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Mössbauer spectroscopy on inclusions in diamonds from São Luiz, Brazil, show that
(Mg,Fe)O inclusions contain little Fe31 (Fe31/SFe # 7%), whereas inclusions with py-
roxene composition (believed to have been originally in the perovskite structure) and
tetragonal almandine-pyrope phase ( TAPP) inclusions contain high relative amounts of
Fe31 (Fe31/SFe 5 20 to 75%). These observations are consistent with high-pressure
experiments on synthetic samples and support the idea that the inclusions originated in
the lower mantle. Fe-Mg partitioning data for co-existing (Mg,Fe,Al)(Si,Al)O3 – (Mg,Fe)O
pairs also indicate that the phases were in equilibrium at the time of diamond formation
in the lower mantle.

Samples from the Earth’s mantle provide
important geochemical data for assessing
the nature of the Earth’s interior. Proper-
ties such as oxygen fugacity can be con-
strained by observations on natural sam-
ples; therefore, we know more about the
composition of the upper mantle than the
lower mantle, where we have been re-
stricted until recently to inferences from
experiments and theory. The discovery of
(Mg,Fe,Al)(Si,Al)O3, (Mg,Fe)O, CaSiO3,
and tetragonal almandine-pyrope phase
(TAPP) inclusions in diamonds from São
Luiz River, Brazil (1–3), provides an op-
portunity to investigate directly the oxi-
dation state of minerals believed to have
originated in the lower mantle. These
phases form a stable assemblage only at
pressures and temperatures equivalent to
those in the lower mantle; at lower pres-
sure they would combine to form phases
with olivine, garnet, or pyroxene stoichi-
ometry (4). Diamond tends to preserve the
chemistry of mineral phases at the condi-
tions of diamond formation, and examination
of fracture systems around inclusions, deter-
mination of internal pressures within the in-
clusions, and stable isotope studies indicate
that the São Luiz diamonds have likely pre-
served their chemical state during exhuma-
tion and have not been contaminated during
transport (5). The (Mg,Fe,Al)(Si,Al)O3 in-
clusions are believed to have existed as a
perovskite phase in the lower mantle, whereas
TAPP is believed to be primary (3). Here, we
use a technique in which Mössbauer spectros-
copy is performed on microscopic absorbers

(6) to study the oxidation state (Fe31/SFe) of
these inclusions. Although the extent to
which the São Luiz inclusions represent the
bulk lower mantle is not yet clear, they rep-
resent an opportunity to study samples that
have equilibrated in a natural multiphase sys-
tem at pressures and temperatures believed to
be within the lower mantle. Results can be
used to assess the oxygen fugacity in the re-
gion of diamond formation.

Inclusions greater than 60 mm in diam-
eter were extracted by crushing from dia-
monds that showed no visible fractures be-
tween the inclusion and the diamond
surface. The inclusions were mounted in
epoxy and polished for electron microprobe
analysis (7) (Table 1). In one diamond
(BZ251), a surface was polished to expose
the inclusions. The samples could be used
for Mössbauer analysis with no further mod-
ification (8).

Mössbauer spectra of the (Mg,Fe)O in-
clusions are similar to spectra of synthetic
samples (9) and consist of a broad quadru-
pole doublet with a shoulder at low velocity
corresponding to Fe31 absorption (10). The
relative amount of Fe31 in all (Mg,Fe)O
inclusions is uniformly low, with the excep-
tion of sample BZ66, which shows a slightly
higher value (Table 1). This could be relat-
ed to the higher Na concentration, where
the charge deficit from substitution of a
small amount of Na1 is compensated by
Fe31.

The small amounts of Fe31 in the
(Mg,Fe)O inclusions are consistent with
results from high-pressure experiments on
(Mg,Fe)O that demonstrate that the solu-
bility of Fe31 is dramatically reduced at
high pressure, likely as a result of a phase
transition in the system Fe3O4-MgFe2O4
(11). Stabilization of Fe31 in the dense
(Mg,Fe)Fe2O4 phase means that (Mg,Fe)O
should contain only a small amount of Fe31

at pressure and temperature conditions of
the lower mantle, regardless of the oxygen
fugacity.

