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Abstract

The solubility of carbon in olivine, enstatite, diopside, pyrope, MgAl,O4 spinel, wadsleyite, ringwoodite, MgSiO;—ilmenite and
MgSiO;—perovskite has been quantified. Carbon-saturated crystals were grown from carbonatite melts at 900—1400 °C and 1.5 to
~ 26 GPa in piston cylinder or multi-anvil presses using carbon enriched to >99% in the '*C isotope. In upper mantle silicates,
carbon solubility increases as a function of pressure to a maximum of ~ 12 ppm by weight in olivine at 11 GPa. No clear
dependence of carbon solubility on temperature, oxygen fugacity or iron content was observed. The observation that carbon
solubility in olivine is insensitive to oxygen fugacity implies that the oxidation state of carbon in the carbonatite melt and in olivine
is the same, i.e., carbon dissolves as C*' in olivine. Carbon solubility in spinel MgAlL,O,, transition zone minerals (wadsleyite and
ringwoodite), MgSiO;—ilmenite and MgSiO;—perovskite are below the limit of detection of our SIMS-based analytical technique
(i.e., below 30-200 ppb by weight). The differences in carbon solubilities between the various minerals studied appear to correlate
with the polyhedral volume of the Si*' site, consistent with a direct substitution of C*" for Si*". These results show that other,
minor carbon-rich phases, rather than major, nominally volatile-free minerals, dominate the carbon budget within the bulk Earth’s
mantle. A significant fraction of total carbon could only be stored in silicates in a thin zone in the lowermost upper mantle, just
above the transition zone, and only if the bulk carbon content is at the lower limit of published estimates. The carbon budget of the
remaining mantle is dominated by carbonates and possibly diamond. The low melting point of carbonates and the high mobility of
carbonate melts suggest that carbon distribution in the mantle may be highly heterogeneous, including the possibility of massive
carbon enrichments on a local scale, particularly in the shallow subcontinental mantle.
© 2006 Elsevier B.V. Open access under CC BY-NC-ND license.
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1. Introduction some carbon might be stored in the core [3,4], the mantle
is thought to be the Earth’s largest carbon reservoir [5].

Only a small fraction of the total carbon budget of our Carbon may be stored in the mantle as carbonates,

planet is located in near-surface reservoirs [ 1,2]. Although graphite, diamond or as C—H-O fluids [6]. Carbon-

bearing fluids in the mantle are usually dominated by
CO,, but under very reducing conditions, CH4 may also
become important. Alternatively, traces of carbon may be
dissolved in common, nominally volatile-free silicates. A
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observed the ubiquitous presence of tiny (<1 pm) bub-
bles in minerals from peridotite xenoliths in alkali basalts.
The bubbles were filled with “a mysterious fluid with
remarkable physical properties,” later identified as nearly
pure liquid carbon dioxide [8,9]. These observations were
interpreted as evidence that such C-rich inclusions formed
by the exsolution of carbon dioxide [10,11], originally
dissolved in host minerals at higher pressure. Alternatively,
they may represent fluid trapped during crystal growth
from a melt or during subsequent healing of fractures in
crystals [12,13]. Four observations support the former
interpretation: (1) The bubbles are extremely small; (2) they
are located on dislocations or other defects in the crystal
structure; (3) they are concentrated on the boundaries of
inclusion-free recrystallized grains [10]; and (4) the bubbles
appear to dissolve into the host olivine at pressures up to
110 kbar during annealing experiments [14].

Green and Guegen [11] estimated that the volume
fraction of carbon dioxide inclusions in olivine from a
peridotite xenolith in a kimberlite corresponds to a car-
bon solubility of 160 ppm by weight (ppmw), assuming
a positive pressure dependence of solubility. Comparing
this number with estimates of bulk carbon abundance of
upper mantle (from 53 to 72 ppmw in depleted MORB
source to > 1000 ppmw in more primitive mantle [5,15,16])
would suggest that there might be regions in the upper
mantle where a significant fraction, if not all of the carbon,
could be accommodated by normally volatile-free silicates.

Numerous attempts to determine carbon solubility in
olivine since the early 1980s [17-21] have yielded
contradicting results, probably reflecting sample con-
tamination problems. Recent data by Keppler et al. [22]
suggest that normal upper mantle silicates may dissolve
only traces of carbon (1-5 ppm by weight). However, a
systematic study of carbon solubility in the nominally
volatile-free minerals stable throughout the entire man-
tle remains lacking. In particular, little is known about
the behavior of carbon in the transition zone and lower
mantle. There are no data on carbon solubility in wads-
leyite, ringwoodite, MgSiO;—ilmenite and the major
phase of the lower mantle, MgSiO;—perovskite. Carbo-
nates, particularly magnesite and its high-pressure poly-
morphs, are stable throughout most of the mantle [23—
25], with diamond becoming stable in more reduced
regions [26,27]. However, as MgSiO;—perovskite is the
most abundant mineral on Earth, even a moderate solu-
bility of carbon would make MgSiO;—perovskite in the
lower mantle the largest carbon reservoir on our planet.

Here we report carbon solubility in olivine at various
pressures, temperatures and redox conditions, the first
precise measurements of carbon solubility in MgAl,O,
spinel, enstatite, diopside and pyrope and the first data

on carbon solubility in wadsleyite, ringwoodite, MgSiO;—
ilmenite and MgSiOz;—perovskite. These data therefore
cover the entire range of nominally volatile-free minerals
of the Earth’s mantle.

