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Abstract

The conditions of origin for the type III inclusions in diamonds from Brazil [Hutchison, Thesis, 1997] and the NaPx—
En inclusion from China [Wang and Sueno, Miner. J. 18 (1996) 9-16] were experimentally determined using a split-
sphere anvil apparatus (USSA-2000). The type I1I inclusions formed at a minimum pressure and temperature of 25 GPa
and 2000°C, while the origin of the NaPx—En inclusion was close to 23 GPa and 1900°C. Both determinations suggest
that the temperature at the corresponding depths is about 300°C higher than predicted by most geotherms for a
convecting mantle without a thermal boundary layer at 660 km. Both kinds of inclusions required rapid, single-stage
transport by carbonate melt to the Earth’s surface, which is consistent with the depths of origin for this melt greater
than 660 km. The unusual composition of the NaPx—En inclusion is the result of metasomatism by carbonate melt
enriched in Na, K and Mg, and depleted in Si and Al. Since this melt is not kimberlitic in composition, exchange of
material between the melt and the mantle was necessary for the melt to become kimberlitic by the time it reached the
surface. The resulting metasomatism taking place over a long period of time could cause major changes in the mineral
and chemical composition and the structure of the Earth’s mantle, and thus play an important role in its
evolution. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction gation. Here we tentatively define ‘deep mantle’ as

the region between 660 and 1000 km, comprising

There is increasing evidence in support of the
deep origin for some inclusions in diamonds,
hence such inclusions provide an opportunity to
constrain the mineral and chemical composition
of the deep mantle directly through their investi-

* Corresponding author. Fax: 1-631-632-8140;
E-mail: gasparik@sbmp04.ess.sunysb.edu

with the transition zone (410-660 km) Bullen’s
layer C [3]. Until Moore and Gurney [4] reported
the first occurrence of majoritic garnet inclusions
in diamonds from South Africa, the evidence
from thermobarometry suggested the maximum
depth of origin for mantle materials of only about
200 km (e.g. [5]). Since then, inclusions of garnet
with significant majorite (pyroxene) content have
been reported from a number of localities, but the
range of the observed compositions remains sim-
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Fig. 1. Pressure-composition phase diagrams for the
Mgzsi2067Mg1_5A1Si|>506 (SOlld line) and MngizO(,*
NaMg 5Si, 506 (dashed line) joins, approximately at mantle
temperatures. The heavy line shows the range of the ob-
served compositions of majoritic garnet inclusions in dia-
monds from South Africa [4,36], Brazil [1] and Guinea [1].
Also shown are the compositions of the type I and II inclu-
sions in diamonds from Brazil [1], found as single (O) or
composite (@) inclusions with TAPP or corundum. The
stability field of TAPP is hypothetical. Based on [7,11,37,38].

ilar to that reported in the original paper [4]. It is
possible to estimate with confidence from avail-
able experimental data [6-8] that the observed
range of compositions corresponds to the depths
of up to 400 km, assuming coexisting pyroxene
(Fig. 1). This assumption is confirmed in some
cases by pyroxene inclusions found in association
with the majoritic garnet inclusions, for example
in diamonds from Brazil and Guinea [1].
Majoritic garnet inclusions with the majorite
contents between 43 and 100 mol% have not
been found, thus it is possible that none of the
majoritic garnet inclusions originated in the tran-
sition zone. Hutchison [1] found inclusions with
the compositions corresponding to the missing
higher majorite contents in diamonds from Sao

Luiz, Brazil, but these inclusions were pyroxenes
(described as type I, II and III). Some of them
were composite inclusions, where the second
phase was either corundum or tetragonal alman-
dine—pyrope phase (TAPP) [9]. Because of this
and the association with other non-pyroxene in-
clusions, such as ferropericlase and wollastonite
(which was assumed to form from a CaSiO; pe-
rovskite precursor), Hutchison [1] proposed that
these pyroxene inclusions formed originally as
MgSiO; perovskite. If that was the case, some
of these inclusions originated at depths exceeding
700 km (Fig. 1).

Among the pyroxene inclusions found by
Hutchison [1], four inclusions reported as type
IIT pyroxene had unusual compositions high in
Na and low in Ca (Table 1), close to EnggDizgJdsg
(mol%). Pyroxene with such compositions has not
been observed before [1]. However, these compo-
sitions are similar to the compositions of majoritic
garnet in equilibrium with CaSiO; perovskite at
the transition zone pressures and temperatures,
observed by Gasparik [10] during the experimen-
tal study of the enstatite—diopside—jadeite system.
This suggested that majoritic garnet could be the
precursor of the type III inclusions. The compo-
sition of such garnet was found to be a sensitive
indicator of the equilibration pressures and tem-
peratures [10], and thus suitable for providing
constraints on the origin of the type III inclusions.

