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ABSTRACT

Polished wafers of San Carlos olivine, containing fluid inclusions, were heat treated at
temperatures up to 1400 °C at oxygen fugacities within the stability field of Fo,,, that is,
approximately between the fayalite-magnetite-quartz and iron-wiistite buffers. The f;, was
controlled by appropriate mixtures of H, and CO, or CO and CO,. Analysis by micro-
thermometry (mT) and laser Raman microprobe (LRM) showed all of the fluid inclusions
to consist of pure CO, before the experiments were performed. However, when these same
inclusions were checked by mT after 1 to 161 h of heat treatment, melting-point depressions
(cf. —56.6 °C for pure CO,) were observed. The lowest final melting temperatures, about
—63.5 °C, were recorded for samples treated at the lowest f;, values. LM analyses showed
many of these re-equilibrated inclusions to consist of mixtures of CO and CO,, ranging
from trace CO to 44 + 5 mol% CO. The inclusions treated at the lowest f,, values also
contain moderately well crystallized graphite, as revealed by LRM analysis, but not detect-
able optically. Rapid reactions obviously have occurred among (1) the initially high-£,,,
pure-CO, fluid inclusions, (2) the natural olivine with its inherent Fe?*-Fe** ratio and
defect abundance, and (3) the reducing H,-CO, and CO-CO, mixtures in the furnace gas.
Clearly, oxidation-reduction and diffusion are involved in the re-equilibration. The rapid-
ity of the reactions seems to rule out ionic diffusion, including pipe diffusion along dislo-
cations. The most likely mechanism of re-equilibration involves the diffusion of metal
vacancies (point-defect diffusion) within the host olivine. Changes in defect concentrations
in the solid, in response to the externally imposed f,,, resulted in the transfer of oxygen
from the inclusion fluid to the surrounding solid. This transfer resulted in the production
of CO: 2CO, = 2CO + O,. The precipitation of graphite in the lowest-f,, experiments is
significant in that the combined reactions CO, = C + O, and 2 CO = CO, + C prevented
the inclusion fluid from exceeding about 42 mol% CO, even though the predicted com-
positions were up to 90 mol% CO (considering only the equilibrium 2CO, = 2CO + O,).
In other words, the inclusions became internally buffered along the CCO buffer. The rapid
re-equilibration of fluid inclusions (and their host minerals) suggests the unlikelihood of
detecting trapped fluids whose compositions represent early magmatic processes deep in
the upper mantle. It also suggests that some further cautions are required in the interpre-
tation of “inherent” mineral characteristics such as defect concentrations and intrinsic
oxygen fugacity.

INTRODUCTION

It has been recognized that volatile species of C-O-H-S
composition must exist in the mantle in some physical
state (free volatile phase, dissolved in melts, in interstitial
solid solutions, incorporated as complex anions in min-
erals). Physical evidence of the evolved compositions of
the mantle volatiles exists in fluid inclusions trapped in
mantle xenoliths (Roedder, 1965; Murck et al., 1978;
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Bergman, 1981; Andersen et al., 1984) and in volatiles
released from active volcanoes (e.g., Gerlach and Nord-
lie, 1975). Our increasing understanding of high-temper-
ature and high-pressure phase equilibria has made clear
the significance of these volatiles in the partial melting of
mantle peridotite (e.g., Eggler, 1976; Wyllie, 1980; Taylor
and Green, 1987; Green et al., 1987), in the transport of
major and trace elements and the mechanism of meta-
somatism (Wendlandt and Harrison, 1979; Spera and
Bergman, 1980; Ryabchikov et al., 1982; Mysen, 1983;
Schneider and Eggler, 1986; Eggler, 1987), and in the
transport of heat (Spera, 1981).
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Combining the data from trapped fluids with the in-
ferences from experimental and theoretical petrology has
led to the consensus that the volatile component in the
mantle most likely is a mixture predominantly of CO,,
H,O, CH,, and sulfur species. For the pressures and tem-
peratures of the upper mantle, CO, and H,O would be
the dominant species at oxygen fugacities equal to or
greater than the wiistite-magnetite buffer. At still lower
Jo, values, as reported in type I xenoliths investigated by
Arculus et al. (1984), the speciation would be dominantly
CH,-H,O (Eggler and Baker, 1982). Furthermore, at pres-
sures greater than about 22 kbar, CO,-H,O volatiles would
not exist as a free mobile phase, but rather would be
stabilized in carbonated and hydrated minerals or dis-
solved in coexisting melt (Olafsson and Eggler, 1983). If
reduced species such as CH, instead are stable (see Taylor
and Green, 1987; Green et al., 1987), then the volatiles
are free from the constraint of being locked into solid
phases.

Almost all the fluid inclusions found in xenoliths prob-
ably are secondary (Roedder, 1965; Murck et al., 1978;
Bergman, 1981), captured during crack healing and re-
crystallization of their host rocks (Evans and Wanama-
ker, 1983; Wanamaker and Evans, 1984). The fact that
all of these inclusions are almost pure CO, rather than
the CO,-H,O mixtures predicted by many researchers (see
summary in Pasteris, 1987) attests that compositional
changes have occurred in the original fluid (e.g., Mack-
well and Kohlstedt, 1987). Two unusual exceptions are
the presence of both H,0O and CO, in mantle inclusions
from Ichinomegata, Japan (Trial et al., 1984), and Lake
Nyos, Cameroon (Devine, 1987), as well as several mol%
CO with CO, in inclusions from the Lunar Crater Vol-
canic Field, Nevada (Bergman and Dubessy, 1984). Re-
gardless of whether the inclusions are primary or second-
ary, if (as is generally accepted) the volatile fugacities are
buffered by the solid phases in the upper mantle and low-
er crust, then even late-stage fluids should reflect the in-
herent oxidation state of their host rocks. They clearly do
not; under P-T conditions of the upper mantle and for
an fo, along the fayalite-magnetite-quartz buffer, a C-O-H
fluid would be dominantly CO,, but also would have a
considerable proportion of H,O (Eggler and Baker, 1982).

The problem of explaining the pure CO, compositions
of fluid inclusions in mantle xenoliths has been recog-
nized previously (e.g., Mathez and Delaney, 1981; Berg-
man and Dubessy, 1984). Two possible explanations are
the disproportionation of CO to CO, and graphite (found
as a precipitate in xenoliths and basalts by Mathez and
Delaney, 1981) or fractional distillation of gases evolved
from the melt, which would purge the system first of CO
and thus enrich the residuum in CO, (Mathez, 1984).
Holloway and Jakobsson (1986) recently have discussed
how the great contrast in solubilities of the different C-O-H
volatiles in silicate melts can result in the eventual pro-
duction of volcanic gases with f;, values about 1.5 log
units more oxidizing than their mantle sources.