2. Experimental technique

Stoichiometric mixtures for each mineral of interest
were prepared from high-purity oxides and hydroxides
and were ground together with 10-20 wt.% of Na,COj;
certified to contain more than 99% of the '*C isotope. For
piston cylinder experiments, these mixtures together with
about 1% of water were loaded in 10-mm-long capsules
with an outer diameter of 5 mm and a wall thickness of
0.3 mm made of platinum—rhodium (95 wt.% Pt, 5 wt.%
Rh), iron, cobalt or nickel. Platinum—rhodium capsules
were sealed by arc welding. Iron, cobalt and nickel cap-
sules were mechanically sealed by forcing a tightly fitting
lid into the capsule. In multi-anvil runs, we used platinum
capsules (1-3.5 mm long, 1-2 mm in diameter) made
from 0.1-mm-thick foil.

Experiments at 1.5 GPa pressure and 900—1100 °C
were carried out in a non-end-loaded Johannes-type [28]
piston cylinder (PC) apparatus. Assemblies (22 mm dia-
meter, 45 mm long) consisted of NaCl, Pyrex glass,
crushable alumina, pyrophyllite and graphite. A tapered
graphite heater was used to minimize thermal gradient
[29]. Temperatures were measured by a NiCr—Ni (K type)
thermocouple which physically contacted the sample
capsule. Pressures reported include a 10% friction cor-
rection. Pressures and temperatures are estimated to be
accurate to 0.1 GPa and £25 °C. Oxygen fugacity was
not strictly controlled in runs with PtRh capsules, but the
reaction of traces of water with the graphite heater results
in an oxygen fugacity close to Ni-NiO buffer. The oxi-
dation of the Fe, Co and Ni capsules in experiments Ol-
11F1, OI-11C and OI-11N produced oxygen fugacities
corresponding to the Fe—FeO (iron—wiistite), Co—CoO,
and Ni—NiO buffers, respectively.

Experiments performed at 6-26 GPa and 900—
1400 °C employed 500- and 1000-tonne multi-anvil
presses using 32-mm Toshiba tungsten carbide cubes,
pyrophyllite gaskets and 18/11 (octahedral edge length/
truncation edge length), 14/8, 10/5, 10/4, and 8/3 octa-
hedral sample assemblies made from partially sintered,
Cr-doped MgO (95% MgO+5% Cr,03). A LaCrO;
heater (with stepped design in the 18/11 and 14/8
assemblies to reduce temperature gradients [30]) was
separated from the octahedron by a ZrO, sleeve and from
the capsule by a MgO sleeve. The capsule was positioned
near the middle of the assembly by crushable alumina or
MgO spacers. A W3Re97-W25Re75 thermocouple was
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inserted axially in a four-bore Al,O3 ceramic rod with the
hot junction next to a Re-foil disc placed between ther-
mocouple and capsule. No correction for the effect of
pressure on the emf of the thermocouple was applied.
Pressure calibrations have been published elsewhere
([31,32] and references therein) and are estimated to
have an accuracy of +5%. As in most piston-cylinder
experiments, the redox state was not controlled, but the
presence of amorphous carbonaceous material coexisting
with carbonates in several multi-anvil runs shows that
equilibria similar to MgSiO;+MgCO;=Mg,Si0,+C+
0, [33,34] probably yield an oxygen fugacity between the
EMOG(D) and GCO buffers [34-36].

In all experiments, assemblies were firstly com-
pressed to the final pressure and then temperature was
increased at a rate of 50—-100 °C/min. All runs were
quenched to room temperature within a few seconds by
switching off the power to the heater.

Recovered capsules were punctured, dried at 150 °C
for 1 h and weighed before and after drying. A loss of
weight due to the release of water indicated that the
capsule remained sealed throughout the experiment.
Another sign of the impermeability of the capsule during
the run was the evolution of carbon dioxide when nitric
acid was added to the run products. Those experiments
which did not show both features were discarded.

Because the aim of the experiments was to produce
crystals saturated with the '*C isotope and because dif-
fusion of carbon from the graphite heater into the Pt
capsule might be significant in piston cylinder runs (see
[37] for review), infrared spectra of carbonates recovered
after test experiments were compared to that of the
Na2*COs used in starting mixtures and to Na,CO; with
natural isotopic composition. Fig. 1 demonstrates that
only minor amounts of '*C are present in the run products,
and they can be at least partly attributed to carbon conta-
mination during sample preparation for infrared analysis.

Run products were euhedral or subhedral crystals of
silicates (or spinel) free of inclusions and visible impurities
(Fig. 2), embedded in a fine-grained matrix of carbonates,
representing quenched carbonatite melt. The grain size
varied from ~ 30 um to a few hundred micrometers. The
growth of large crystals was probably enhanced by the
presence of carbonate, which can act as a fluxing agent.

Carbonates were removed by etching with nitric or
hydrochloric acid. Mineral phases were identified using
X-ray powder diffraction and Raman spectroscopy.
Carbon contents in synthesized minerals were measured
with secondary ion mass spectroscopy (SIMS).