The NaPx-En inclusion found by Wang and
Sueno [2] in a diamond from the Liaoning prov-
ince, China, has an unusual composition (Table 1)
close to 16 mol% NaMgjsSi;sO¢ (NaPx) and
84% Mg»S1,0¢ (En). The phase diagram for the
NaPx—En join [11] predicted that a phase with
this composition should be garnet, requiring for
its stability a minimum pressure of 16.5 GPa (Fig.
1). This was recently confirmed by the structure
analysis of this inclusion (S. Sueno, personal com-
munication), which showed that the inclusion has
the structure of garnet [12]. Since the composition
of the inclusion is very close to enstatite, the
stability of the NaPx—En garnet must be close to
the stability of pure majorite (Mg4Si4O1,). How-
ever, its relatively high potassium content (Table
1) suggested that the origin of the NaPx—En in-
clusion should be near the base of the transition
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Table 1

Compositions of the type III [1] and NaPx—En [2] inclusions from diamonds in comparison with the best match from high-pres-

sure experiments (bold)

Cat./60 237A 242B 246A 259B 3326 3377 NaPx-En 3356 3412
Si 2.000 1.915 1.889 1.957 1.994 1.987 2.082 2.091 2.077
Al 0.345 0.517 0.490 0.418 0.449 0.401 0.006 0.001 0.007
Cr 0.087 0.048 0.056 0.036 0.001

Fe 0.093 0.115 0.131 0.107 0.175 0.176 0.013 0.087 0.011
Mg 0.843 0.849 0.885 0.861 0.763 0.893 1.688 1.627 1.721
Mn 0.014 0.038 0.058 0.033 0.001

Ca 0.190 0.164 0.174 0.200 0.194 0.181 0.042 0.019 0.020
Na 0.422 0.313 0.307 0.405 0.402 0.345 0.151 0.168 0.160
K 0 0 0 0.001 0.012 0.004 0.012 0.001 0.006
Sum 3.994 3.959 3.990 4.018 3.989 3.987 3.996 3.994 4.002

zone, since significant solubility of potassium in
garnet was observed only at pressures above 22
GPa [13]. An explanation for the origin of the
NaPx-En inclusion had to account also for its
extremely low contents of Al and Fe, which typ-
ically are major elements in garnet (Table 1).

Hence, two kinds of inclusions in diamonds
with possible origin in the transition zone or the
deep mantle were identified. The inclusions have
unusual compositions with good potential for
providing detailed estimates of equilibration pres-
sures and temperatures in their source regions,
and thus were considered to be prime candidates
for the determination of their origin by high-pres-
sure experiments.

2. Experimental and analytical techniques

Experiments were carried out with the split-
sphere anvil apparatus at the Stony Brook High
Pressure Laboratory, using the 10/4 sample
assembly with a lanthanum chromite heater
[11,14]. The pressure calibration for this assembly
has been reported [14-16] and is confirmed in the
present study by observations of the MgSiO; il-
menite to perovskite transition. Accordingly, the
sample pressures of 22, 23 and 24 GPa were as-
signed to gauge pressures of 680, 760 and 900 bar,
respectively. The load in metric tons can be ob-
tained by multiplying the gauge pressure by 1.096.
To minimize the temperature gradients, shorter
2-mm sample capsules made of rhenium foil were

used, as described in [17]. A capsule in this con-
figuration was located slightly off-center, so that
the temperature measured by the W3%Re vs.
W25%Re thermocouple and reported in Tables 2
and 3 corresponded approximately to the temper-
ature in the cold end of the capsule, while
the temperature in the hot spot was about 50°C
higher. The temperature was controlled during
the experiments by a FEurotherm controller.
The experimental procedures were reported in
[11].

Starting materials were mechanical mixes of
high purity oxides and carbonates obtained com-
mercially, and compounds synthesized for this
purpose. The mixes not including Fe were homog-
enized thoroughly by grinding in an agate mortar
under alcohol. Iron was subsequently added as
fine metal powder, 325 mesh, and mixed in by
hand. After most experiments, some Fe metal
was still present, which assured low fo, in the
whole duration of the experiments and minimal
Fe’* in the product assemblage [17]. The compo-
sitions of the starting materials are listed in Tables
2 and 3.

Experimental products were mounted in epoxy
for microprobe analysis. A polished mount con-
tained a lengthwise section of the whole sample
still inside the capsule. Wavelength dispersive
chemical analyses were obtained with a Cameca
electron microprobe using 15 kV accelerating po-
tential, beam current of 10 nA, minimum spot size
(1-2 um), counting time of 10 s, and as standards,
natural enstatite for Mg and Si, grossular for Ca
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and Al, albite for Na, sanidine for K, and fayalite
for Fe. Experimental products were usually well
crystallized, with the crystal size exceeding 10 um.
The high quality of the analyses and the minimal
Fe3* contents of the analyzed phases are evident
from the excellent stoichiometry of the analyses of
crystalline phases (Tables 2 and 3). The main cri-

terion for accepting the analyses of crystalline
phases with the pyroxene stoichiometry was the
sum of cations per 6 oxygens between 3.98 and
4.02. Since all Fe was assumed to be divalent in
the calculation of the cations from the wt% of the
analyses, higher cation totals would reflect the
presence of Fe*.