The present study concerns natural fluid inclusions in
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mantle rocks that re-equilibrated to new, externally im-
posed conditions in the laboratory. Monitoring of the
changes in the fluid speciation and their dependence on
temperature, f,,, and time places more stringent con-
straints on the mechanism of the changes in inclusion
fluids during equilibration with external conditions. Such
experiments also indicate how rapidly such re-equilibra-
tion can occur under geologically reasonable conditions.
To our knowledge, this is the only study on the experi-
mental re-equilibration of nonaqueous, volatile-bearing
fluid inclusions. Pecher (1981) and Sterner and Bodnar
(1985, 1986) have reported on the experimental re-equil-
ibration of synthetic, brine-filled inclusions in quartz.

EXPERIMENTAL PROCEDURES

Description of samples

Fifteen separate single crystals of olivine (peridot) were inves-
tigated from type I mantle xenoliths from the San Carlos vol-
canic field in Arizona. Type I xenoliths probably represent por-
tions of the wall of the mantle conduit (Irving, 1980) through
which the alkali basalt at San Carlos erupted. The peridot has a
compositional range of approximately Fo,; to Fo,,.

The peridot crystals were made into doubly polished chips
approximately 1 mm thick and 1 cm by 1 cm in area. As shown
in Figures 1A to 11, several different kinds of internal features
are present in the chips, and they differ among the chips. Several
isolated fluid inclusions occur in each sample, usually widely
dispersed but in many cases aligned along specific crystallo-
graphic directions or planes. The inclusions commonly are 8 um
or less in diameter (although some reach 20 um) and are very
difficult to see into because of their high relief and dark color
(Fig. 1A). The optically clear central portions of the inclusions
commonly are less than 6 um. No glass inclusions are observed
nearby. In some cases, however, the original fluid inclusions have
decrepitated during the rise of the xenolith. This process has left
a central cavity surrounded by a fracture plane coated with a
thin film of fluid. Where partial healing of the fracture has oc-
curred, an array of second-generation inclusions exists. Other
inclusions decrepitated during the experiments described below
(Figs. 1E, 1F). Minute (1-20 um) euhedral flakes and rods of
brownish spinel are dispersed in the same patterns and locations
as the fluid inclusions in some samples (Figs. 1G, 1H, 1I). Sev-
eral of the larger spinel grains also apparently contain fluid in-
clusions (Fig. 1B). In one chip (Fig. 11), the finer spinels appear
to be decorating the decrepitation planes surrounding burst fluid
inclusions.

Description of experiments

The polished chips were heat-treated in a gas-mixing furnace
at 1-bar pressure and several temperatures up to 1400 °C for 1
to 161 h (see Table 1). The samples were supported in the fur-
nace either (1) by an alumina crucible lined with San Carlos
olivine and suspended by a Pt wire (samples SC 103, 105, 201)
or (2) by a shallow Pt cup or Pt wire attached to an alumina rod
suspended from the top furnace fitting. At the end of each run,
the chips were rapidly brought to room temperature by removing
the sample assembly through the top of the furnace, resulting in
unobstructed exposure to the air. The oxygen fugacity in the
furnace was controlled for each experiment by mixing appropri-
ate volumes of H, and CO, or CO and CO, at a total flow rate
of 100 cm3/min (Deines et al., 1974). In order to remain within
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Fig. 1. (A) Isolated, intact fluid inclusion containing pure
CO,. Untreated sample SC307. Scale bar = 30 um. (B) Yellow-
brown (appears black), isolated spinel containing apparent fluid
inclusions. In untreated sample SC307, a few hundred micro-
meters from Fig. 1A. Scale bar = 30 um. (C) Inclusion 14 after
first experiment on sample SC103B. Two elongated black fins
are fractures, probably induced by stretching of inclusion during
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heating. Minute, secondary fluid inclusions ring original inclu-
sions. Central, larger inclusion contains both CO, and CO. No
Raman signal for graphite. Scale bar = 30 um. (D) For compar-
ison, an array of secondary fluid inclusions along curved fracture
plane in natural, unannealed pyroxene grain in mantle xenolith
from Kilbourne Hole, New Mexico. Scale bar = 30 um. (E)
Looking down onto plane of partially annealed decrepitation fea-
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the f,, stability field for the natural olivine (Nitsan, 1974), the
furnace atmosphere was maintained approximately between the
iron-wiistite (IW) and wiistite-magnetite (WM) buffers. In spite
of these precautions, samples that had undergone long heat treat-
ment in the presence of Pt showed Fe diffusion and precipitation
on the chip surface as either an oxide or metal phase (cf. Kohl-
stedt and Mackwell, 1987). We assume that any chemical effects
of the Pt would have only a secondary effect on the fluid re-
equilibration,

In all but one case, the experiments involved treatment at an
Jo, lower than that reflected by the composition of the fluid in
the inclusions in the olivine chip. The exception is run SC103B,
which initially was equilibrated at an f,, between IW and WM,
but subsequently was run at much higher f;,, values; LM analysis
was done at the completion of each of the two experiments. For
many of the olivine samples, a single chip was treated under the
same conditions in several steps for differing lengths of time in
order to permit MT monitoring of the reaction progress in the
inclusions (see Wanamaker, 1986). The Mt and LRM analyses
reported in Table 1 were done only at the completion of the
entire set of steps. However, since some of the chips were treated
for much shorter lengths of time and at lower temperatures than
others, the LRM analyses permit some evaluation of reaction rates
and progress.

ANALYTICAL TECHNIQUES

Both intact and decrepitated fluid inclusions in San Carlos
olivine samples were analyzed by microthermometry (MT) and
laser Raman microprobe (LRM) spectroscopy. A much larger suite
of olivine samples and inclusions was analyzed by Mt alone
(Wanamaker, 1986). Standard microthermometric techniques
were used, e.g., in determining equilibrium melting and homog-
enization temperatures and in calculating accuracy and repro-
ducibility (Roedder, 1972; Hollister and Crawford, 1981).
Microthermometry was done (by B.J.W.) on a Chaix-Meca heat-
ing-freezing stage, calibrated against the melting of apparently
pure CO, inclusions in mineral standards. For peridot from one
experimental run, the microthermometry was carried out in sep-
arate laboratories by Wanamaker and Pasteris, as an indepen-
dent check on accuracy and reproducibility. Pasteris used a mod-
ified SGE-USGS stage (Pasteris, 1983) calibrated against pure
organic liquids. Because of the varying degrees of difficulty in
seeing into individual fluid inclusions, especially for the thick
mineral plates used in this study, the accuracy and precision in
recording the phase changes differ among the inclusions (see
Wanamaker, 1986). In most cases, the accuracy and precision of
the analyses are within +0.4 °C. The melting temperatures for
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those inclusions studied by both authors in most cases agree
within the stated error limits.

Inclusions in both treated and untreated San Carlos olivine
samples were analyzed with a 1983 model RAMANOR uU-1000 laser
Raman microprobe (Instruments, SA), which permits the spec-
troscopic analysis of covalently bonded species in solid, liquid,
and gas samples as small as about 2 um (see, €.g., Rosasco and
Etz, 1977, Dhamelincourt et al., 1979). The analytical condi-
tions were excitation by the 514.5-nm line of an Ar* laser, ap-
proximately 10-mW laser power at the surface of the rock wafer,
spectral steps of 0.5 cm—', and counting times of 10 s per point.
The microscope objectives used are a 40 x Nachet (N.A. = 0.75),
an 80 x Nachet (N.A. = 0.90), and a 160 x Leitz (N.A. = 0.95).

