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l Fig. 1. Schematic cross section of the
heating chamber of the Linkam®
TH1500 stage. The ruled areas repre-
sent sample chamber walls. The
graphite ring surrounds the optical path
l of the stage. Note that the silica glass
capillary which is inserted into the cen-

tral opening of the sample chamber lid
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gas. With these two assemblies, the very low
levels of impurities in the gas imposes an effec-
tive control on undesired reactions in the sample
chamber.

The present contribution describes the use of
graphite for removal of oxygen from nitrogen
purge gas at high temperatures. The technique is
based on the presence of solid carbon within the
heating chamber. Ideally, a small ring of graphite is
placed around the sample and the experiment is
then conducted in the usual manner (Hansteen,
1991). Solid carbon is extremely efficient in re-
moving oxygen, and thus the purge gas need not be
of superior quality; in fact the present experiment
was run with commercial grade nitrogen as purge
gas. Also, the burning of graphite produces clean,
noncondensible gases and does not favour the
volatilization of halogens and sulphur. In order to
test the performance of the setup, a heating stage
was run at temperatures between 400 and 1341 °C
and the gas compositions within the heating cham-
ber were monitored by mass spectrometry. Em-
ploying this technique, microthermometric experi-
ments on olivine (Fogs-g0) were conducted for
more than 10 hours at temperatures above 1000 °C
without signs of sample oxidation.

Experimental setup

A Linkam® TH1500 heating stage was used in
the experiment; this is intended for use on the
(rotating) stage of a petrographic microscope.
The heating stage was controlled with a Linkam®
TMS90 programmable controller and powered
from a PU 1500 power supply. The sample cham-
ber was loaded with a sapphire sample sub-

| is connected directly to the mass
spectrometer inlet.

strate (0.3 mm thickness). A graphite ring (Spec
Pure, Ultracarbon) 4.5 mm OD, 3.2 mm ID and
0.9 mm high was placed on the sapphire sub-
strate around the optical path of the stage. Fig. 1,
a schematic section of the setup, shows the inter-
nal relations of the sample chamber with the
graphite ring and the ceramic chamber lid (radia-
tion shield). The gas sampling probe was made of
a 0.3 mm ID silica glass tubing which was bent
to fit into the central opening of the chamber lid
(Fig. 1). The outlet of the silica glass tubing was
connected to a 0.8 mm ID teflon tubing outside
the sample chamber. The teflon tubing was
threaded out through one of the ports of the stage
and connected to the inlet valve of a quadroupole
mass spectrometer.

The only modification of the stage during the
experiment was that its lid was lifted about
1.5 mm by PVC gaskets to give space for the
silica glass tubing. The spare gas outlet from the
TH1500 housing was connected to a 15 cm long
1 mm ID glass tube. This was done in order to
create a slight overpressure in the stage, and to
avoid back-diffusion from the external atmos-
phere.

The stage was purged at slight overpressure
(ca. 0.05 bar) for about 1 hour before the experi-
ment started, and the inlet to the spectrometer
was kept open during this period. The sample
consumption of the spectrometer was adjusted to
about 50 microliters per minute to assure even
diffusion of purge gas into the cell. The mass
spectrometric analyses which have been de-
scribed elsewhere (Jakobsson & Oskarsson,
1990) were performed with a UTI 100C precision
mass analyzer.
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Reactions within the heating chamber

Reactions within the experimental system can be
modelled within the C-O system. The equilibria
that might be considered for modelling the gas
phase are:

1.C(s)+ 02 =CO2 K pCOz/g
2.2C(s) + 02 =2CO K = (pCO)Y*/pO2
3.CO + 1/202= CO2 K3 = pCO2/pCOX(pO2)"?

Equations 1 and 2 describe the burning of graph-
ite, and at low temperatures their rates determine
the efficiency of oxygen removal. Equation 3 de-
scribes the reaction within the gas phase where
the buffering action of graphite is no longer dom-
inating. Deviations from thermodynamic equi-
librium are most likely to arise from:

a) slow reaction rates at low temperatures, and
b) incomplete equilibration within the mobile gas
phase.