For use as SIMS blanks, we also synthesized large (up
to 1 mm) homogeneous carbon-free crystals of enstatite
(modified flux growth method of Ito [38], with carbon-free

13C 1ZC ‘\30 WEC NEQCOSin
runproducts

—-— Nay'%co,
——- Na,'’co,

Absorbance

—

750 1000 1250 1500 1750 2000
Wavenumbers(cm)’

Fig. 1. Infrared spectra (KBr pellets) of isotopically “normal” Na,CO3
(2C/"C ~89.9) of Na,COj certified to contain 99% of the isotope '*C
and of the carbonate recovered from a piston cylinder experiment. The
samples rich in '*C probably exchanged some carbon dioxide with the
air during preparation of the KBr pellet.

starting materials), diopside (direct crystallization in air
from molten stoichiometric oxide mixture), pyrope (syn-
thesis in piston cylinder at 3.5 GPa and 1100 °C) and three
tholeiite glasses, doped with known amount of '*C. The
tholeiite glasses were synthesized from carbon-free glasses
and known amounts of Agi’C,O, in piston cylinder
experiments at 1.5 GPa and 1450 °C with a duration of 3 h.
Compositions are given in Table 1. Carbon contents are
believed to be accurate to 5% relative or better.

3. Analytical procedure
3.1. Sample preparation

The synthesized '*C-saturated crystals were mounted
on 2.5-cm-diameter round glass slides using a small
amount of carbon-free ceramic glue (a hydrous solution
of alkali silicate). The samples were subsequently dried
for 1 day in air at 70 °C to remove absorbed water.
Crystals were polished to produce a flat surface which
stood, at most, a few tens of micrometers above the
surface of the glass slide. Care was taken to make sure
that good contact was established between the crystal
edges and the glue, such that charge conduction during
subsequent SIMS analysis would be assured. This
method of preparing the samples was found to give
the best results; however, it also had the drawback of the
glue losing its integrity on some samples if they had
been exposed to air for several weeks.

3.2. Reference materials

SIMS is a comparative technique, and for quantifi-
cation of measured carbon, calibration samples are
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Fig. 2. Optical micrograph of run products after removal of carbonates; (a) olivine, (b) enstatite, (c) MgAl,O4—spinel, (d) MgSiO;—ilmenite.

necessary. The main limitation of SIMS is that ion yields
are extremely dependent on the matrix of the sample. In
order to have matrix-matched reference materials, syn-
thesized nominally carbon-free crystals of olivine,
enstatite, diopside and pyrope were prepared on mounts

Table 1
Relative sensitivity factors (RSF) of various reference materials

Measured RSF Number of
ratio measurements

Mineral

Tholeiite glasses® BeASi 0.297+0.055 6
(**C-doped, synthetic)

Spurrite® BCASi 0.421+0.062 25
(natural)

Forsterite (‘*C-implanted, '*C/%Si  0.411£0.025 6
synthetic)

Enstatite (‘*C-implanted, '*C/%Si  0.753+0.031 3
synthetic)

Diopside (‘*C-implanted, '*C/%Si  0.707+0.023 3
synthetic)

Pyrope ('*C-implanted, *C/*Si  0.810£0.039 3
synthetic)

Spinel ('*C-implanted, "“C/7Al  3.498+0.161 3
synthetic)

Errors are one standard deviation.

# Composition: 60.5 wt.% SiO,, 2 wt.%TiO,, 14.5 wt.% Al,Os,
9.9 wt.% MgO, 8.8 wt.% CaO, 3.3 wt.% Na,0, 1.6 wt.% K,0, doped
with 793, 1484, and 3130 ppm of "*C.

° Natural samples from New Mexico (USA) and Durango
(Mexico).

as described above. Additionally, a commercially pur-
chased large, single-crystal spinel was cut into three
7.5x7.5-mm plates. All of these crystals were polished
to a sample surface roughness of ~ 10 nm using an
ethanol-based slurry of polycrystalline diamond powder
on Al foil. These samples were cleaned in high-purity
ethanol, were dried in air at ~ 70 °C to evaporate all
ethanol and were then sent for commercial ion implan-
tation (Panalytic GmbH, Dresden). Thermally decom-
posed Nai*CO; was used as a source material for the
60 kV implantation of a known dose (3 x 10"*£3% At/
cm?) of 1°C.

Ion implantation was not feasible for minerals of the
transition zone and lower mantle as this procedure would
most likely convert these metastable phases to amor-
phous material. Synthetic tholeiite glasses doped with a
known amount of '*C were used as reference materials
instead. The concentration of carbon in these samples
was calculated from composition of the starting mixture.

The natural ratio of carbon isotopes, required to es-
timate isotope fractionation during analysis, was calibrated
using two natural spurrite (CasCO3(SiO4),) specimens
from Durango, Mexico, and New Mexico, USA.

3.3. Analytical conditions

SIMS analyses were conducted on the Cameca ims 6f
at the GeoForschungsZentrum Potsdam. This instrument



734 S.S. Shcheka et al. / Earth and Planetary Science Letters 245 (2006) 730-742

had been modified from its original design such that all
pumps operated oil-free. In order to suppress outgassing
ofthe samples, the mounts were stored for at least 24 h in
an in-house designed UHV sample storage chamber
[39]. Further vacuum improvements (by a factor of about
3x) were achieved by using a liquid nitrogen cold trap,
such that the source operating pressure of the instrument
was on the order of 1x10”7 Pa when samples were
present.