The analytical reproducibility and limits of detection for LRm
analyses are strongly dependent on the size of the fluid inclusion,
its depth below the surface of the mineral grain, the optical prop-
erties of the inclusion and its host, as well as the concentration
of the species of interest. For the inclusions analyzed in this
study, the reproducibility of the individual LrRM analyses is es-
timated to be about =5 mol% CO, accuracy to be about +7
mol% CO, and limits of detection to be about 2- to 3-bars partial
pressure for each of the volatiles investigated (see Discussion).
Derivation of the above factors as well as the method of deriving
molar proportions of species from their Raman spectra are de-
scribed in detail in Wopenka and Pasteris (1986, 1987) and Pas-
teris et al. (1988). The LrM spectra in Figure 2 show total counts
plotted against frequency, in terms of wavenumber, i.e. cm~!.

REsuULTS
Microthermometric results

Before heat treatment, the inclusions in the San Carlos
olivine samples had melting temperatures of —56.6 =+
0.5 °C, indicative of pure CO,. Their homogenization
temperatures (77,) indicate a range of initial densities from
about 0.91 to 1.05 g/cm® and final densities (after heat
treatment) as low as about 0.5 g/cm?® (Vukalovich and
Altunin, 1969). After heat treatment at controlled f,,, most
of the original, intact fluid inclusions showed depressions
in their melting points, compared to their original values
(Table 1). Most inclusions also showed changes in their
T, values. In some of the experiments involving step-wise
treatment, the T, values initially decreased and then in-
creased in succeeding steps (Wanamaker, 1986).

Optical examination of the samples after the experi-
ments confirmed that the intact fluid inclusions have no
fractures connecting them to the surface of the sample

(_

ture in sample SC103B. Large, dark-rimmed central circle in
cavity of original fluid inclusion (no. 31). Some secondary, dark
fluid inclusions line fracture to right of center. Isolated fluid in-
clusion C is labeled. Other trails of minute fluid inclusions along
subgrain boundaries and fracture are faintly visible (labeled s);
gave no Raman signal for gases. Scale bar = 100 um. (F) En-
largement of Fig. 1E, showing cavity of original fluid inclusion
(dark-walled, circular). No Raman signal for graphite. Irregular
tubules are the pores still remaining after partial annealing. Dark-
er gray areas of tubules (t) are filled with liquid. Colorless areas
are vapor filled; no Raman signal for volatiles from either phase.
Intertubule colorless regions show where the fracture has been
healed, i.e., annealed (a). Scale bar = 30 um. (G) Untreated per-

idot sample SC401. Circular features are edges of unannealed
decrepitation fractures. Parallel lineations are lined with several
thin spinel rods (black), a cavity (d) from decrepitated fluid in-
clusion (larger, dark-rimmed ellipse), and several smaller, filled
fluid inclusions (f). Scale bar = 100 um. (H) Untreated peridot
sample SC307. Most of opaque, larger bodies are brown spinels
(s). Some of smallest black dots are fluid inclusions (f). Photo-
graphs 1A and B are enlargements of this field. Scale bar = 200
pm. (I) Untreated sample SC401, area near that in Fig. 1G. Black
spinels here appear to be decorating a decrepitation surface. Some
spinels at center of field have formed chains of square crystals
linked by corners. Scale bar = 100 um.
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TABLE 1. Representative microthermometric and Raman microprobe data

LRM
Inclusion Ta" (°C) T (°C) % CO Gri v, CO, v, CO, Av CO,
Sample 103B (first experiment): 1400 °C, H,-CO, mixture, log f,, = ~8 + 1, 161 h, 36% + 20% CO (calc.)
C — — 47 no 1285 1388 103
D — — 44 — 1284 1387 103
E - — 45 — 1284 1387 103
14 -61.5 v 41 — 1284 1387 103
15 —62.0 v 42 — 1284 1387 103
24 —61.2 — 28 — 1284 1387 103
31 -62.4 —_ 43 —_ 1284 1388 104
19 - — 45 — — 1387 —
Avg.f -61.9 v
Sample 103B (second experiment): 1400 °C, H,-CO, mixture, log f,, = —6 = 0.5, 72 h, 7% + 2% CO (calc.)
A1 — — ND no 1285.5 1388.0 102.5
C — — ND — 1283.5 1386.5 103.0
31 — — ND — 1282.5 1386.0 103.5
19 — — ND — — 1388 —
Avg.f -57.7 v
Sample 101: 1200 °C, H,-CO, mixture, log f,, = —11 £ 1, 1 h, 47% = 22% CO (calc.)
A-1 — — 10 no 1281.0 1385.5 104.5
B-1 — — 11 no 1281.5 1386.0 104.5
C-1 — — 10 no - 1385.5 —
Avg.i ~59.1 |
Sample 105: 1075 °C, H,-CO, mixture, log f,, = —12.8 = 1, 1.5 h, 50% + 25% CO (calc.)
1-A-2 — — ND = — 1385.5 —
6 -57.0 -11.5,1 ND no — 1386.0 -
Avg.} -57.0 |
Sample 201: 1282 °C, H,-CO, mixture, log f, = —10 £ 0.5, 101 h, 66% + 9% CO (calc.)
A-1 — — 19 no 1281.5 1386.0 104.5
B-1 — — ND — 1285.0 1387.5 102.5
B-2 — — Tr — 1283.5 1387.0 103.5
Avg.t -59.9 |
Sample 307A: 1400 °C, H,-CO, mixture, log f,, = ~6 = 0.5, 113 h, 7% *+ 2% CO (calc.)
4 -57.8 +25.5, | Tr no 1282.5 1386.5 104.0
2 -57.8 +25.5,1 ND — 1283.0 1386.5 103.5
Avg.t -57.9 +25.5, |
Sample 403A: 1400 °C, H,-CQ, mixture, log f,, = —~6 + 0.1, 101 h, 7% + 2% CO (calc.)
1-A-1 - — ND — 1285.0 1388.0 103.0
1-A-2 — — ND — 1284.5 1388.0 103.5
Avg.1 -57.7 +23.2,1
Sample 601B: 1400 °C, H,-CO, mixture, log f,, = =10 + 0.2, 111 h, 87% * 4% CO (calc.)
3 — — ND yes — — —
6 —-63.6 — ND yes — — —
Avg.t —-63.3 v
Sample 602C: 1400 °C, CO-CO, mixture, log f,, = —6 + 0.3, 111 h, 7% + 2% CO (calc.)
A-1 — — ND no — 1386.5 —
B-1 — — ND — — — —
C-1 - — ND — — — o
Avg.t -57.8 +28.8, |
Sample 602D: 1400 °C, CO-CO, mixture, log f,, = —10 + 0.5, 108 h, 90% * 3% CO (calc.)