Table 2
Experimental conditions and the average phase compositions for experiments on the origin of the type III inclusions
Run Mix* ¢ P T Phase® An‘ Cations/6 oxygens Sum CO,
(h) (GPa) (°C) K Na Ca Fe Mg Al Si (Wt%)
3281 A 1 23 1600 Ga 22 0 0.243 0.119 0.262 1.132 0.272 1979 4.007
CaPv 5 0 0.025 1955 0.014 0.003 0.007 2.002 4.006
Rw 8 0 0.016 0.004 0.830 2.171 0.003 1.491 4.515
3291 B 2 23 1600 Ga 13 0 0.302 0.097 0 1.308 0.289 2.005 4.001
CaPv 1 0 0.049 1944 0 0.022 0.023 1.987 4.025
Ilm 8 0 0.014 0 0 1.966 0.013 2.004 3.997
MgPv 3 0 0.015 0.003 0 1.978 0.017 1.993 4.006
3305 C 2 23 1600 Ga 27 0 0.390 0.136 0.188 0.880 0.424 1.982 4.000
CaPv 5 0 0.034 1.922 0.015 0.022 0.029 1.990 4.012
3309 D 2 23 1600 Ga 6 0.006 0.338 0.103 0.172 1.083 0.232 2.061 3.995
CaPv 4 0.016 0.025 1.938 0.014 0.010 0.011 2.000 4.014
MgPv 5 0.003 0.028 0.032 0.262 1.653 0.053 1.979 4.010
Rw 3 0.008 0.015 0.007 0.662 2.322 0.002 1.497 4.513
K-p 1 0.948 0.153 0.010 0.276 1.558 0.013 1.792 4.750
3316 D 2 225 1700 Ga 14 0.009 0.172 0.131 0.251 1.236 0.209 1.989 3.997
CaPv 6 0.009 0.010 1.883 0.017 0.068 0.013 2.002 4.002
MgPv 5 0.002 0.023 0.116 0.241 1.618 0.030 1.983 4.013
3318 C 2 22 1700 Ga 20 0 0.379 0.178 0.155 0.876 0.443 1.969 4.000
CaPv 6 0 0.021 1.953 0.014 0.012 0.020 1.990 4.010
3326 E 2 22 1700 Ga 10 0.012 0.402 0.194 0.175 0.763 0.449 1.994 3.989
CaPv 5 0.035 0.001 1.923 0.010 0.007 0.005 2.017 3.998
K-p 3 0.721 0.369 0.010 0.307 1.457 0.030 1.818 4.712
3359 E 2 22 1800 Ga 22 0.004 0.380 0.206 0.148 0.836 0.429 1987 3.990
CaPv 2 0.033 0.035 1.891 0.019 0.030 0.045 1.979 4.032
3368 E 2 23 1800 Ga 5 0.005 0.391 0.193 0.162 0.808 0.424 2.002 3.985
CaPv 5 0.012 0.010 1.958 0.011 0.004 0.006 2.004 4.005
3372 D 2 24 1900 Ga 13 0.003 0.104 0.164 0207 1371 0.236 1.925 4.010
CaPv 3 0.005 0.003 1.937 0.013 0.015 0.007 2.011 3.991
MgPv 2 0.002 0.014 0.086 0.246 1.687 0.085 1.923 4.043
K-h 1 0.636 0.025 0.016 0.028 0.131 0.683 2.235 3.754
L 12 1.012 0.678 0.556 0.457 1.254 0.105 1.365 5427 29
3377 E 2 24 1900 Ga 21 0.004 0.345 0.181 0.176 0.893 0.401 1.987 3.987
CaPv 3 0.010 0.029 1.835 0.035 0.063 0.015 2.012 3.999
K-h 4 0.649 0.054 0.014 0.020 0.046 0.619 2.320 3.722
L 11 0.319 1.007 0.360 0.386 0.668 0.229 1.789 4.758 20

aStarting materials (in mol): A=10 SiO,, 7 MgO, 7 CaSiO;, 3 NaAlSiO4, 5 Mg(OH),, 2 Na,Si,Os, 3 Fe°; B=Fe-free A;
C=A+2 Fe®; D=10 SiO;, 9 MgO, 9 CaSiO3, 1 NaAlSiO4, 1 MgCO3, 1 Na,COs, 1 K,COs, 2 Fe°; E=13.8 SiO,, 9.5 MgO, 7.9

CaSiOs, 4.3 NaAlSiOy4, 2 Na,COs3, 1 K>CO3, 2 Fe°.

bCaPv = CaSiO; perovskite, Ga = garnet, Ilm = MgSiO; ilmenite, K-h = K-hollandite, K-p=a new K-rich phase, L = quenched lig-

uid, MgPv=MgSiO; perovskite, Rw=Mg,SiO4 ringwoodite.