In contrast, the (Mg,Fe,Al)(Si,Al)O3
and TAPP inclusions contain extremely
high relative amounts of Fe31 (Table 1).
Mössbauer spectra from the (Mg,Fe,Al)-
(Si,Al)O3 and TAPP inclusions are similar;
both were fitted to an Fe21 doublet with
large quadrupole splitting and an Fe31 dou-
blet with small quadrupole splitting. The
high-velocity component of the Fe31 dou-
blet is well resolved, allowing an unambig-
uous determination of the Fe31 content.

The hyperfine parameters from spectra
of the (Mg,Fe,Al)(Si,Al)O3 inclusions (Ta-
ble 2) are similar to those of Al silicate
glasses (12), but quite different from those
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Table 1. Chemical composition (in weight percent) of São Luiz inclusions examined using Mössbauer
spectroscopy.

Sample
(Mg,Fe)O (Mg,Fe,Al)(Si,Al)O3 TAPP

BZ66 BZ67 BZ73 BZ238B BZ251A BZ210B BZ251B BZ238A BZ243A

SiO2 0.01 0.00 0.02 0.07 0.04 51.41 57.04 41.41 42.24
TiO2 0.01 0.01 0.02 0.04 0.01 0.02 0.15 0.03 0.04
Al2O3 0.13 0.06 0.04 0.12 0.04 10.04 1.33 23.33 24.17
Cr2O3 1.06 0.03 0.38 0.66 0.34 1.19 0.40 2.99 2.41
FeO 68.41 58.61 42.49 25.58 23.52 1.28 3.04 1.29 1.76
Fe2O3* 5.72 1.33 0.96 0.88 0.00 4.28 0.84 4.10 3.81
MnO 0.80 0.28 0.10 0.36 0.22 0.93 0.14 0.92 0.90
NiO 0.10 0.28 0.40 1.40 1.25 0.02 0.00 0.01 0.02
MgO 23.13 39.75 56.37 71.31 74.77 30.21 36.25 24.95 24.36
CaO 0.01 0.00 0.00 0.00 0.02 0.65 0.06 0.13 0.11
Na2O 1.05 0.11 0.06 0.12 0.18 1.05 0.03 0.16 0.09
K2O 0.00 0.00 0.00 0.00 0.01 0.26 0.02 0.02 0.00
Total 100.44 100.46 100.82 100.55 100.38 101.35 99.30 99.34 99.92
Approx. diam.

(mm)
100 150 300 150 100 60 100 60 60

Fe/(Mg1Fe) 64.1 45.8 30.1 17.2 15.0 8.7 5.6 10.1 10.7
Fe31/SFe (%) 7(2) 2(2) 2(1) 3(3) 0(2) 75(3) 20(6) 74(8) 66(8)

*Corrected value based on Mössbauer spectroscopy results.
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of crystalline orthopyroxene (13). The in-
clusions were observed to be isotropic un-
der a polarizing microscope, consistent
with an amorphous structure. These re-
sults are consistent with an origin of these
phases as lower mantle perovskite, which
is known from experimental studies to
transform readily to glass, particularly for
iron-containing compositions (14). The
Fe21 hyperfine parameters of the TAPP
inclusions are consistent with octahedral
coordination, and would suggest that most
of the Fe21 is in either the M1 or M3 sites
in the TAPP structure, or both. The
smaller size of the M2 site would likely
result in a smaller center shift than the
one observed; therefore, significant occu-
pation of the M2 site by Fe21 is less likely.
The Fe31 hyperfine parameters suggest
that Fe31 occupies either a tetrahedral site
or a distorted octahedral site (15). Because
less than half the available Fe31 would be
required to fill the Si tetrahedral sites in
TAPP for full occupancy (3), the latter
possibility seems more likely. The site as-
signments from the Mössbauer hyperfine
parameters are consistent with those pro-
posed by Harris et al. (3) from single crys-
tal refinements of TAPP.

The large amounts of Fe31 in the silicate
phases are consistent with recent results
demonstrating that Al31 stabilizes Fe31 in
the perovskite structure (16). A likely
mechanism is through the substitution
Mg21 1 Si413 Al31 1 Fe31 which main-
tains electrostatic charge balance in the
crystal structure (Fig. 1). The structure of
TAPP is more complex than that of perovs-
kite but has the same possibility for charge
compensation.

