERTY (1994) argues for the genera-
tion of some plumes or superkimberlites at the core
mantle boundary and the entrainment of D" material.
On the other hand geochemical evidence concerning
maintenance of a primary compositional reservoir for
the isotopes of inert gases and the U-Pb-Th sys-
tem has supported the concept of dominantly sepa-
rate upper and lower mantle convective systems
(O’Nions, 1987; McKenzie and O’Nions, 1995; Hor-
MANN, 1997). For some aspects of geochemistry the
question of whether subducted material reaches the
lower mantle is crucial, in that the isotopic signature
of some basaltic eruptive rocks has been linked to
distinctive chemical features in subducted material
(HorMmANN and WHITE, 1982; HorMANN, 1997). STEIN
and HorMANN (1994) have suggested that there may
be periodic changes in the scale of mantle convection
systems.

On the basis of the evidence of the special proto-
liths, the Sdo Luiz inclusions suggest a mixture of
source material, derived not only from standard man-
tle compositions, but also from protolith composi-
tions originating in the top (crust) and bottom (D)
bounding systems of the mantle. In the case of whole
mantle convection, the obvious location for mixing
subducted crustal material and D" material is in D"
(Fig. 9); whilst in the case of layered mantle convec-
tion it is along the lower/upper mantle boundary.
Thus the protolith evidence alone does not provide a
means of discriminating between the two convection
systems, since plumes originating at either the core
mantle boundary or the lower/upper mantle boundary
could carry both types of material.

The pressure-temperature conditions of growth
and encapsulation in diamond of the included min-
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FiG. 9. Diagrammatic illustration (approximately to scale) of: left panel - whole mantle convection with
subducted material penetrating the lower mantle and incorporated in D" right panel—layered mantle
convection with subducted material spread out along the lower/upper mantle boundary. In both left and
right panels the original positions of formation of special protoliths (material with Eu anomalies in the
crust, and Fe-rich Mg-Fe oxides in D"—see text) are indicated. The small centre panel shows: the
particular P-T conditions of formation indicated by Sao Luiz lower mantle inclusions, the P-T conditions
of formation indicated by Sao Luiz majorite inclusions, the common P-T conditions of formation of most
diamond inclusions worldwide (though not abundant at SZo Luiz). UM.T.Z. is upper mantle transi-

tion zone.

erals provide stronger constraints. The associations
of the MgSiPvk, fPer, TAPP, and SiO, inclusions
demonstrate pressure-temperature conditions in the
uppermost lower mantle, and it is possible that all the
mineral inclusions described herein could have
formed and been trapped in diamonds in the upper-
most 100 km of the lower mantle. In the case of
layered mantle convection this zone would lie in the
thermal boundary layer (RICHTER and McKENZE,
1981; BOEHLER, 1997) at the contact of the upper and
lower mantle cells (Fig. 9). If all the inclusions were
encapsulated in diamond adjacent to the lower/upper
mantle boundary, then it follows that mixing of sub-
ducted and D" material must have occurred along this
zone and that layered mantle convection is indicated.
Evidence from convection modelling shows that hor-
izontal transport along the boundary layers is rela-
tively rapid and that entrained material tends to re-
main within the boundary layers rather than moving
to the interior of the convection cells (McKENZIE and
O’NIONS, 1995). Clear evidence that material of di-
verse origins was mixed together along the lower/

upper mantle boundary at uppermost lower mantle
pressure-temperature conditions, is provided by dia-
mond BZ205, where a magnesian fPer and TAPP
(inclusions BZ205B and BZ205A) are associated
with a decidedly Fe-rich fPer (inclusion BZ206C).
The loopholes in the above argument are that we
cannot prove that the CaSiPvk carrying Eu anomalies
and the Fe-rich fPer were trapped in diamond near
the lower/upper mantle boundary. Taking these in-
clusions individually, the pressure-temperature equi-
libria allow formation over the range of lower mantle
conditions and- even in the lowermost upper mantle.
One could further argue that there may be other
(albeit uncertain) ways of forming Eu anomalies and
extreme Fe enrichment, besides the crustal and D"
origins noted. That inclusions within diamonds from
the S&o Luiz alluvial suite have been sampled from
more than one mantle depth is demonstrated by the
occurrence of an inclusion suite of majoritic garnets
(WILDING et al., 1991; HarTE, 1992) from the upper
mantle transition zone (U.M.T.Z. in Fig. 9). But this
may be countered by noting that the bulk composi-
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tions of the lower mantle suite diamonds have nar-
rowly defined 8'*C and nitrogen characteristics, sug-
gesting a closely linked grouping which is distinct
from that of the diamonds with majorite characteris-
tics (WILDING, 1990; HUTCHISON et al., 1998).