“The total number of microprobe analyses accepted from the given experiment for each phase.



T. Gasparik, M.T. Hutchison! Earth and Planetary Science Letters 181 (2000) 103—114 107

En

Fig. 2. Schematic phase relations for the system enstatite-diopside—jadeite, based on [10]. Thin lines are isobars (solid), tie-lines
and the limits of garnet stability (dashed). Heavy lines are the loci of the compositions of garnet coexisting with CaSiO3 perov-
skite, and either MgSiOj; ilmenite at low pressure and temperature (solid) or MgSiO; perovskite at relatively higher pressure and
temperature (dashed). The solid envelope encloses the observed average compositions of the Type III inclusions, open envelopes
enclose the compositions of garnet from experiments in Table 2, identified by their run numbers, with circles indicating average
compositions. Symbols: CaPv, CaSiOs perovskite; CM, CM phase; Cpx, clinopyroxene; Di, diopside; En, enstatite; Ga, garnet;

Ilm, MgSiOs; ilmenite; Jd, jadeite; MgPv, MgSiO3 perovskite.

3. Experimental results on the origin of the type III
inclusions

The results from the experiments on the origin
of the type III inclusions are summarized in Table
2 and Fig. 2. The phase relations determined in
the experimental study of the enstatite—diopside—
jadeite system [10] served as a suitable starting
point in the task of matching the composition of
the type III inclusions. It was expected that the
majoritic garnet with the type III composition co-
existed not only with CaSiOj perovskite, but also
with MgSiOj; ilmenite or perovskite. Such assem-
blages should be typical for the transition zone or
the top of the deep mantle for a wide range of
possible mantle compositions. For example, Fig. 2
shows the composition of garnet in equilibrium
with CaSiO; perovskite and MgSiO; ilmenite at
22 GPa and 1500°C (run 2480), as was reported in

[10]. Such garnet compositions would lie on the
heavy solid line in Fig. 2, while the heavy dashed
line indicates the compositions of garnet coexist-
ing with two perovskites at relatively higher pres-
sures and temperatures. The composition of gar-
net in such assemblages is a sensitive indicator of
the equilibration pressures and temperatures, be-
cause the Ca content is primarily temperature-de-
pendent, while the Na content is mostly a func-
tion of pressure [10].

Since the study of Gasparik [10] did not include
Fe, additional experiments with Fe-bearing com-
positions closer in chemistry to the type III inclu-
sions were carried out to verify the effect of Fe on
the phase relations. For this we used a starting
material from [10], which was known to produce
the appropriate assemblage and phase composi-
tions (run 2480), and added to it Fe metal pow-
der. The first two experiments in Table 2 (runs
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3281 and 3291) demonstrated that the effect of Fe
was minimal. The composition of garnet coexist-
ing with CaSiO; perovskite only, obtained at 23
GPa and 1600°C (run 3305), was close to the
average composition of the type III inclusions,
but clearly did not match it. The composition of
garnet coexisting with 2 perovskites at the same
conditions (run 3309) had substantially lower Na
content, making it evident that the inclusions

could not coexist with a MgSiO3 phase at those
conditions. It also became obvious that in order
to match the Ca content of the type III inclusions,
it was necessary to raise the temperature. The
composition was then matched at 22 GPa and
1700°C (run 3318), but only in the presence of
CaSiOj; perovskite. However, the range of the ob-
served garnet compositions was too large, indicat-
ing problems with reaching equilibrium. A new