1-A-1 — — 42 yes 1282.0 1386.0 104.0
10 —63.6 — 39 yes 1282.5 1386.0 103.5
14 == — 46 yes — 1386.0 —

Avg.i —63.6 v

Sample 701B: 1400 °C, H,-CO, mixture, log f,, = ~10 + 0.2, 111 h, 87% + 4% CO (calc.)
14 —-63.4 v 46 — — 1386.0 —
15 — — ND yes — 1386.0 —
Avg.t —63.3 v
Sample 701E: 1000 °C, CO-CO, mixture, log f,, = —12 + 0.4, 125 h, 19% + 8% CO (calc.)
5 -56.9 — ND — — 1386.0 —
6 —571 -17.9,1 ND — — 1386.0 —
B-4 s — ND — - — -
A-1 — — ND no — 1385.5 —
Avg.} —57.2 [
Sample 602: untreated
A — — ND no 1280.5 1385.0 104.5
Sample 100: untreated
A —_ — ND — 1280 1386 106
B —_— — ND — 1280 1385 105
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TaBLE 1— Continued
LRM
Inclusion T.* (°C) T.* (°C) % CO Grt », CO, v, CO, 4r CO,
C - — ND - 1280 1385 105
D — — ND — 1280 1385 105
Sample 307: untreated
B-C - — ND — 1281 1386 105
A-B - - ND — 1281 1386 105
A-A — — ND — 1281 1386 105
Sample 401: untreated
C-A — — ND — 1281 1386 105
A — —_ ND — 1280 1385 105
B —_ — ND — 1279 1385 106
C — — ND — 1280 1385 105
D — — ND — 1280 1386 106
Note: ND = not detected; — = not analyzed for; Tr = trace. Temperatures and log f,, values given in each heading are those that are experimentally

imposed in the furnace. Compositions given in mole percent.
* Melting temperature of CO, solid.
** Homogenization temperature, to liquid (f) or vapor (v} phase.
1 Detection of graphite by LRM.
1 Average of microthermic values of all inclusions in a run.

and thus to the furnace gas. The inclusions remain iso-
lated, but there are short fractures emanating from some
of them (Fig. 1C), commonly accompanied by minute
(~1 um), apparently one-phase fluid inclusions. Clearly,
there has been some stretching and possible leakage.

To demonstrate the kinds of phase changes observed
during MT analysis of the treated olivine samples, two
examples (SC103B and SC201) are discussed. In its initial
low-f,, experiment, sample SC103B underwent a three-
step heat treatment for a total of 161 h. A significant
depression of the melting temperature (AT,, = —1.7 °C)
in the intact fluid inclusions already had occurred in
SC103B after only 2 h of annealing. After a total of 65 h,
the melting-point depression had reached about —3.0 °C.
By the end of 161 h of annealing, the AT,, had tripled
compared to the 2-h run, perhaps in part due to the some-
what lower f;, in the last 96 h of the run. After all three
heat-treatment steps, the fluid inclusions that were stud-
ied in SC103B froze between about —85 and —95 °C.
They showed either major recrystallization or the melting
of one of the solid phases between about —66 and —63
°C. The darkness of the inclusions and their small size
made observations difficult.

In contrast, the inclusions in sample SC201 all froze
between about —70 and —74 °C. They also showed more
complex recrystallization-melting phenomena, in three
stages: in the —80s and —70s °C (probably true recrys-
tallization to coarser grain size), between —70 and —65
°C (phase boundaries move, brightness of phase changes,
perhaps owing to melting of one of the solids), and a
major phase change just below the ~ —60 °C melting tem-
perature (perhaps true polythermal melting in a complex
system with only three coexisting phases). This complex
phase behavior in sample SC201 resembles that de-
scribed by Bergman and Dubessy (1984) for natural CO-
CO, fluids in a composite mantle xenolith. The difference
in the MT phenomena between samples SC103B and
SC201 is probably due to differences in both CO content

and bulk density of the two fluids. More P-V-T-X infor-
mation on the CO-CO, system might clarify these phase
changes.

No evidence was found for the presence of H,O in the
inclusions studied in the San Carlos olivine samples. A
separate water phase is not visible along the inclusion
walls. However, the latter appear so dark and thick that
>20 vol% H,O could be hidden there. In further confir-
mation of the lack of water, no melting of clathrate was
observed during MT analysis.

Raman results

Approximately 50 inclusions in 15 different polished
samples of olivine crystals were analyzed with the LrRm
(representative analyses in Table 1). Four of the samples
had not been heat-treated, so their inclusions represent
the original fluid compositions and densities. About 12
inclusions were analyzed for CO,, CO, H,S, CH,, H,, N,,
and SO,. The remaining inclusions were analyzed only
for CO and CO,. Because H,O is an extremely weak Ra-
man scatterer, it was not analyzed for. In all of the un-
annealed samples, only CO, was detected (Fig. 2A).

As an example of the kinds of results derived by LRM
analysis, two samples (SC103B and SC602D) are dis-
cussed in detail. Raman results for all the samples are
tabulated in Table 1. Sample SC103B was analyzed for
the above gases after each of two sets of experiments: the
first at relatively low and the second at higher f;,. The
corresponding Raman results are discussed below. Where
possible, the same inclusions were analyzed after each
run. After the first, low-f,, experiment, (only) CO was
detected in addition to CO, in each inclusion. For seven
of the eight inclusions analyzed after the first experiment,
the Raman-derived compositions range from 41 to 47
mol% CO. These inclusions are compositionally indistin-
guishable: 44 = 5 mol% CO (Table 1). However, inclu-
sion 24, which physically appears the same as the others
but has a somewhat higher melting point, gave reproduc-
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Fig. 2. Spectral conditions are discussed in text. (A) Raman
analysis of 4-um fluid inclusion C in area B of untreated olivine
SC-307. Only CO, detected. Reference no. 370C1.DAT, J13. (B)
Raman analysis of inclusion 10 in SC602D, annealed for 109 h
at 1400 °C and log f,, of —10 + 0.5. Relatively broad peaks for
graphite (G) and much narrower peaks for volatiles CO and CO,.
Reference no. 602D-B1L, 602D-BIM.DAT, J61. See text for

discussion.

ible compositions of about 28 mol% CO. The results of
the first experiment therefore indicate that after 161 h at
1400 °C and log f5, of —8 to —9, the fluids in all but one
of the isolated, intact inclusions that were analyzed in
sample SC103B re-equilibrated to the same composition.
Furthermore, re-equilibration began after only 2 h.

The correlation of about 44 mol% CO with about —5.5
°C T,, suggests a melting-point depression of about 1 °C
per 8 mol% CO in the CO-CO, system. This is quite
different from the correlation of 1 °C per 2-3 mol% CO
derived by Bergman and Dubessy (1984), but their fluid
inclusions had a density of about 1.0 g/cm3, somewhat
more dense than the present inclusions after heat treat-
ment.

Because of the possible initial presence of graphite or
its production in reactions during heat treatment of sam-
ple SC103B, this phase was carefully scanned for in an
unannealed sample as well as in SC103B, particularly in
dark-rimmed fluid inclusion 31. No graphite was detect-
ed, although the LrM can reveal graphite coatings on the
order of several hundred angstroms in thickness (Pasteris
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and Wopenka, 1987). Various proportions of CO and a
lack of graphite were also recorded by the LrM for several
other samples run at different 7-f,, conditions (Table 1).