Each of the 'C-saturated samples was cleaned in
ethanol, dried, and coated with between 50 and 80 nm of
high-purity gold. The actual SIMS analyses employed a
nominally 12.5 kV, 1-2 nA '**Cs" beam, which was
focused to a ~ 5x8-pm spot on the sample surface. In
order to reduce the impact of surface carbon contamina-
tion, each domain which was to be analyzed was pre-
sputtered with a 25 x 25-pum rastered beam for 3 min before
beginning the actual analysis. Furthermore, as a part of the
analysis, a 3-min spot preburn was conducted in order to
establish equilibrium sputtering conditions. Charge com-
pensation employed a normal incidence electron flood gun
operated at the same voltage as the sample stage.

The secondary side of the SIMS was operated at a
mass resolving power of M/AM =~ 4300 which over-
resolved the '*CH ™ interference from the lighter '*C~
mass position. The carbon signal derived from any
surface contamination sputtered by stray neutral primary
atoms was suppressed from the mass spectrum by
employing a 400-um field aperture which was equiv-
alent to a 30-um field-of-view at the sample surface. The
actual analyses employed 20 cycles of the following
peak stepping sequence 11.5 background (0.1 s per
cycle), '*C (4), *C (15 s) and **Si (4 s) (or alternatively
27 Al in the case of spinel).

3.4. Calculations

Despite all of the efforts described above, laboratory
contamination was a major source of carbon in our anal-
yses. Nevertheless, unlike samples with a natural isotopic
composition (spurrite; BC/2C =0.011+1.4%, n=25),
the synthetic crystals showed elevated '*C™/**C™ ratios of
up to 0.3. Since the crystals were saturated with the rare
isotope '*C, the amount of carbon contamination could be
quantified, assuming that it has a natural '>C/'2C ratio.
Therefore, the “true” absolute concentration of the '*C
dissolved in carbon-saturated silicates could be estab-
lished, despite significant laboratory C contributions, by
measuring *C /**Si and "*C/!*C™ ratios in conjunc-
tion with both the known isotopic signature of the extra-
neous carbon and the C/Si relative sensitivity factor (RSF)
obtained from the reference samples. An identical ap-

proach, based on 27 Al, was used for calculating the carbon
content in spinel.

To determine the RSF for each upper mantle mineral,
we conducted multiple depth profiles on the implanted
reference samples. SIMS depth profiles used parameters
similar to those employed during the analysis of the
synthesized crystals, the main difference being that data
were collected with an 80 x80-um raster. In order to
eliminate contamination from the crater walls, the beam
was centred under the field aperture using the scanning
ion image capability of the Cameca ims 6f. After an
initial pulse of carbon derived from surface contamina-
tion, an excess in '*C well above the natural isotopic
composition was clearly detected. To eliminate the im-
pact of the extraneous surface carbon, we only used
those data collected after two cycles subsequent to the
penetration of the gold coat when a precipitous drop in
the reference isotope (**Si or 2’ Al) was observed. The
data from the depth profile, including a correction for
the extraneous '*C-rich carbon, were converted into the
required RSF (Table 1) using the formula:

mean!3 Cc_ps
mean28Si;pS
RSF = measured ,
Sflux!3¢C
( / (depth-p- Siyo;+ (N4 /Athi)-(atZXSi/Simm[))>

where flux'*C is implanted dose of '*C, depth is crater
depth, p and Siy, ¢, are density and weight percent of Si
(Al for spinel) in the analyzed mineral respectively, Na
is Avogadro’s number, At,,Si is atomic weight of silicon
(28.08 g/mol); at*®Si/Siyy is mole fraction of *®Si
(0.922). Crater depths, typically on the order of 300 nm
deep, were determined with a Dektak3 stylus profil-
ometer which is accurate to better than +2%. The
external reproducibility of this method for determining
the RSF is estimated to be of the order of 2.4—4.8%.
For wadsleyite, ringwoodite, MgSiOs;—ilmenite and
MgSiOz;—perovskite, we used a different approach for
defining the RSF. Three synthetic tholeiite glasses were
used to determine a calibration curve for which the best-
fit line of the 18 analyses was forced through the origin
and the slope of this line was used to determine the RSF
for these minerals. The external precision of this method
was £13.9% (lo). In view of the potential impact of
using non-matrix-matched reference samples, the accu-
racy of the quantitative results for the minerals of the
transition zone and lower mantle is potentially not as
good as those obtained for the upper mantle minerals.
However, as it turned out during the course of this study,
no carbon could be detected in these phases anyway.
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Table 2
Experimental data on carbon solubility in upper mantle minerals
Run Mineral T P Log t C content®
(°C) (GPa) (fO,)  (h) (wt ppm)
019 Forsterite 900 1.5  Not 144 0.38+0.09
buffered 0.29+0.07
0ol110 Forsterite 1000 1.5  Not 168 0.12+0.03
buffered 0.10+£0.03
o111 Forsterite 1100 1.5  Not 144 <0.09°
buffered 0.10+0.03
Ol-11F2 Olivine® 1100 1.5 Not 144 0.214+0.06
buffered 0.20+0.03
OI-11F3 Olivine® 1100 1.5  Not 144 0.34+0.02
buffered 0.30+0.03
MA-OI-7  Forsterite 1200 7 Not 10 3.90+0.68
buffered 3.27+0.29
3.53+0.43
MA-OI-11  Forsterite 1200 11 Not 10 12.75+0.53
buffered 11.57+0.34
11.59+1.04
OI-11F1 Olivine® 1100 1.5 —12.7 96 0.52+0.06
<0.04°
<0.07°
Ol-11C Olivine® 1100 1.5 -10 96 0.29+0.08
0.22+0.06
Ol-11N Olivine® 1100 1.5 —-8.2 96 0.34+0.12
E9 Enstatite 900 1.5 Not 96 0.07+0.01
buffered 0.14+0.02
0.15+0.02
E10 Enstatite 1000 1.5  Not 96 0.19+0.04
buffered 0.05+0.01
0.07+0.01
Ell Enstatite 1100 1.5  Not 168 0.06+0.01
buffered 0.05+0.01
0.10+0.01
MA-E-6 Enstatite 1100 6 Not 5 0.44+0.03
buffered 0.38+0.03
0.30+0.02
MA-W-16 Enstatite 1400 16 Not 10 0.69+0.06
buffered 0.65+0.04
0.80+0.06
D9 Diopside 900 1.5 Not 168 <0.01°
buffered 0.02+0.01
D10 Diopside 1000 1.5 Not 96 0.12+0.01
buffered 0.10+0.01
0.08+0.01
D11 Diopside 1100 1.5  Not 96 0.16+£0.02
buffered 0.09+0.01
0.07+0.01
MA-D-6 Diopside 1100 6 Not 8 1.45+0.07
buffered 1.60+0.06
1.50+£0.07
MA-Py-6 Pyrope 1300 6  Not 10 0.85+0.05
buffered 0.87+0.05
MA-Py-9  Pyrope 1300 9 Not 10 0.83+0.06
buffered 1.27+0.07
1.07+0.06
MA-Py-10 Pyrope 1300 10 Not 6 0.82+0.04
buffered 0.96+0.05
Sp Spinel 1100 1.5 Not 168 <0.03°
buffered <0.02°