Table 3
Experimental conditions and the average phase compositions for experiments on the origin of the NaPx—En inclusion
Run Mix* ¢ P T Phase® An.c Cations/6 oxygens Sum CO,
(h) (GPa) (°C) K Na Ca Fe Mg Al Si (Wt%)
3288 F 2 23 1600 MgPv 16  0.005 0.019 0.009 0.311 1.698 0.074 1.929 4.045
Rw 9 0.008 0.028 0.003 0.857 2.093 0.008 1.509 4.506
St 1 0.002 0 0 0.010 0.002 0.018 2.980 3.012
K-p 4 0842 0.159 0.005 0.386 1.448 0.026 1.811 4.677
K-h 3 0.720 0.018 0.001 0.029 0.099 0.515 2365 3.747
L 10 1481 1.866 0.548 0.728 1.111 0.119 0.881 6.733 33
3297 F 2 22 1600 Im 9 0 0.003 0 0.090 1.907 0.002 1.998 4.000
Ga 13 0.003 0.063 0.044 0.222 1.583 0.116 1972 4.003
Rw 8 0.001 0.005 0.001 0436 2.557 0.001 1.501 4.502
St 1 0001 0 0 0.011 0 0.010 2.986 3.008
L 10 0986 0.147 0.148 0.690 1.564 0.131 1418 5.084 33
3352 G+H 2 21 1800 Ilm 8 0 0.005 0 0.017 1944 0 2.018 3.984
Ga 7 0 0.109 0.004 0.037 1.796 0.001 2.054 4.001
Ga 15 0 0.168 0.006 0.042 1.678 0.001 2.094 3.989
St 1 0 0.003 0 0.002 0 0.006 2.994 3.005
L 7 0366 3.859 0.135 0.083 3.369 0.014 0.140 7.966 53
3356 G+H 2 22 1800 Ilm 11 o 0.006 0 0.044 1940 O 2.006 3.996
Ga 11 0.001 0.151 0.017 0.075 1.681 0.001 2.074 4.000
Ga 21 0.001 0.168 0.019 0.087 1.627 0.001 2.091 3.994
St I 0 0 0 0 0 0.001  2.999 3.000
L 11 0488 3.661 0256 0.226 2.559 0.017 0429 7.636 44
3390 G+H 2 23 2000 MgPv 6 0 0.020 0 0.043 1915 0 2.016  3.994
Ga 6 0 0.094 0.005 0.011 1.813 0.001 2.061 3.985
St 1 0 0 0 0 0 0.002 2.998 3.000
L 5 0.005 0.249 0.020 0.028 1.992 0.032 1.893 4219 7
3408 G+I 0.1 24 2000 MgPv 3 0.004 0.013 0.002 0.010 1.974 0.004 2.000 4.007
St 2 0.003 0.004 0 0.001 0 0.004 2995 3.007
3412 G+l 0.1 23 1900 MgPv 7 0.001 0.016 0.002 0.005 1.966 0.002 2.007 3.999
Ga 11 0.006 0.160 0.020 0.011 1.721 0.007 2.077 4.002
St 1 0.001 0.002 0 0 0 0.015 2.988 3.006
3433 G+F 1 23 1900 MgPv 5 0 0.022 0.001 0.048 1.904 0.008 2.012 3.995
Ga 21 0 0.206 0.006 0.055 1.614 0.006 2.107 3.994
St 30 0 0 0.002 0 0.003  2.996 3.001
L 13 0.164 1473 0.049 0.218 1.812 0.080 1.492 5288 32

4Starting materials (in mol): F=10 SiO;, 8 MgO, 0.2 CaSiOs, 0.4 NaAlSiO4, 0.3 Na,Si;Os, 1 MgCOs, 0.5 K,COs, 2 Fe°;
G =18 Si0O,, 14 MgO, 2 Na,Si,0s5; H=52 SiO,, 64 MgO, 1 CaSiO;, 1.6 Na,Si,0s, 3 MgCOs, 1.6 K,CO3, 4 Fe®; 1=50 SiO,,

70 MgO, 5 CaCOs3, 5 Na,COs, 10 K,CO;3, 2 Fe°.

®Ga = garnet, Ilm=MgSiO; ilmenite, K-h=K-hollandite, K-p=K-rich phase, L=quenched liquid, MgPv=MgSiO; perovskite,

Rw =Mg,SiO, ringwoodite, St = stishovite.

°The total number of microprobe analyses accepted from the given experiment for each phase.
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starting material with a carbonate flux produced
almost identical results (run 3326), but the range
of the observed garnet compositions was much
narrower and thus more satisfactory in demon-
strating the achievement of equilibrium. The Ca
content of the type III inclusions was also
matched at 23 GPa, 1800°C (run 3368) and at
24 GPa, 1900°C (run 3377), but only in the pres-
ence of CaSiO; perovskite and still in the stability
field of pyrope. In contrast, one of the type III
inclusions was found in contact with TAPP, pre-
sumably indicating pressures higher than the
stability of pyrope [9]. This suggested that the
type III garnet coexisting with 2 perovskites and
TAPP could become stable at 25 GPa and 2000°C
or higher pressures and temperatures.

4. Experimental results on the origin of the
NaPx-En inclusion

The results from the experiments on the origin
of the NaPx—En inclusion are summarized in Ta-
ble 3. A plausible explanation of its origin had to
account for the unusual composition (Table 1),
particularly the relatively high contents of Na
and K, and the extremely low contents of Al
and Fe. To obtain some answers, the experimental
study was expanded to carbonate-bearing systems
to explore the possible role of carbonate melt in
the origin of this and other inclusions. Prelimi-
nary experiments at 1600°C (Table 3) showed
that very low Fe contents were imposed on
(Mg,Fe)SiO; ilmenite or perovskite by coexisting
(Mg,Fe),Si0O4 ringwoodite and stishovite or car-
bonate melt at 22-23 GPa, thus suggesting a pos-
sible reason for the extremely low Fe content of
the NaPx—En inclusion. In addition, K, Na, Ca,
Fe and Mg strongly partitioned into carbonate
melt, while the melt was depleted in Si and Al,
suggesting the reason for the low Al content of
the inclusion. It also became obvious that much
higher Na contents were necessary in the starting
material to match the relatively high Na content
of the inclusion.