On balance, the evidence of pressure-temperature
conditions of formation in the uppermost lower man-
tle, coupled with the homogeneity of the diamond
suite carrying lower mantle inclusions, argues for
encapsulation of all these inclusions in diamond ad-
jacent to the lower/upper mantle boundary; and in
conjunction with the evidence of both subducted
crustal and D” protolith material in the suite, this
then supports the occurrence of layered mantle
convection.

CONCLUSIONS

A suite of alluvial diamonds from S&o Luiz contain
inclusions of (Mg,Fe)O oxide together with silicates
phases having the compositions: (a) (Mg,Fe)SiO, (b)
CaSi0;, (c) (Mg,Fe);Al,Si50,,, (d) SiO,.

Associations of these phases in the same diamonds
indicate that they represent largely expected lower
mantle mineral assemblages of periclase-wiistite
(fPer) with (Mg,Fe)Si-perovskite (MgSiPvk) , CaSi-
pérovskite (CaSiPvk), TAPP (a tetragonal aluminous
phase with garnet-like composition) and stishovite.

The principal departure from experimentally pre-
dicted relations is the occurrence of the TAPP phase
rather than a majoritic garnet composition.

Mg-Fe partitioning between phases shows consis-
tent relationships so long as Fe**/Fe' is taken into
account, with high Fe"/Fe’ in the silicates and low
Fe>*/Fe' in fPer.

Minor element and trace element partitioning
shows consistent relationships, in accord with exper-
imental evidence. The REE are strongly partitioned
into CaSiPvk.

Carbon isotope measurements on the host dia-
monds show normal mantle 8'°C compositions,
whilst N contents are characteristically low or ab-
sent and suggest a distinct source. 8'®0 measure-
ments on one CaSiPvk also show expected mantle
compositions. .

A consistent set of phase relationships in the sys-
tem MgO-FeO-Al,05-Si0, may be derived from the
inclusions, by assuming that inclusions within one
diamond are generally in equilibrium with one an-
other. CaSiPvk may be considered as an additional
phase, stabilised by the addition of CaO to the above
system.

Associations of MgSiPvk and TAPP with fPer
are restricted to magnesian compositions with co-
existing fPer containing up to 30% Fe>*/(Fe*™ + Mg).

The relationships seen in MgO-FeO-Al,0,-Si0O,
show good agreement with experimental data on
phase assemblages in the uppermost lower mantle,
but with the TAPP phase occurring in place of ma-
jorite garnet.

The phase data indicate two mineral facies: (i) with
MgSiPvk co-existing with TAPP as aluminous phase;
(ii) with an aluminous MgSiPvk and no separate
aluminous silicate (in both facies it is possible that
Al,O, might occur in exceptionally aluminous
compositions).

Experimental data show that these associations

" (facies) are to be expected over a small range of

increasing pressure in the uppermost part of the lower
mantle, and it is most probable that the inclusions
became encapsulated and preserved within diamonds
in this region.

The inclusions therefore provide important natural
evidence on phases and phase compositions that may
be used in modelling geochemical and geophysical
characteristics for the uppermost lower mantle.

Two distinct protoliths, apart from expected man-
tle ultrabasic-basic compositions, are indicated for
the inclusion suite: (i) crustal protoliths marked by
positive Eu anomalies; (ii) D" protoliths indicated by
extreme Fe-rich compositions in some fPer.

Assuming the aforesaid encapsulation within dia-
mond in the uppermost lower mantle, the inclusions
suggest mixing of diverse crustal, mantle and D"
material along the upper/lower mantle boundary, and
therefore support the occurrence of layered mantle
convection.
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