Table 1 compares relative sensitivity factors derived
from the C-implanted crystals, tholeiite glasses and
natural spurrite. The cause for the variability of the
RSF for Si and C among silicates could not be
established unambiguously. However, the variations
are below a factor of three, despite the massive
structural differences between the phases and despite
variations in absolute carbon contents spanning many
orders of magnitude.

For many of our analyses, we detected no excess >C,
implying extremely low carbon solubility. The limit of
detection for carbon for individual analyses calculated
from the 30 uncertainty in the measured isotopic ratios
depends essentially on the carbon background and is in
the range 30—200 ppbw.

4. Results

Experimental results are summarized in Tables 2 and
3. Only measurements with steady state count rates of
sputtered carbon ions within the whole accumulation
time were taken into account (Fig. 3). Although crystals
were inspected with an optical microscope to assure the
absence of inclusions prior to SIMS, several analyses
yielded local carbon contents on the order of tens or
hundreds of ppm of '*C by weight (ppmw). Such high
concentrations, which were observed only on certain
spots of the respective samples, are attributed to carbon-
rich inclusions or fractures in a host grain. Generally, a
single carbonaceous impurity smaller than 1 um will
increase the count rate of '°C at least by factor 8—10.
Thus, any such inclusion-hosted carbon could be readily
distinguished from dissolved carbon intrinsic to the
crystal host.

4.1. Olivine

Olivine constitutes ~ 60% of the upper mantle by
volume and could therefore represent a major carbon
reservoir. Carbon solubility in olivine was measured as
a function of pressure, temperature, redox conditions
and mole fraction of fayalite. Clearly, the major factor
controlling carbon dissolution in olivine is pressure

Notes to table:
Runs with prefix “MA” were carried out in the multi-anvil press, all
other experiments were performed in a piston cylinder apparatus.
Errors are one standard deviation.

* If several numbers are given, they represent analysis of different
crystals in the charge.

® Values are below limit of detection.

¢ For composition see Table 4.
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Table 3
Experimental data on carbon solubility in minerals of the transition
zone and lower mantle

Run Mineral T P t C content®
(°C)  (GPa) (h) (wt. ppm)

MA-W-16  Wadsleyite 1400 16 10 0.04+0.01
<0.04°

MA-W-17  Wadsleyite 1400 17 4 <0.07°
<0.05°

MA-R-21  Ringwoodite 1200 21 10 0.04+0.01
MA-R-23  Ringwoodite 1200 23 4 0.10+0.02
<0.07°

<0.08°

MA-I-25  Mg-Ilmenite 1400 25 10 <0.10°
<0.08°

<0.11°

MA-Ps-25  Mg—Perovskite 1400 25 10 <0.10°
<0.07°

<0.09°

<0.10°

MA-Ps-26 ~ Mg—Perovskite 1400 26 3 <0.05°
<0.09°

All experiments were conducted in a multi-anvil press.
Errors are one standard deviation.

? Each number refers to the analysis of one single crystal in the
charge.

® Values are below limit of detection.