The remaining experiments were carried out us-
ing the ‘sandwich technique’, in which most of the
sample consisted of a starting material with the

composition NaPx4Eng (mol%), and a small
amount of a carbonate-bearing mix was placed
in the hot spot of the sample capsule (Table 3).
These experiments produced mostly MgSiO; il-
menite or perovskite, with a small amount of car-
bonate melt in the hot spot. Garnet, if present,
was located between the melt and the MgSiO;
phase. The Na content of garnet was the highest
at the contact with the melt and lowest at the
contact with the MgSiO3 phase. Therefore, two
garnet analyses are reported in Table 3 if those
two compositions were significantly different. As
the limit of the garnet stability was approached,
the range of the observed garnet compositions
narrowed. The composition of the NaPx—En in-
clusion was first reproduced by garnet coexisting
with MgSiO; ilmenite and carbonate melt at 21
GPa and 1800°C (run 3352). Since the range of
the garnet compositions was still wide, another
experiment was carried out at 22 GPa and the
same temperature (run 3356). In this case, the
range of the garnet compositions was much nar-
rower. Another experiment at 23 GPa and 2000°C
produced garnet with the Na content lower than
the Na content of the inclusion. The coexisting
melt had a much higher silicate component, which
diluted its Na content to a level insufficient to
impose high enough Na contents on garnet. This
suggested that the temperature was too high. In
all experiments, the K content of garnet was neg-
ligible, indicating that either the pressures were
not high enough to produce significant solubility
of K in garnet, as observed in [13], or the starting
material had the K,O content too low. Another
starting material was prepared with a higher K,O
content and used at 24 GPa and 2000°C (run
3408) and at 23 GPa and 1900°C (run 3412). Gar-
net was not observed at 24 GPa, perhaps indicat-
ing that the pressure was too high for the stability
of garnet. However, traces of garnet were found
at 23 GPa and 1900°C. The garnet composition
closely matched the composition of the NaPx—En
inclusion, and had a significant K content only
slightly lower than the K content of the inclusion
(Table 1). Hence, these experimental conditions
are considered to represent the best estimate for
the P-T conditions in the source region of the
NaPx-En inclusion.
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Fig. 3. Temperature—pressure phase diagram for the Earth’s mantle (solid lines) based on [39]. The thin dashed line is the previ-
ously used geotherm based on [33-35], the heavy dashed line is the geotherm based on the present results. The heavy dotted line
shows the P-T path recorded by the garnet peridotites of Norway [21]; circles show the P-T conditions of equilibration for the
garnet lherzolites of northern Lesotho [22]. The square is the best P-7T estimate for the origin of the NaPx—En inclusion, dots
show the experimental P-T conditions at which the Ca content of the type III inclusions was matched, and the thin dotted line
is the corresponding isopleth. Symbols: An, anorthite; CaPv, CaSiO; perovskite; CEn, clinoenstatite; Cpx, diopsidic clinopyrox-
ene; fPc, (Mg,Fe)O ferropericlase; Ga, garnet; Ilm, (Mg,Fe)SiO; ilmenite; Ol, olivine; Opx, orthopyroxene; Pv, (Mg,Fe)SiO; or
CaSiO; perovskite; Rw, (Mg,Fe),SiO, ringwoodite; Sp, (Mg,Fe)Al,O4 spinel; St, stishovite; Wd, (Mg,Fe),Si04 wadsleyite.

5. Discussion

Fig. 3 shows the P-T locations of the experi-
ments in which the Ca content of the type III
inclusions was matched. The three experiments
mapped out an isopleth of equal Ca contents of
garnet coexisting with CaSiOj perovskite and
identical to the Ca content of the inclusions. Since
the origin of the type III inclusions should lie on
the extrapolation of this isopleth to higher pres-
sures and temperatures, the limit of the garnet
stability and, presumably, the stability of TAPP
could be reached at a minimum pressure and tem-
perature of 25 GPa and 2000°C. This is consistent
with the conditions of origin at 23 GPa and
1900°C for the NaPx—En inclusion. In compari-
son with the previously used geotherm in Fig. 3,
both determinations suggest temperatures in the
deep mantle up to 300°C higher. Since the dia-
monds and inclusions are typically old, it could
be argued that these temperatures reflect an Arch-