Results from Mössbauer spectroscopy
provide additional evidence that the in-
clusions from the São Luiz suite originated
in the lower mantle. The low Fe31 con-
tent of the (Mg,Fe)O inclusions can only

be reconciled with the high Fe31 content
of the silicate inclusions if the inclusions
formed at conditions of the lower mantle.
If the (Mg,Fe)O inclusions formed at low
pressure, phase relations in the FeO-MgO-
Fe2O3 system imply that the oxygen fugac-
ity would have to be near Fe equilibrium
to obtain such low Fe31 concentrations
(17). Such low oxygen fugacities would
produce low Fe31/ SFe values in the sili-
cate phases, however. It is only under
lower mantle conditions that Fe31 is sta-
bilized in the perovskite phase to produce
the observed Fe31/SFe values in the sili-
cate inclusions from São Luiz. One other
possibility to explain the high values of
Fe31/ SFe in the (Mg,Fe,Al)(Si,Al)O3
phase would be oxidation of Fe21 in the
amorphous phase on decompression as ob-
served in silicate melts (18), but this
would appear unlikely based on the TAPP
results and the observed effect of Al on
Fe31 content and Fe/Mg partitioning as
expected for the perovskite phase.

Fe/Mg partitioning data are consistent
with formation of the São Luiz inclusions at
lower mantle pressures and temperatures.
High-pressure experiments on the assem-
blage (Mg,Fe)O–(Mg,Fe,Al)(Si,Al)O3 per-
ovskite show that preferential partitioning
of Fe into (Mg,Fe)O is dramatically reduced
in the presence of Al (19). A number of
(Mg,Fe)O–(Mg,Fe,Al)(Si,Al)O3 pairs co-
exist in the same diamond in the São Luiz
suite. Fe-Mg partition coefficients calculat-
ed from electron microprobe analyses (Fig.
2) decrease with increasing Al content,
consistent with the expected effect of oxi-
dizing Fe21 to Fe31 (the electron micro-
probe analyzes only total iron; hence the
partition coefficient appears to decrease).
The results are also consistent both with
recent high-pressure experiments on sam-

ples with pyrolite composition (20) and the
only (Mg,Fe,Al)(Si,Al)O3–(Mg,Fe)O in-
clusion pair reported to occur outside the
São Luiz suite (21). A modest extrapolation
of the inclusion data to zero Al content
gives a partition coefficient near 3, which is
consistent with experiments in Al-free sys-
tems (22).

High-pressure experiments have shown
that values of Fe31/SFe are high in
(Mg,Fe,Al)(Si,Al)O3 perovskite regardless
of whether synthesis occurred under oxidiz-
ing or reducing conditions (16, 23), al-
though the latter case requires charge com-
pensation such as through the dispropor-
tionation reaction Fe21 3 Fe31 1 Fe0 or
the production of significant lattice defects.
High-pressure experiments on (Mg,Fe)O
indicate that Fe31/SFe remains relatively
low regardless of oxygen fugacity, because
Fe31 is believed to be stabilized in a high-
pressure form of the (Mg,Fe)Fe2O4 spinel
phase, which exsolves from (Mg,Fe)O. This
would imply that (Mg,Fe)O equilibrated at
higher oxygen fugacities should have a
greater abundance of exsolved (Mg,Fe)-
Fe2O4. The oxygen fugacity conditions ex-
isting at the time of diamond formation in
the lower mantle can therefore be assessed
from the microstructures of (Mg,Fe)O and
(Mg,Fe,Al)(Si,Al)O3 inclusions. Although
definitive conclusions must await detailed
analysis, results suggesting the presence of
(Mg,Fe)Fe2O4 in (Mg,Fe)O inclusions (24)
and the lack of metallic Fe or significant
oxygen defects in (Mg,Fe,Al)(Si,Al)O3 in-
clusions suggest that the inclusions formed
under conditions of oxygen fugacity are sig-
nificantly higher than Fe equilibrium.

Fig. 1. Variation of Fe31/SFe with Al content of
(Mg,Fe)SiO3 perovskite. Open circles are from
previously reported multianvil experiments (16)
and solid circles are from São Luiz diamond inclu-
sions (present work). Iron compositions [ex-
pressed as Fe/(Fe1Mg)] of the (Mg,Fe,Al)(Si,Al)O3
and perovskite phases range between 5 and 9%.