(Table 2, Fig. 4). Carbon solubility in pure forsterite
increases exponentially by two orders of magnitude
when pressure rises from 1 to 11 GPa, but even at the
highest pressures studied, the solubility reaches only
12 ppmw. Experiments performed at a given pressure
but at different temperatures (900—1100 °C) show no
systematic effect. Similarly, varying the oxygen
fugacity over several orders of magnitude from Fe—
FeO to Ni-NiO buffer conditions did not significantly
affect carbon solubility in olivine. It should be noted

10°

i 288i _
10°4 4

Counts/s
3
O

101 =C '

10— v r v v
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Fig. 3. Example of count rates of ions sputtered from C-saturated
crystals as a function of time. Run MA-D-6.

o This work
O Keppler et al. [22]

e
2

5

Carbon solubility (ppm by weight)

0 T T
0 4 8 12
Pressure (GPa)

Fig. 4. Carbon solubility in forsterite as a function of pressure for
T=1200 °C. Error bars are one standard deviation. The curve shown is
a best fit of the experimental data by an equation of the form C=Aexp
(= PAVI(RT)) with A=0.089 ppmw and AV=—5.47 cm*/mol.

that the use of Fe, Co and Ni as capsule material
resulted in the incorporation of these elements in the
synthesized olivine (Table 4). For the Co- and Ni-
bearing samples, no significant change in ion yield
was observed, but the observed SIMS ion count rate
of Si slightly increased for olivine with the highest Fe-
content (run OI-11F1 in Table 4). Similar matrix
effects, associated with Fe-bearing minerals, have been
documented in previous studies ([40] and references
therein). The cause of these effects is poorly
understood; probably iron reduces the strength of Si
bonds in olivine. Thus, the carbon solubility in Fe-
bearing olivine might be underestimated by factor of
1.5-2, because the RSF were all calibrated against a
pure forsterite reference material. However, no
significance influence of the fayalite component on
carbon solubility is detectable, even if the data in
Table 2 (runs OI-11F1-O1-11F3) were corrected
according to the elevated ion yield of Si.

4.2. Pyroxenes
Pyroxenes account for 25 vol.% of the upper man-

tle. Although they were suggested to dissolve more
carbon than olivine [41,42], we observed a pattern of

Table 4
Composition of olivine doped with Fe, Ni and Co

Run Formula

OI-11N (Ni-capsule)

OI-11C (Co-capsule)

OI-11F1 (Fe-capsule)

Ol-11F2 (5% Fa in starting mixture)
OI-11F3 (10% Fa in starting mixture)

Mg .977Ni0.032510.99504
Mg 5850C00.165510.99304
Mg 761F€0.248510.99604
Mg .945F€0.062810.99704
Mg, s87F€0.122810.99504

Compositions were obtained by electron microprobe.
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carbon solubility essentially similar to that of olivine
for both enstatite and diopside (Table 2, Fig. 5). At
lower pressure (1.5 GPa) both minerals show a sol-
ubility of less than 200 ppbw, which is approximately
one order of magnitude lower than recently reported
[22] and close to the limit of detection of our tech-
nique. Pyroxene crystals grown at higher pressure dis-
solved more carbon, but the amount remains less than
that of olivine (Fig. 5). Enstatite, coexisting with
wadsleyite, was recovered from an experiment at
16 GPa (MA-W-16 in Table 2). According to the
MgSiO; phase diagram (e.g., [43]), high-clinoenstatite
rather than orthoenstatite is stable at pressures higher
than 8-9 GPa, but it readily transforms to enstatite
upon decompression.

4.3. Pyrope

Pyrope constitutes about 15 vol.% of the upper man-
tle. Its fraction increases with depth due to solid solution
with pyroxenes. Carbon solubility in pyrope increases
with pressure as in olivine, but the pressure dependence
is weaker (Table 2, Fig. 5).

4.4. Spinel
MgAl,Oy spinel is stable only in the uppermost man-

tle. We failed to detect any carbon in MgAl,O, spinel
above the detection limit of ~ 30 ppb by weight.
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Fig. 5. Plot of the logarithm of carbon solubility in upper mantle
silicates versus pressure for 7=900—1200 °C. The slopes of the lines
are related to the volume change AV of the dissolution reaction
according to dInK/dP=— AV/RT, where K is the equilibrium constant
proportional to carbon solubility, R is the ideal gas constant and 7 is
temperature. Estimated values of AV are —5.47 cm®/mol for forsterite,
—3.0 cm*/mol for enstatite, —6.4 cm*/mol for diopside and —0.9 cm®/
mol for pyrope. Except for forsterite, these data are, however, only
constrained by a few measurement and they may therefore be subject
to substantial errors.

4.5. Transition zone and lower mantle minerals

The first experimental results on carbon solubility in
major minerals of the transition zone and lower mantle
are summarized in Table 3. Most of the synthesized
crystals show no excess of the '*C isotope relatively to
the natural ratio of >C/!2C. Therefore, we conclude that
the maximum carbon solubility in wadsleyite, ring-
woodite, MgSiO;—ilmenite and MgSiO;—perovskite is
below our limit of detection of 40—110 ppbw. Since
these numbers were obtained by using non-matrix mat-
ched tholeiite glass reference samples, systematic errors
of up to a factor of 2-3 cannot be excluded. RSFs
calculated for crystalline phases in this study are higher
than that for glass (Table 1); therefore, it is suggested
that the ionization of carbon relative to silicon is higher
for a crystalline matrix than for an amorphous material.
In this case, the detection limits of carbon would be
even lower.