aean geotherm. However, if the mantle tempera-
tures at the time of the kimberlite eruption were
lower, the type III inclusions would exsolve some
Ca as CaSiOj perovskite, and this is not observed.
Thus, it is more likely that the present geotherm
in the deep mantle is also 300°C higher than the
reference geotherm in Fig. 3. The resulting tem-
peratures are higher than predicted by most geo-
therms for a convecting mantle without a thermal
boundary layer at 660 km, but close to the geo-
therms that include such a thermal boundary
layer (e.g. [18,19]). The new geotherm is also close
to the geotherm calculated by Ringwood [20] for
conduction and radiative heat transfer. Clearly,
thermobarometry on inclusions from the transi-
tion zone would be most useful in constraining
the potential presence of the thermal boundary
layer at 660 km. However, the new estimate of
the temperatures in the deep mantle is consistent
with the high temperatures (1490°C at 3.4 GPa)
revealed by the thermobarometry of garnet peri-
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dotites from the Western gneiss region of Norway
[21], which could be interpreted as a stalled fossil
mantle plume. The corresponding adiabat based
on these two P-T estimates indicates a potential
mantle temperature of 1400°C (Fig. 3). The pro-
posed higher mantle temperatures are also sup-
ported by the more recent applications of exper-
imental thermobarometry to garnet lherzolites of
northern Lesotho [22], and are in agreement with
Kaula [23] and other more recent estimates sum-
marized by Hofmeister [24].

The NaPx-En inclusion appears to have the
composition of garnet at the very limit of its
stability in depleted (peridotitic) mantle composi-
tions and in equilibrium with percolating carbo-
nate melt. This is shown schematically by the
dashed lines in Fig. 1. The coexisting carbonate
melt is low in Al, which is thus unavailable to
accompany Na into garnet. In contrast, most ma-
joritic garnets observed in high-pressure experi-
ments and those expected to be present in the
transition zone would have Al in excess of Na.

Incidentally, the preferred experimental condi-
tions for the origin of the NaPx—En inclusion of
23 GPa and 1900°C are identical to the experi-
mental conditions at which Mg;SiO4 ringwoodite
breaks down to MgSiO; perovskite and periclase
[14]. This phase transition is considered to be
most likely responsible for the 660 km seismic
discontinuity. However, in chemically more com-
plex compositions including Fe and Na, and at
the higher mantle temperatures indicated by the
present study, (Mg,Fe),;SiO4 ringwoodite breaks
down to garnet and ferropericlase at lower pres-
sures [25,26], leaving the transformation from gar-
net to perovskite as the only other known perov-
skite-forming reaction capable of producing a
discontinuity at 660 km (Fig. 3). Hence, it is pos-
sible that the majoritic garnet inclusions with
compositions at the limit of their stability, such
as the NaPx-En inclusion for peridotite and the
type III inclusions for eclogite, represent samples
from the boundary between the transition zone
and the deep mantle.

Ringwood et al. [27] suggested that kimberlitic
melt originated in the transition zone, thus at
depths greater than the origin of syngenetic inclu-
sions of majoritic garnet in diamonds. However,

since some of the inclusions now appear to come
from the deep mantle, it can be expected using the
same reasoning that the melt, which brought them
to the surface, would also originate in the deep
mantle. Ringwood et al. [27] argued that a kim-
berlite eruption is in some cases a rapid, single-
stage process; otherwise the majoritic garnet in-
clusions would exsolve pyroxene, as is also often
observed. The type III and the NaPx-En inclu-
sions both provide evidence in support of this
argument. Hutchison [1] described several compo-
site inclusions, including a type III inclusion with
TAPP, showing limited or undetectable reaction
along the contact between the grains, which could
be expected to occur if the inclusions had the
opportunity to re-equilibrate within the stability
field of majoritic garnet. Similarly, the stability
of the NaPx—En inclusion is limited to pressures
between 16.5 and 23 GPa, and the inclusion
would either transform to an assemblage of two
pyroxenes or partially melt, if the ascent and cool-
ing were not rapid and completed while the inclu-
sion still experienced the original confining pres-
sure.

The carbonate melt produced in this study
under the deep mantle P-T conditions was ex-
tremely ultramafic, highly enriched in K, Na,
Fe, Mg, while depleted in Si, Al, and thus very
different from the kimberlitic melt. For example,
experiments with the same starting composition
and at the same temperature of 1600°C (runs
3288 and 3297 in Table 3) produced very different
carbonate melt at 22 and 23 GPa. The melt coex-
isting with MgSiO3 perovskite at 23 GPa had a
much higher Na content than the melt coexisting
with garnet at 22 GPa. This is the well-known
consequence of Na being highly incompatible in
perovskite but much more compatible in majoritic
garnet [28]. Thus the Na-rich carbonate melt orig-
inating in the deep mantle could become kimber-
litic while passing through the transition zone by
losing Na to majoritic garnet. The resulting meta-
somatism taking place over a long period of time
could have significant cumulative effect on the
mineral and chemical composition of the transi-
tion zone, presumably exhibiting the strongest ef-
fect nearest to the source of the metasomatizing
melt.



112 T. Gasparik, M.T. Hutchison! Earth and Planetary Science Letters 181 (2000) 103—114

1.4 | I I [
7
=
& 1.2+ o, © 8°§:o oo o ° -]
9 ° ° 88 g § o4
O o o o © &a 8" % e

1.0 € %o % 8¢ ° —
ﬁ o .?'.