It is very doubtful if the gas phase itself can
maintain equilibrium within the sample chamber
at high temperatures due to the extreme thermal
gradients within the stage. Equation 3 will there-
fore not be considered further, and emphasis will
thus be put on the solid/gas reactions (1 and 2;
see above).

Analysis of purge gas

The composition of the purge gas was analyzed
after about 1 hour of flushing through the Lin-
kam® stage. Carbon monoxide at trace levels in
nitrogen can not be analyzed by the Quadrupole
mass analyzer due to overlap of the principal
masses of both species at 28 AMU. It was con-
firmed that the purge gas contains oxygen and
argon at trace levels (Table 1). The analyzed par-
tial pressure of oxygen in the purge gas is
roughly 2 x 107* bar which is far more oxidizing
than e.g. the hematite/magnetite oxygen buffer.

Standardization of oxygen and argon was
made with mixtures of pure nitrogen and carbon
dioxide free atmospheric air, and standardization
of carbon dioxide was made with mixtures of the
purge gas and carbon dioxide. During stand-
ardization and heating experiments, the argon im-
purity (40 AMU) in the purge gas was used as an
internal standard for carbon dioxide (44 AMU)
analysis. Thus the carbon dioxide analyses are
very accurate down to ppm levels.

Table 1. Chemical composition of the nitrogen purge gas
used in the experiment (in mol%). Note that the initial
oxygen, content corresponds to a partial pressure of about
2% 107 bars,

N2 99.9306
Ar 0.0483
02 0.0211
CO2 0.0000
Total 100.0000

During heating of the Linkam® stage, the
oxygen peak at 32 AMU disappeared in the
temperature interval 400-550 °C. It is concluded
that in this temperature interval, reaction between
the graphite and oxygen sets in. However, it is
not possible to reproduce the very low analytical
values for the carbon dioxide formed until at
temperatures above 550 °C.

Two healing experiments were made in the
temperature interval 400-1341 °C calibrated at
the hottest reaction surface, i.e. the sapphire sub-
strate/carbon ring interface. In the first experi-
ment, the Linkam® stage was programmed to
step at about 100 °C intervals towards the maxi-

Table 2. Analysis of COz in purge gas in mol%. The table
represents two experiments; programmed heating
(column PROGR.) of 90 °C per minute and step heating
(column STEP) where analyses were made after about
10-minute equilibration time.

Temp. °C PROGR. STEP
400 0.00001 0.00001
580 0.00035
610 0.00318
610 0.00545
670 0.01013
700 0.01155
760 0.01215
818 0.01355
818 0.01305
850 0.01195
923 0.01076
940 0.01035

1028 0.00915

1030 0.00955

1120 0.00825

1210 0.00795

1237 0.00775

1237 0.00785

1300 0.00760

1341 0.00735




Fig. 2. Analyzed carbon
dioxide (mol%) vs. tempera-
ture inside the heating cham-
ber during experimental runs.
Note that at temperatures
below 900 °C the step heating

! j 1400 (open circles) yields higher
abundance than programmed
heating (filled squares).
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mum temperature. At each step the stage
temperature was kept constant while gas analyses
were run. In the second experiment, the stage was
heated at 90 °C per minute towards the maximum
temperature, and the carbon dioxide yield was
monitored continuously. The results from the two
experiments are listed in Table 2 and shown in
Fig. 2. The close resemblance of the results from
two experiments can be taken as an indication
that the burning of graphite readily consumes the
oxygen of the purge gas. At the lower tempera-
tures, the step heating produces slightly higher
carbon dioxide levels than the programmed heat-
ing. This indicates that the rate of burning is
slower at the lower temperatures. Above 900 °C
the reaction is fast enough to approach steady
state in the sample chamber even during healing
rates of 90 °C per minute.

The trend of carbon dioxide formation seen
in Fig. 2 indicates that efficient burning of
graphite starts slightly below 600 °C, and also
that carbon dioxide production is at its maximum
at about 800 °C. The quantity of carbon mon-
oxide formed can be calculated from the initial
partial pressure of oxygen in the purge gas and
mass balance relations. Since it is known that
oxygen is consumed above 500 °C, it is con-
cluded that at the onset of burning the reactions
are dominated by the formation of CO.