5. Discussion: carbon speciation in silicates

In spite of extensive studies during the past 40 yr,
there is no consensus on the potential mechanism of
carbon incorporation in silicates. Neutral carbon has been
suggested to dissolve interstitially or in cation vacancies
[44]. Fyfe [45], Ernst et al. [46] and Ernst and Schwab
[47] suggested that carbon may directly substitute for
silicon in tetrahedral coordination; they even speculated
about a solid solution of “orthocarbonates” with silicates.
The exceedingly low carbon solubility in silicates docu-
mented in this study suggests that direct study of carbon
speciation by spectroscopic methods is impossible. How-
ever, the analysis of the thermodynamic data provides
some insight into speciation. In particular, the observa-
tion that carbon solubility in olivine is independent of
oxygen fugacity is quite significant.

Carbon in carbonates is in the +4 oxidation state. If it
was incorporated in minerals in any other form than C**,
redox exchange reactions would be involved. For exam-
ple, the reaction

cH 4+ 20%

carbonate mineral

0
_>Cmineral + 02

describes the dissolution of carbon in neutral form with
the equilibrium constant

[Cominera]] 'foz
(Clionsel Ol

carbonate mineral
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Consequently, one would expect carbon solubility to
decrease with oxygen fugacity according to

1
[Comineral] - E .

The expected dependencies of carbon solubility on
oxygen fugacity for different substitution mechanisms are
plotted in Fig. 6 together with the experimental data for
olivine. In these experiments, carbon was only present as
carbonate; no evidence for the presence of reduced
carbonaceous material was seen. Evidently, the experi-
mental data exclude the possibility of a change in oxi-
dation state of carbon during dissolution. Therefore,
carbon in olivine must be dissolved as C*". This leaves
two possibilities. Either C** directly substitutes for Si**,
or C*" may occupy interstitial sites. Considering the small
ionic radius of C*" (15 pm, [48]) the latter possibility
would appear to be quite reasonable. However, the sys-
tematic variations in carbon solubility observed for diff-
erent minerals rather suggest the direct substitution of C**
for Si*', as the solubility is clearly correlated with the
volume of the Si*" site in the respective minerals. While
the Si—O bond length in tetrahedra does not differ much
among common upper mantle silicates, the tetrahedral
volumes vary more notably. Moreover, polyhedral vol-
umes are more sensitive to compression because of dev-
iation of (1) bond angle strain, (2) polyhedral angle
variance, and (3) mean polyhedral elongation [49]. Fig. 7
gives a plot of carbon solubility vs. the volume of the Si
tetrahedron (i.e., the tetrahedron defined by the centres of
the four oxygen atoms surrounding the Si atom) in the
respective structures [50,51].
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Fig. 6. Dependence of carbon solubility in olivine on oxygen fugacity
at 1.5 GPa and 1100 °C. Theoretical slopes for different solution
mechanisms are shown for comparison.

Fig. 7 describes perfectly the variations of carbon
solubility among upper mantle silicates as well as the
failure to find any carbon in wadsleyite and ringwoodite.
Silicon in MgSiOs;—ilmenite and MgSiO;—perovskite is
in octahedral coordination. This site, still being the
smallest in their structures, has a much longer Si—O
bond and larger polyhedral volume (e.g., 7.68 A® in
perovskite compared to 2.10-2.24 A* in upper mantle
minerals), in agreement with the increase of interatomic
distances with increasing coordination number [52]. The
smallest polyhedra in MgAl,O4 spinel are MgO,
tetrahedra with a volume in the range of 3.653—
3.827 A% 1t is therefore not surprising that no carbon
was detected in MgAl,Oy spinel. Fig. 7 is also consistent
with our observation that the substitution of Mg by Fe
(or Co or Ni) in olivine does not affect carbon solubility,
because the volume of the SiO, tetrahedron does not
vary significantly even among the end-members for-
sterite, fayalite, liebenbergite and Co-olivine.

The correlation shown in Fig. 7 can be used to es-
timate carbon solubility in other silicates. Those with
larger polyhedral volumes, (e.g., Ca-garnet (2.255 A?%)
would dissolve virtually no carbon, while the smaller
volume of the SiO, tetrahedron in zircon (2.118 A*) and
plagioclase (2.12—2.15 A?) should show enhance car-
bon solubility. However, due to their low abundance or
limited stability field in the mantle, these minerals are
unlikely to be significant reservoirs of carbon.

The fact that in some of the multi-anvil experiments
some traces of carbonaceous material were observed im-
plies that the minerals grown in these experiments were
also in equilibrium with some reduced carbon species.
The precise nature of the carbonaceous material is not
known and it may well be material precipitated from a
fluid phase during quenching. However, the fact that no
anomalies in carbon solubility were observed in these
experiments suggest that carbon solubility in mantle mi-
nerals does not change by orders of magnitude if these
minerals are in equilibrium with some reduced carbon
species rather than with carbonates.

6. Implications for carbon storage in the mantle

The geological implications of this study are strongly
dependent on estimates of the bulk carbon content of the
mantle. Direct measurements on xenoliths and other
mantle-derived samples yielded concentrations from
below 1 ppmw to almost 10,000 ppmw (e.g., Fig. 3 in
[53] and references therein), which may suggest either a
highly heterogeneous distribution of carbon in the
mantle source or different degrees of carbonate survival
during transfer to the surface [54,55]. Values for the
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Fig. 7. Carbon solubility in silicates as a function of the volume of the
Si0, tetrahedron. Volume data are from [50,51] and references therein.
The curve shown is a guide for the eye only.

oceanic upper mantle range from 20 to 1000 ppmw C, as
derived from studies of MORB glasses [56], undersat-
urated melt inclusions in olivine phenocrysts [22], mass
balance of volcanic gas emissions [57—59] and rare gas
systematic [60,61]. Cosmochemical estimates based on
ratios of elements with similar volatility as carbon (for
instance, C/*°Ar [1], or C/*He, [62]) in chondrites ge-
nerally suggest rather high carbon abundances in the
bulk Earth of the order of 1000 ppm or higher, with most
of this carbon presumably residing in the mantle.