L] .

iy ¢ 3 & %g°8sf Eclogite
~ ° LIS Ce ° .
° 0.8+ ° o, O 8 ° o ° —
~ ) . .1 °ss i A . .
g o [ ] o
S : . s 8§ "33.85 So o .
: 0.6 — oe o —
o) ° o o
= o o . .
o K11

0.4 ° . o o o
E o 8°° ° [
2 * o
2 02 % Peridotite = —|
O ° °

0 | l | l

3.0 3.1 32 33 34 35

Silicon / 12 Oxygens

Fig. 4. The plot of Ca (O) or Fe (@) against Si per 12 oxygens of the compositions of majoritic garnet inclusions in diamonds
from South Africa [4,36], Brazil [1] and Guinea [1] for the eclogitic Ca- and Fe-rich inclusions, and from China [40] for the peri-

dotitic inclusions low in Ca, Fe and Si.

The process of metasomatism appears to have
the potential to produce chemical heterogeneities
or hidden reservoirs in the mantle, and could op-
erate continuously in the course of the Earth’s
history to generate and maintain such heterogene-
ities even in a highly dynamic Earth. For example,
such metasomatism by percolating carbonate melt
could produce chemical layering in the upper
mantle, with compositional boundaries develop-
ing at phase transitions due to the changes in
the mineral assemblage and thus in the equilibri-
um between the melt and the assemblage.

Majoritic garnet inclusions in diamonds pro-
vide the best evidence, so far, for the presence
of chemical layering. These inclusions were found
at several localities worldwide, and most of them
have extremely high contents of Ca and Fe (Fig.
4). The Ca content is too high to allow for the
presence of enstatite; thus the rock can best be
described as eclogite. The high Fe content sug-
gests that this eclogite could have formed by ac-
cumulation of the basaltic oceanic crust. The evi-
dence from the majoritic garnet inclusions is
consistent with an eclogite-rich layer occurring
globally at the depths between 200 and 400 km,

thus confirming the predictions by Anderson
[29].

The composition of the transition zone between
410 and 660 km is still open to debate. The type
III and the NaPx-En inclusions were both con-
sidered prime candidates for the transition zone
origin. Both turned out to be at best from the
very base of the transition zone, and thus not
necessarily representative of its mineral and chem-
ical composition. The association of the type III
inclusions with other inclusions clearly of the deep
mantle origin apparently reflects a common origin
due to processes operating in the uppermost re-
gion of the deep mantle. Among these, the ferro-
periclase inclusions are conspicuous by their
highly variable Na and Fe contents. Most have
negligible Na contents, but a few can have up to
1 wt% of Na,O [1,30]. These are similar to the
experimentally observed Na contents of periclase
coexisting with garnet at 20-22 GPa and 2000°C
(runs 2627 and 2645 from table 2 in [26]), hence
such ferropericlase inclusions could coexist with
the type III garnet at the base of the transition
zone. In contrast, ferropericlase inclusions with
negligible Na contents presumably originated in
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the deep mantle in the absence of garnet, and
apparently reflect the Na depletion caused by
the removal of carbonate melt. The observed
high variability in the Fe contents of the ferroper-
iclase inclusions [1,30,31] and the high Al contents
revealed by the composite inclusions of the type II
perovskite with corundum [1] also suggest that the
deep mantle is chemically highly heterogeneous. It
is also a region clearly favorable for the formation
of diamonds. In contrast, none of the inclusions
found so far in diamonds show unambiguous evi-
dence of the origin from within the transition
zone. If such inclusions are not found in the fu-
ture, it would be necessary to explain why the
transition zone is not favorable for the formation
of diamonds and thus different from the mantle
above and below.

6. Conclusions

The P-T conditions of origin for the type III
inclusions from Brazil and the NaPx—En inclusion
from China were experimentally determined and
correspond to the base of the transition zone or
the uppermost part of the deep mantle. The re-
sults provide additional support for the proposals
of the deep mantle origin for these and other in-
clusions reported by Hutchison [1] and others
[31,32]. The resulting P-T conditions of origin
represent the first experimentally determined con-
straints on the geotherm in the deep mantle and
suggest that the temperatures in the deep mantle
are about 300°C higher than indicated by a man-
tle geotherm based on the surface heat flow of 40
mW/m? [33] and the 1280°C adiabat [34,35]. The
evidence that some of these inclusions required
rapid, single-stage transport to the Earth’s surface
by carbonate melt also points to the deep mantle
origin for this melt. Metasomatism of the shallow
mantle and the transition zone by Na-rich carbo-
nate melt originating in the deep mantle is recog-
nized as a process that could affect the composi-
tion and structure of the mantle and thus
potentially play a significant role in its evolution.
As a consequence, the two major seismic discon-
tinuities at 400 and 660 km depths could indicate

not only phase transitions but also changes in
chemical composition.
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