The same sample SC103B was analyzed with the LrRm
after the second experiment at 1400 °C and log f;,, of —6
+ 0.5. No CO was detected in the inclusions that previ-
ously had contained more than 40 mol% CO. In addition,
the Raman signals for CO, were weaker than in the anal-
yses done after the first experiment, and the specific po-
sitions of the Raman peaks for CO, had shifted for some
inclusions. Both of these observations suggest some fur-
ther decrease in internal pressure of the inclusion fluid
between the first and second experiments (see Discus-
sion).

Only one experiment was done on sample SC602D.
LRM analyses on three inclusions in this sample gave Ra-
man results of 39, 42, and 46 mol% CO. Within the limits
of reproducibility of the LrM technique on inclusions of
this size and optical clarity, these three inclusions are
compositionally indistinguishable: 42 + 5 mol% CO. Two
other properties of the Raman spectra of this sample are
significant: (1) Reference to the specific peak positions for
CO, indicates that the internal pressures of the inclusions
in this sample are unexpectedly high, given their high re-
equilibration temperature (1400 °C; cf. 1200 or 1282 °C
for other samples; see Discussion). (2) In spite of their
high molar proportion of CO and their high internal pres-
sure, the inclusions do not give the strong Raman signals
obtained from inclusions of comparable size and depth
in sample SC103B (after first experiment).

Both of the above observations can be explained (see
Discussion) by the fact that graphite has precipitated on
the walls of the inclusions in SC602D, as was revealed
by LrM analysis (Fig. 2B). Only in samples SC602D,
SC601B, and SC701B was graphite detected, although
representative inclusions from all chips were checked with
the LrM. Furthermore, it is not evident optically in the
above three samples that graphite coats the inclusions.
The small size of the inclusions in most samples and the
large refractive index contrast between the fluid and the
olivine give the inclusions in all samples relatively thick,
dark rims. No carbonate phase was detected in the inclu-
sions, in contrast to some natural graphite-bearing fluid
inclusions in olivine from kimberlites and from trocto-
lites of the Duluth Complex (Pasteris and Wanamaker,
1987).

DiscussioN
Interpretation of Raman analyses of fluids

The analysis and interpretation of these inclusions
demonstrate several of the advantages of Lrm analysis
compared to other analytical techniques: excellent optical
resolution, sensitivity to density and/or pressure differ-
ences, ability to analyze individual inclusions, and ability
to estimate detection limits. The small size of some in-
clusions makes it very difficult to determine accurate
melting and homogenization temperatures; the thickness
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of the heating-freezing chamber limits the researcher to
a 32x or 40x, long-working-distance objective. How-
ever, the LRM permits complete access to the sample, so
that up to a 160x objective was used to analyze inclu-
sions only a few micrometers in diameter. As indicated
above, the LRM detected graphite in cases in which optical
observations failed to distinguish it.

Because of the constraints of the phase rule, all pure
CO, fluid inclusions with a coexisting liquid and vapor
phase have an internal pressure of 64 bars at 25 °C. In-
clusions that by this temperature already have homoge-
nized to a one-phase liquid (in all untreated samples and
samples treated at higher f;, values) or to a one-phase gas
(true for some very stretched or leaky inclusions and for
samples treated at very low f,, values) have pressures
greater or less than 64 bars, respectively. The addition of
CO to CO, also will change the above pressure values.

Bertran (1983) has shown that the exact spectral posi-
tions of and the spacing between the two Raman peaks
for CO, (nominally at 1285.5 and 1388.0 cm~! at 1 bar)
are a function of pressure. As pressure increases, the po-
sition of the higher-frequency peak remains almost con-
stant or shifts down slightly, whereas the lower-frequency
peak shifts down more markedly. The separation between
the peaks (A») thereby increases with pressure (Bertran,
1983).

For the inclusions in all four unannealed samples that
were analyzed, the CO, peak positions have a separation
of 104.5 to 106.0 cm . Values of Av = 104.5 cm~! were
found in samples SC101, annealed at 1200 °C, and SC201,
annealed at 1282 °C (see Table 1). However, in sample
SC103B (after first experiment), annealed at 1400 °C, sev-
en of the eight inclusions analyzed had CO, peak posi-
tions at 1284 and 1387 ¢cm~!, i.e., Av = 103 cm~!. The
re-equilibrated inclusions clearly have lower internal
pressures than the original inclusions. As expected, there
is a correlation between temperature of re-equilibration
and internal pressure in an inclusion. This correlation is
due to stretching of the inclusions by elevating their tem-
perature while not concurrently increasing the confining
pressure on the host mineral. An interesting exception to
this correlation between re-equilibration temperature and
internal pressure is sample SC602D, which was treated
at 1400 °C, but which retains the CO, peak positions for
a moderately high-density fluid (Av = 103.5-104.0), as
mentioned above. This effect probably is due to the pre-
cipitation of graphite, which decreases the volume in the
inclusion and effectively elevates the internal pressure
compared to what it would have been if the inclusion had
only stretched (see Bergman and Dubessy, 1984).

The frequency shift for CO, is difficult to calibrate for
exact pressures (Bertran, 1983); the important point is
that all the CO, peaks were measured with the same spec-
trometer setting, making intersample comparisons pos-
sible. The recorded peak positions are accurate to about
+1 cm~! and reproducible to +0.5 cm~!, which was the
stepping interval used in this study. The amount of pres-
sure change in a heat-treated sample does not seem to
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correlate with the CO-CQ, ratio in individual inclusions,
i.e., in sample SC103B (first experiment), inclusion 24
has the lowest CO/CO, ratio, but it is inclusion C that
shows the lowest internal pressure.

The lack of detection of CO by LrM in many of the
inclusions must be regarded with caution, especially in
the cases in which these same inclusions exhibit a depres-
sion of their melting temperature. Because of the optical
constraints on micro-Raman spectroscopy, the limits of
detection for a species A are governed by the smallest
number of molecules of A that can be detected in the
focused irradiated volume in the sample. In other words,
for an inclusion that is at least as large as the volume of
the focused laser beam (several micrometers in diameter
after penetrating the mineral host), the detectability of
species A depends on both its concentration in the fluid
and the density of the fluid. The combination of density
and concentration in a volatile phase is actually partial
pressure. In controlled experiments on glass capillaries
and fluid inclusions with excellent optics (Wopenka and
Pasteris, 1987), we determined our detection limits for
CO, and CO to be about 1-bar partial pressure. As dis-
cussed above, the properties of the present samples are
such that for those fluid inclusions with good optics, we
estimate the detection limits to be 2- to 3-bars partial
pressure for CO and for CO,. Considering CO,-dominant
inclusions with densities of 0.8 to 1.0 g/cm3, 3-bars par-
tial pressure of CO at room temperature translates into 3
mol% to 1 mol%, respectively. Therefore, for the inclu-
sions under study, a few mole percent CO in an inclusion
should be detectable. However, the graphite coating on
the inclusion walls caused relatively low count rates for
inclusions in samples SC602D and SC601B. Poor inclu-
sion optics and excessive depth of inclusions beneath the
surface of the chip caused deterioration of the detection
limits (i.e., elevated them above 2- to 3-bars partial pres-
sure) in samples SC602C and SC701E, and to a lesser
extent, in SC105 and SC201.