If such values are compared to the carbon solubilities
established in this study, it is obvious that across much of
the mantle most of the carbon must be stored in a separate
carbon-rich phase. This could either be a carbonate phase
or elemental carbon in the form of graphite or diamond.
Estimates of carbon abundance in the upper mantle,
although somewhat uncertain, usually range from 100 to
more than 1000 ppm, implying that diamond would have
to be a common accessory mineral in mantle xenoliths
coming from the diamond stability field, if carbon was
present as a pure element. This does not agree with the
observation that diamond is an exceedingly rare mineral.
Therefore, it is almost certain that carbonates (i.e.,
dolomite or magnesite) are the main storage sites of
carbon throughout most of the upper mantle [23-25,63].
Considering the low melting point of carbonates [64] and
the low viscosity of carbonatite melts [65] which form
close to the solidus of a carbonated mantle, it would be
very surprising if carbon were homogeneously distributed
in the mantle. Rather, since the mantle geotherm is close to
or above the solidus of carbonated peridotite throughout
much of the deeper upper mantle, local carbon enrichment
due to carbonatite melts should be common. Unfortu-
nately, the density of anhydrous and hydrous carbonatite

melts is not known under the relevant conditions of
pressure and temperature, and therefore, it is not possible
to predict whether carbonatite melts would tend to rise or
to descend in a carbonated mantle. If these melts were less
dense than the surrounding peridotite, in agreement with
measurements at 1 bar [65], one could imagine a con-
tinuous enrichment of the shallow mantle by carbonatite
melts generated during mantle convection. These melts
would percolate upward through the mantle until they
solidify as the mantle geotherm intersects the solidus. In
this way, massive carbonate enrichments could be gene-
rated, particularly in the shallow mantle below old, cold
and stable continental crust. This idea is entirely con-
sistent with the widely seen enrichment of CO, in
magmas originating in the subcontinental mantle [66]. It is
intriguing to speculate that large shallow carbonate
enrichments could be tapped by continental flood basalts
with the effect of a sudden injection of large amounts of
carbon dioxide into the atmosphere, possibly triggering
mass extinctions. At least for the Triassic—Jurassic
boundary, which coincides with the activity of the central
Atlantic magmatic province, stomatal indices in fossil
ginkgo leaves suggest a sudden rise in atmospheric CO,
right at the boundary [67]. Moreover, most flood basalt
provinces that coincide with extinction events appear to
be correlated with global warming, oceanic anoxia and
sometimes a calcification crisis, which are all pointing
towards sharply increased atmospheric CO, levels [68].
If the curve for olivine in Fig. 4 is extrapolated to the
base of the upper mantle at a depth of ~ 410 km, carbon
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Fig. 8. Fraction of total mantle carbon, dissolved in silicates as a

function of depth for a depleted MORB source (73 ppmw C, [61], solid

line) and for fertile pyrolitic mantle (1000 ppmw, [5], dotted line). The

curves were calculated from the experimental solubility data reported

in this study and assuming a pyrolitic mineral assemblage of the
mantle.
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solubility in olivine reaches 45—50 ppmw. This value is
still much smaller than the 1000 ppm often assumed for a
fertile mantle peridotite, but it is comparable to some of
the lowest values derived for bulk carbon concentration in
depleted mantle [22,61]. Accordingly, for a depleted
mantle source composition, there might be a narrow layer
just above the transition zone where most of the carbon is
stored in olivine (Fig. 8). Upon subduction or down-
welling of such a depleted carbon reservoir, carbonate,
probably in the form of a carbonatite melt, will exsolve
once the reservoir passes through the olivine to wadsleyite
transformation. The geodynamic significance of this
effect entirely depends on the density contrast between
carbonate melt and surrounding peridotite. If the melt is
denser than the peridotite, it will continue to descend into
the deeper mantle. However, if the melt were still less
dense than the surrounding peridotite, it could percolate
upward while the residual peridotite may continue to
descend into the lower mantle. In this case, a situation
would arise that is in some ways similar to the water filter
model proposed by Bercovici and Karato [69], but with
quite the opposite effect. While the Bercovici and Karato
model is a mechanism to retain incompatible elements in
the lower mantle, the formation of a carbonatite melt of
low density at the 410-km discontinuity could retain CO,
in the upper mantle and prevent is from being recycled
into the lower mantle. However, the geodynamic
significance of this effect is uncertain, as it would only
be relevant for carbon-depleted reservoirs.

While carbonate is the most plausible host for carbon in
upper mantle [25,64], changes in ambient oxygen fugacity
may stabilize diamond in the transition zone and lower
mantle [21,34,70—73]. However, the redox equilibria bet-
ween carbonate and diamond are not well studied under the
relevant conditions of pressure and temperature. In any
case our study clearly demonstrates that most of the carbon
in the mantle of Earth, Mars and Venus must be stored in a
separate phase. Due to the lower pressures in the mantle of
Mars, the solubility of carbon in the minerals of the upper
part of the Martian mantle will be even lower than on Earth.
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