In Fig. 3, the partial pressures of the aver-
aged carbon dioxide and the calculated carbon
monoxide are plotted against temperature. The
two trends might indicate that the deficiency of
oxygen at higher temperatures favours the forma-
tion of the monoxide.

Estimated partial pressure of oxygen

It is evident from the experimental setup that
equilibrium among the gaseous species within the
sample chamber is rather unlikely to attain. The
diffusion of fresh purge gas into the sample
chamber is inevitably highest at the higher
temperatures, when also the reaction rates on the
graphite surface is the most rapid. However, the
cooling rate of the gas immediately below the
sample chamber lid increases markedly at the
same time,

It is not possible to confirm equilibrium
among the gaseous species based on the present
experiment. Therefore no exact value for the par-
tial pressure of oxygen within the sample cham-
ber can be arrived at. However, the apparent
steady state of formation of carbon monoxide and
carbon dioxide put firm constraints on the pos-
sible range of the partial pressure of oxygen.

In Fig. 4 the calculated partial pressure of
oxygen within the sample chamber is shown as a
function of temperature. The lower trend (open
circles) depicts the reaction: 2C + O2=2CO
based on the calculated carbon monoxide values.
The upper trend (filled squares) maps the reac-
tion: C + 02 = CO;, based on the measured car-
bon dioxide. It is evident that the maximum par-
tial pressure of oxygen within the system is close
to 1077 bar at 1300 °C. Based on the confirmed
removal of oxygen and corresponding formation
of carbon monoxide (conservation of mass) it is
concluded that the actual oxygen pressures are
lower than that of the upper curve in Fig. 4, with
a limiting value of about 1072* bar at 1300 °C.
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Fig. 3. Analyzed average partial
pressure of carbon dioxide and
calculated partial pressure of
carbon monoxide vs. temperature
inside the heating chamber. The
carbon monoxide is calculated ac-
cording to the equation: pCO =
(2p02-pCO2)/2 which assumes
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Fig. 4. Partial pressure of oxygen 20 f
vs. temperature inside the heating
chamber. The values are calcu-
lated based on Robieet al. (1979).
Open circles (1) represent the
graphite/carbon monoxide equi- 30 F
librium and filled squares (2) re-
present graphite/carbon dioxide
equilibrium. The removal of oxy-
gen in the experiment is effective
above about 600 °C and the upper .40
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curve is assumed to represent 400
maximum oxygen pressures of
the system,

Setup for microthermometric
measurements

During prolonged heating runs using natural
samples, the portion of the quartz top window
placed directly above the opening in the radia-
tion shield gradually loses its transparency. This
problem is most severe at temperatures above
1000 °C. We mainly attribute this to partial con-
densation of volatile species derived from the
samples. Deposition occurs in response to cool-
ing of the gas escaping from the sample chamber.
Limited reaction resulting in the formation of
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unidentified crystalline material within the sur-
face of the quartz glass (top window) has also
been observed.

In order to partly circumvent this problem
during microthermometric runs, we direct the in-
coming purge gas towards the top window of the
stage (Fig. 5). The nitrogen is thus led from one
of the gas ports and through a 3 mm OD alu-
minium tube which has been horizontally flat-
tened at its outlet to obtain an opening 0.7 mm
high and 5.0 mm wide. Thus the gas emissions
rising from the chamber are partly deflected and
cooled, resulting in reduced deposition in the op-
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tical pathway. Flow rates used are 150-200 ml
per minute. In this configuration, the two remain-
ing gas ports of the TH1500 are used as outlets,
and each outlet is connected to a ca. 20 cm length
of thin silicone rubber tubing in order to prevent
back-diffusion. The described setup has proven
to function reliably (Hansteen, 1991).

Discussion

The principles for maintaining low oxygen partial
pressures in the sample chamber during high
temperature microthermometry can be sub-
divided into three groups:

a) Gas-phase reactions within the heating
chamber, where fO2 is adjusted through varia-
tions in the relative proportions of two or more
gas species (e.g. Ar-H, He-H;, COz2-Hz) (e.g.
Clocchiatti & Metrich, 1984; Reviews in Sobolev
& Kostyuk, 1975).

b) Gas-phase reactions within the heating
chamber, where fO; is adjusted by controlling the
purity of an inert purge gas (Sobolev et al., 1980;
Zapunnyy et al., 1989).

c) Solid-gas reactions within the heating
chamber, where fO2 is internally controlled (this

paper).