For inclusions with good optical properties, the limits
of detection of an LrRM could be exceeded in two different
ways, i.e., too small of an inclusion volume and too low
of a species concentration in an inclusion (see Wopenka
and Pasteris, 1987; Pasteris et al., 1988). Some very thin
films of fluid have been captured along the partially an-
nealed decrepitation plane of SC103B shown in Figures
1E and 1F, which generate a minute vapor bubble upon
cooling. No CO, or CO was detected by the LrRM in these
films even for counting times of 60 s per wavenumber.
There also was no signal for CO,, CO, H,, or O, in the
presumably low-density, round, 1-um, secondary inclu-
sions that formed along subgrain boundaries or disloca-
tions centered on the decrepitated inclusions.

Interpretation of Raman analyses of graphite

As recorded in Table 1, graphite was detected by LRM
in three samples: 601B, 602D, and 701B. There is a long
history of the use of Raman spectroscopy to characterize
graphitic and other carbonaceous materials (e.g., Tuinstra
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and Koenig, 1970; Vidano and Fischbach, 1978; Neman-
ich and Solin, 1979; Lespade et al., 1982; Beny-Bassez
and Rouzaud, 1985). Figure 2B is the Raman spectrum
of inclusion 10 in sample SC602D, which illustrates the
spectroscopic features of the precipitated graphite. Both
the first-order (1200-1700 cm~') and second-order (2400—
3300 cm~!; overtone) Raman bands are useful in char-
acterizing the degree of crystallinity of C, i.e., the crys-
tallite size of graphite. Single crystals of graphite have the
fewest as well as the sharpest bands of all the graphitic
or carbonaceous materials. The ratios of the intensities
of certain bands are a function of the crystallite size
(Tuinstra and Koenig, 1970). The actual degree of crys-
tallinity of the C, in turn, is a function of the nature of
the precursor carbonaceous material (e.g., glassy C, aro-
matic hydrocarbon, C-O-H vapor) and the thermal his-
tory of the sample.

The spectrum in Figure 2B shows that graphite in the
fluid inclusion from sample SC602D is moderately well
crystallized, as would be expected for C precipitated from
a fluid phase at 1400 °C. The well-crystallized nature of
the graphite is revealed by the fact that the most intense
first-order peak is at 1584 cm~! and that this peak shows
only a shoulder at 1627 cm!. In general, as the degree
of crystallinity of graphite decreases, i.e., the crystallite
size decreases, the 1584 cm~! peak broadens and shifts
toward higher wavenumbers. Although the present sam-
ple clearly is well crystallized, it is not single-crystal
graphite, as shown by the development of a strong Ra-
man peak at about 1360 cm~'. This peak is associated
with “disorder” in the graphite structure (Vidano and
Fischbach, 1978).

In well-crystallized graphite, there are also three groups
of second-order, overtone bands. These are all displayed
in Figure 2B: a strong doublet at 2700 and 2735 (dis-
played as 2698 cm~') and weaker bands at 2450 and 3250
cm~!. As the crystallite size decreases, these second-order
features broaden and the fine structure on the 2710 band
disappears (as in Fig. 2B); an additional feature develops
at about 2950, as recorded at 2942 cm~! in Figure 2B.
The relative intensities and breadths of the second-order
bands as well as the ratio of the intensities of the 1360
to the 1585 bands (0.26 in this case) indicate a crystallite
size of about 200 A (Tuinstra and Koenig, 1970; Neman-
ich and Solin, 1979; Lespade et al., 1982). It is interesting
1o note that the ratio of the intensities of the 2710 to the
1585 bands, as well as the fine structure on the 1585
band, looks like those for glassy carbons heat treated at
2600 °C (Vidano and Fischbach, 1978), i.e., much better
crystallized than glassy carbons heated at 1400 °C (tem-
perature of the present experiments).

Generation of CO-bearing inclusions

To our knowledge, Bergman and Dubessy’s (1984) is
the only previous report of the detection of CO in indi-
vidual inclusions in mantle xenoliths, in their case, un-
treated natural samples. The inclusions in our study,
however, clearly have undergone re-equilibration. In
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evaluating the results of the present experiments, two ma-
jor questions must be addressed. (1) What is the mecha-
nism by which a pure CO, fluid is converted to a mixture
of CO and CO,? (2) Are the compositions of the inclu-
sions the same as those predicted for the temperature and
fo, conditions of their respective experiments?

Determination of the mechanism of speciation change
in the fluid involves consideration of (1) internal equili-
bration of the CO, fluid with the surrounding mineral,
(2) response to the fo, gradient between the fluid inclu-
sions and the furnace gas, and (3) response to the con-
centration gradient between the fluid inclusions and the
actual gas species in the furnace. To fully define the one-
phase (fluid) binary C-O system, three variables must be
fixed; possibilities are P, T, f5,, and composition. Once
three of these parameters are fixed (in our experiments,
the first three), then the bulk composition of the fluid as
well as its actual speciation are fixed and can be calcu-
lated. Therefore, in order to attain equilibrium with the
lower f;, prevailing in the furnace gas, the bulk compo-
sition of a fluid inclusion must change.

The specifics of the proposed mechanism of re-equili-
bration are discussed in detail by Wanamaker (1986 and
in prep.), and therefore are only summarized here. Al-
though both gas-gas and gas-mineral reactions ultimately
are responsible for the changes in speciation in the fluid
inclusions, simple diffusion of volatiles (e.g., H, + CO,
= H,0 + CO) to or from the inclusions probably was not
the major mechanism of re-equilibration. The rapidity
with which the re-equilibration process begins requires
that the external f,, be communicated to the fluid inclu-
sions by rapidly diffusing point defects and not by diffu-
sion of gas species (Wanamaker et al., 1987). The fact
that consistent fluid compositions were generated in the
inclusions regardless of whether H,-CO, or CO-CO, gas
mixtures were used in the furnace further supports the
argument against diffusion of specific gas species into the
inclusions. In addition, the diffusivity of the point-defect
species responsible for the re-equilibration is consistent
with that measured for Mg and Fe vacancies in olivine
(Nakamura and Schmalzreid, 1984). The exact compo-
sition of a re-equilibrated fluid inclusion and the rate at
which that composition is finally attained probably de-
pend on the solubility of point defects in the surrounding
olivine (i.e., its buffering capacity) and on the slower lat-
tice diffusion of atomic species away from the inclusion
once the olivine’s solubility limits have been exceeded.