Fig. 2. Variation of Fe-Mg partition coefficient be-
tween (Mg,Fe,Al)(Si,Al)O3 and (Mg,Fe)O inclusions
[Kd 5 (XFe

mw/XMg
mw)/(XFe

Pv/XMg
Pv )] with Al content. Sol-

id circles are from São Luiz electron microprobe
data from (24), where the outlined circle indicates
the pair examined by Mössbauer spectroscopy in
the present study (BZ251). Solid triangles are from
São Luiz electron microprobe data of (2). The
cross refers to the only known (Mg,Fe,Al)-
(Si,Al)O3–(Mg,Fe)O inclusion pair not from São
Luiz (21).

Table 2. Hyperfine parameters from Mössbauer
spectra of São Luiz silicate inclusions. The num-
bers in parentheses refer to the standard deviation
of the last digit.

Sample Center shift*
(mm/s)

Quadrupole
splitting
(mm/s)

Line width
(mm/s)

Fe21

210B 1.20(2) 2.30(4) 0.35†
251B 1.16(5) 2.23(9) 0.36(5)
238A 1.03(19) 2.39(39) 0.35†
243A 1.10(3) 2.04(6) 0.35†
Fe31

210B 0.13(1) 0.56(2) 0.33(2)
251B 0.20(11) 0.30(22) 0.26(14)
238A 0.15(8) 0.57(15) 0.38(5)
243A 0.17(2) 0.69(3) 0.39(5)

*Relative to Fe metal. †Line width fixed during fitting.
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Triton’s Distorted Atmosphere
J. L. Elliot,* J. A. Stansberry, C. B. Olkin, M. A. Agner,

M. E. Davies

A stellar-occultation light curve for Triton shows asymmetry that can be understood if
Triton’s middle atmosphere is distorted from spherical symmetry. Although a globally
oblate model can explain the data, the inferred atmospheric flattening is so large that it
could be caused only by an unrealistic internal mass distribution or highly supersonic
zonal winds. Cyclostrophic winds confined to a jet near Triton’s northern or southern
limbs (or both) could also be responsible for the details of the light curve, but such winds
are required to be slightly supersonic. Hazes and clouds in the atmosphere are unlikely
to have caused the asymmetry in the light curve.

Data from the Voyager 2 encounter with
Triton in August 1989 (1) showed that
Triton’s atmosphere is dynamic on short
time scales. Dark plumes rose from the sur-
face to an altitude of 8 km and were ob-
served to drift downwind for more than 100
km (2). Wind streaks on the surface in the
southern hemisphere indicated a northeast-
erly flow near the ground with wind speeds
of 5 to 15 m s–1 (3). Discrete clouds were
seen up to 8 km above the surface, and haze
was detected up to altitudes of 20 to 30 km
(4). Because Triton’s predominantly N2 at-
mosphere is in vapor-pressure equilibrium
with the surface ice (the heat of vaporiza-
tion and condensation equalize the surface
temperature on Triton), seasonal changes
in insolation can produce changes in sur-
face pressure of several orders of magnitude

(5). The thermal structure of Triton’s mid-
dle atmosphere is probably controlled by a
steady-state balance of heat input from the
sun and magnetospheric electrons, radiative
processes involving CH4 and CO, and ther-
mal conduction to the surface (6). On the
basis of the plumes, the lower 8 km of the
atmosphere has been modeled as a tropo-
sphere (7).

To test atmospheric models based on
Voyager data and to measure the predicted
changes in surface pressure with time, we
began monitoring Triton’s atmosphere with
a series of Earth-based stellar occultation
observations in 1993. The results of these
observations (8) are not consistent with the
temperature and pressure predicted by mod-
els (6) at an altitude of 90 km. For the 14
August 1995 occultation discussed here, the
Infrared Telescope Facility (IRTF) was sit-
uated close enough to the center of Triton’s
occultation shadow to record the partial
focusing of starlight by Triton’s atmo-
sphere—a phenomenon known as the “cen-
tral flash” (9). The central-flash ray-paths
probe several scale heights deeper into the
atmosphere than the main immersion and
emersion light curves of the occultation.
They also sample large portions of the plan-
etary limb, making the central flash a tool
that has been used to investigate the prop-
erties of winds and extinction (particulate
and molecular) in the atmospheres of Mars,
Saturn, Titan, and Neptune (10, 11).

The visible wavelength occultation data
(Fig. 1) exhibit two asymmetries in the light
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