A reproducible steady state of oxygen activ-
ity can be attained with each of the methods de-

N. Oskarsson & Th. H. Hansteen

Fig. 5. Photograph of the
opened Linkam® TH1500
stage, showing the aluminium
tube used for inlet of the purge
gas. The tube has been flat-
tened horizontally atits outlet,
and is directed towards the top
window of the stage when the
lid is on.

scribed above. Using the classical method a), the
effective fO; at the sample surface may be
slightly different from the calculative value. This
is due to the largely unknown effects of relative
differences in diffusion rates for each gas species
through the large temperature gradients within
the heating chamber. An advantage of methods a)
and b) is that fO2 can be widely adjusted in an
unproblematic manner. Method b) has the addi-
tional advantage of maintaining relatively low
amounts of condensible species in the purge gas,
and as developed by Zapunnyy et al. (1989), it
features an extremely good fO2 control. The use
of a relatively specialized gas purification as-
sembly can in given situations be a minor dis-
advantage. Method c), as presented here, has the
advantage of yielding well reproducible {O2
levels without the need for any external gas
mixing or purification control. However, the oxy-
gen partial pressure can not be adjusted. This
might be a minor disadvantage in certain applica-
tions.

Conclusions

The presence of gra%hite within the sample
chamber of the Linkam~ TH1500 stage maintains
very low partial pressures of oxygen at elevated
temperatures, The system is apparently not at
thermodynamic equilibrium, but attains a repro-
ducible steady state of oxygen activity. The max-
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imum partial pressure of oxygen at 1300 °C is
estimated at 107! bar. Oxygen removal from
commercial nitrogen by burning on graphite is a
«simple and clean method that produces low
amounts of condensible volatile salts within the
sample chamber. The described setup represents
a supplement to other high-temperature micro-
thermometric methods.

Acknowledgements: Thanks are due to Drs. R.
Clocchiatti and I-Ming Chou for constructive re-
views.

References

Clocchiatti, R. & Metrich, N. (1984): Témoignages de la
contamination dans les produits des éruptions explo-
sives des M. Silvestri (1892) et M. Rossi (1669)
(M. Etna). Bull. Volcanaol., 47-4 (2), 909-928.

Hansteen, T. H. (1991): Multi-stage evolution of the
picritic Melifell rocks, S.W. Iceland: Constraints
from mineralogy and inclusions of glass and fluid in
olivine. Contrib. Mineral. Petrol., 109, 225-239,

Jakobsson, S. & Oskarsson, N. (1990): Experimental de-
termination of fluid compositions in the system

C-O-H at high P and T and low fO2. Geochim.
Cosmochim. Acta, 54, 355-362.

Robie, R. A., Hemmingway, B. S., Fisher, J. R. (1979):
Thermodynamic properties of minerals and related
substances at 298.15 K and 1 bar (10° Pascals) pres-
sure and at higher temperatures. Geol. Surv. Bull.
1452, US Government Printing Office, Washington,
456 pp.

Roedder, E. (1984): Fluid inclusions. Rev. Min., 12, 644

pp.

Sobolev, A. V., Dmitriev, L. V., Barsukov, V. N., Nev-
sorov, V. N., Slutsky, A. B. (1980): The formation
conditions of the high-magnesium olivines from the
monomineralic fraction of Luna 24 regolith, Proc.
Lunar Planet. Sci. Conf. 11th, 105-116.

Sobolev, V. 8. & Kostyuk, V. P. (1975): Magmatic crys-
tallization based on a study of melt inclusions.
Nauka Press, Novosibirsk, 182-253 (in Russian;
Translated in part in Fluid Inclusion Research, Proc.
COFFI, 9 (1976)).

Zapunnyy, S. A,, Sobolev, A. V., Bogdanov, A. A,, Slut-
skiy, A. B., Dmitriyev, L. V., Kunin, L. L. (1989):
An apparatus for high-temperature optical research
with controlled oxygen fugacity. Geochem. Inter-
nat., 26, 120-128.

Received 11 June 1991
Accepted 21 November 1991