The specific compositions of the inclusions are another
matter of consideration. Figure 3 is a plot of Mt final
melting temperatures of the fluid inclusions vs. the rela-
tive oxygen fugacity imposed on them by the furnace at-
mosphere (expressed as number of log £, units below that
of the FMQ buffer). Each data point represents several
inclusions in a single olivine sample. The points are la-
beled with two values of mol% CO (in a CO-CO, mix-
ture): the value calculated for the T-£;,, conditions in the
furnace [in brackets] and the average value derived from
LrRM analyses of individual inclusions (in parentheses).
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Fig. 3. Plot of melting temperature of fluid inclusions vs.
furnace-imposed f5,, relative to FMQ (Alog fo,). Vertical bars
indicate range and uncertainty in Mt values; horizontal bars for
uncertainty in furnace f,. Asterisks denote samples equilibrated
with CO-CO, gas mixtures; all others treated in H,-CO, mixtures.
Values in brackets are mol% CO calculated for CO-CO, fluid at

5-10 kbar in equilibrium with imposed f;,. Values in parentheses
are mol% CO derived from LrM analyses on inclusions. Arrows
along x axis show f;, of wiistite-magnetite (WM) and iron-wiistite
(IW) buffers at 1400 °C and 1 bar. Dashed line is linear regression
to data points for seven samples treated at 1400 °C.

The calculated CO compositions are for 5- to 10-kbar
pressure and the appropriate experimental temperatures
for the equilibrium 2CO, = 2CO + O,, which is believed
to be the dominant reaction within the inclusions. Details
of the gas-mixing model and calculations are presented
in Wanamaker (1986); the results at 1 bar from this mod-
el match those of Deines et al. (1974) at 1 bar. As stated
above, the inclusions have a range of both initial and final
densities. Five- to ten-kilobars pressure was chosen as a
reasonable estimate for internal pressure in the un-
stretched inclusions at 1200 to 1400 °C. The calculations
show that at a temperature of 1400 °C, the equilibrium
CO content is about 20 mol% less at 1 bar than at 10
kbar for inclusions in the range of 10 to 75 mol% CO. At
very high and very low concentrations of CO, there is less
of a pressure effect.

From Figure 3, it is clear that there is a correlation
between T,, and relative oxygen fugacity, and therefore
between T, and calculated CO content. However, except
for the first experiment done on sample SC103B, there is
a discrepancy between the calculated CO content and that
derived from LRM analysis. We interpret these LRM-de-
rived values as providing useful information on both the
composition and state of equilibrium of the fluids in the

samples. For example, the apparent low concentrations
of CO that were derived from LrM analysis of SC101 and
SC201 probably reflect the lack of complete equilibration
of these samples. SC101 was treated for only 1 h, at the
relatively low temperature of 1200 °C. Although SC201
was treated for 101 h, the temperature was only 1282 °C.
The LrRM analyses on inclusions in both of these samples
are believed to represent the partial reaction of CO, to
CO. The higher temperature (1400 °C) and longer run
time (161 h) for SC103B probably account for the excel-
lent correlation between the calculated (36 + 20) and
LrRM-derived (44 + 5) mole percents of CO in the fluid
inclusions. We therefore conclude that the fluid inclu-
sions (except for no. 24) in SC103B had completely equil-
ibrated to the conditions imposed during the first exper-
iment. However, Figure 3 also shows that no CO was
detected by LrRM in several sets of inclusions that have
depressed melting temperatures. This discrepancy prob-
ably is due to the detection limits of the LRM, which were
elevated by poor optics in some of the samples.
Samples SC601B (same run conditions as SC701B) and
SC602D at first appear problematic, however. They were
all run at 1400 °C for about 100 h, i.e., presumably suf-
ficient for re-equilibration. Although the calculated CO
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Fig. 4. Highly schematic diagram (after Bergman and Du-
bessy, 1984, Fig. 6b) of the 7-f,, relationships of the reactions
2CO, = 2CO + O, (occurring within inclusions) and CO, = C
+ O, (defining upper stability limit of graphite). Pressure not
constant, but constrained by isochore (P-T trajectory) for specific
fluid inclusion. For experiments done at constant temperature,
such as T, as f,, is lowered from X, to X, mol% CO rises in the
equilibrium C-O fluid. However, although f,, of furnace gas can
be lowered to X; (90 mol% CO), f,, of fluid in inclusions becomes
buffered by reactions CO, = C + O, and 2CO = CO, + C (mol%
CO <90). At lower temperature, such as 7, maximum CO con-
tent is buffered to even lower values than at 7,.

contents are 87 = 4 and 90 *+ 3 mol% CO, respectively,
the LRM compositions are only about 40-46 mol% CO.
This inconsistency is especially disturbing in that the very
depressed T, values, especially for SC602D, seem to con-
firm the presence of more CO than in sample SC103B
(first experiment).

The key to this apparent inconsistency is the presence
of graphite in samples SC601B, 701B, and 602D, but its
absence in SC103B. As has been discussed by Muan
(1958), French and Eugster (1965), French (1966), Eggler
et al. (1979), Mathez (1984), Bergman and Dubessy
(1984), and Kadik and Lukanin (1985), in the system
C-O, the precipitation of graphite causes buffering of the
fo,- The ramifications of graphite precipitation are shown
by Figure 6b of Bergman and Dubessy (1984), specifically
for their CO-CO, fluid inclusions, and are represented
diagrammatically in Figure 4. The upper f;, limit of
graphite stability is defined by the reaction C + O, =
CO,. This reaction has been plotted on the same T-f,
diagram as the reaction 2CO, = 2CO + O,, which is
believed to be the controlling gas equilibrium in the fluid
inclusions. A pressure must be specified for such a plot;
in the case of a fluid inclusion, the pressure is constrained
by some isochore (7-P trajectory), such as the isochore
equivalent to a CO, density of 1 g/cm?. It can be seen
that at elevated temperatures, such as 1400 °C, as the f;,
of the C-O system is lowered, the CO content of the fluid
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increases. As f,, decreases considerably below FMQ, the
field of graphite stability is reached. Once graphite pre-
cipitates (kinetic barriers overcome), then incremental
decreases in external fo, no longer produce monotonic
increases in the concentration of CO in the CO-CO, fluid.
The fluid becomes self-buffered by the pair of reactions
2CO = CO, + Cand CO, = C + O,, i.e., along the CCO
(graphite + fluid) buffer. In other words, the stability field
of graphite precludes the attainment of CO-dominant
fluids at moderate to high pressures (cf. Eggler et al., 1979;
Mathez, 1984). The theoretical upper limit on CO con-
centration for any given experiment at 1400 °C is a func-
tion of the inclusion’s internal pressure (density). The ac-
tual maximum content of CO is furthermore controlled
by the kinetics of graphite precipitation.

It is significant that graphite did precipitate during these
relatively short-term experiments, in that graphite is
known to experience kinetic barriers to precipitation and
decomposition (see discussion in Mathez and Delaney,
1981). According to the calculations of Eggler et al. (1979),
at 1400 °C and 10 kbar, the maximum content of CO for
a C-O fluid in equilibrium with graphite is 40 mol%. This
value is in excellent agreement with the 42 + 5 mol%
CO content determined by Lrm for the three graphite-
bearing samples. Because the first experiment on SC103B
(1400 °C, log f,, = —8 = 1) did not produce graphite,
whereas samples SC601B, 602D, and 701B (1400 °C, log
fo, = —10 = 0.5) all do have graphite, it appears that for
the inclusion densities involved here, the upper limit of
graphite stability at 1400 °C is about log fi,, = =9 = 1
(cf. log fo, = —6 for FMQ at 1400 °C and 8 kbar). This
compares to Bergman and Dubessy’s (1984) calculation
that at 1400 °C, graphite is stable below a value of log f,,
of about —7.5 for an inclusion with an equivalent-CO,
density of 1.03 g/cm?. Our inclusions are less dense than
this owing to stretching. If graphite had precipitated in
the inclusions treated at lower temperatures, the equilib-
rium CO concentrations would have been less (see Fig.
4): for 1250 °C, about 20 mol% CO at 10 kbar and about
25 mol% CO at 8 kbar (Mathez, 1984).

There is an additional significance to the agreement
between the CO contents that were calculated thermo-
dynamically by Eggler et al. (1979) and those derived
from LRM analyses on actual inclusions. The CO concen-
trations in C-O inclusions at room temperature and low
pressure, i.e., the conditions of the LRM analyses, appar-
ently are the same as those that pertain at 1400 °C and
10 kbar, as predicted by Bergman and Dubessy (1984).
In contrast, in experiments concerning the equilibration
of CO-CO, fluids with silicate melts, Eggler et al. (1979)
found that the CO, concentration in the coexisting fluid
was much higher than what they had predicted for a pure
C-O fluid alone. This effect presumably is due to re-equil-
ibration at lower temperature and pressure as well as to
the higher solubility of CO than CO, in silicate melts
(Holloway and Jakobsson, 1986). The system studied by
Eggler et al. (1979) is clearly more complex than the one
in the present suite of inclusions.
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Inferences for the CO-CO, phase diagram

Relatively few P-V-T-X data are available on the CO-
CO, system (see, e.g., Kaminishi et al., 1968; Christian-
sen et al., 1974), certainly not enough information to con-
struct a P-T diagram contoured with isochores. However,
the available data on the two end-member systems and
interpretation of the above MT and LrRM findings permit
some inferences to be drawn. Because both the triple point
and critical point of CO lie at lower temperatures than
those for CO,, the configuration of the P-T diagram for
CO-CO, topologically should resemble that for CH,-CO,
(see Burruss, 1981; Heyen et al., 1982). In the step-wise
heat treatment of some of the San Carlos olivine samples
in the present study, the inclusions showed an initial de-
crease in T, and then a subsequent rise in 7},. This would
be expected for a P-T topology like that of CH,-CO,: if
inclusion density remains essentially constant, an in-
crease in mol% CO will lower the 7,. As the inclusion
subsequently stretches and the density of the fluid de-
creases, the T, will rise.

In spite of being stretched by heat-treatment, the most
CO,-rich inclusions still homogenize to the liquid phase.
The fact that high-CO inclusions—with internal pressures
(confirmed by LrRM) comparable to those in CO,-rich in-
clusions—homogenize to the vapor phase suggests that
isochores in the CO system are steeper than in the CO,
system.

As noted above, the re-equilibrated fluid inclusions in
samples SC601B and 602D had melting temperatures
lower than those for SC103B, although all three samples
have about 42 + 5 mol% CO. As explained in detail by
Burruss (1981), the melting temperature of a fluid inclu-
sion in a binary system is a function of both density and
composition. The higher internal pressures (and probably
densities) in the inclusions in SC601B and 602D (shown
in 602D by LrRM) compared to those in SC103B, caused
the former to have lower melting temperatures. Again,
this is what would be expected for the CO,-rich region of
a binary system analogous to CO,-CH,.

Clearly, Mt alone leads to an erroneous interpretation
of the compositions of these inclusions, namely that a
decrease in T, correlates with (1) an increase in mol%
CO and (2) a decrease in internal f;,. The ability of LRm
to quantify both composition and density of a fluid pro-
vides the explanation for the misleading Mt observations.

Significance to mantle xenoliths

This set of controlled experiments proves the feasibility
of the graphite-precipitation mechanism (2CO = C +
CO,) proposed by Mathez and Delaney (1981) for graph-
ite-bearing fluid inclusions in some mantle xenoliths. This
mechanism also may be applicable to the “primary ig-
neous graphite” reported in ultramafic xenoliths by Pi-
neau et al. (1987) and Kornprobst et al. (1987). The Lrm
findings further emphasize Mathez and Delaney’s (1981)
point that density measurements on many xenolith inclu-
sions will yield misleading pressure estimates. However,
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the applicability of this reaction to high-pressure (e.g.,
>40 kbar) mantle xenoliths remains limited. As recog-
nized by Muan (1958), French and Eugster (1965), Math-
ez (1984), Bergman and Dubessy (1984), and Kadik and
Lukanin (1985), the CO content of a C-O(-H) fluid in
equilibrium with graphite is only significant at high tem-
perature and low total pressure. Furthermore, although
the inclusions studied here and those in most other xeno-
lith studies appear to be limited to the C-O system, man-
tle fluids clearly are better described by the C-O-H sys-
tem. As shown by Holloway (1981), in the presence of a
C-O-H fluid, the graphite stability limit also depends on
the C:O:H ratio and thus is sensitive to both f,, and fy,.
In other words, the reactions occurring in primary fluid
inclusions in xenoliths from deep in the upper mantle are
probably more complex than those investigated here. It
is possible that some mantle xenoliths whose f;, is below
that of FMQ attain significant CO concentrations during
events at moderate pressures. The CO may then dispro-
portionate to graphite and CO, (Mathez and Delaney,
1981).

French and Eugster (1965) and Mathez and Delaney
(1981) have also emphasized the importance of deter-
mining whether the C-O(-H) fluids are associated with
crystalline graphite, as distinguished from amorphous or-
ganic matter or another carbonaceous material. The
available thermodynamic data and the calculations above
refer to crystalline graphite. The ability of LrRM to char-
acterize the degree of crystallinity of graphite (e.g., Tuin-
stra and Koenig, 1970; Beny-Bassez and Rouzaud, 1985)
is very useful in this regard, as discussed above. Mathez
and Delaney (1981) obtained less definitive data from the
wavelength distribution of characteristic X-rays from the
carbonaceous matter found in basalts and xenoliths, which
they compared to similar spectra obtained on graphite
standards. More recently, Mathez (1987) has inferred from
energy-dispersive electron-microprobe analysis that some
of the natural carbonaceous matter is graphite intercala-
tion compounds.

CONCLUSIONS

The results of this study have both geologic and ana-
lytical significance. Analytically, it is clear that the LRm
technique is superior to MT analysis in terms of being able
to specifically identify the “‘contaminant’ species in CO,-
rich inclusions. The LRM also is superior to MT in its abil-
ity to quantify the concentration of CO and the relative
internal pressures of the inclusions, in the absence of P- V-
T-X data on the CO-CO, system. However, the LrRM also
showed its limitations in that it detected no CO in several
sets of inclusions that showed obvious depressions in their
melting temperatures. Either the optics of these inclu-
sions and/or the low partial pressures of CO prevented
detection by the LRM. This is another example of why
both 1rM and MT analysis should be applied to fluid in-
clusions.

In contrast, Raman spectroscopy proved more sensi-
tive than microscopic observation to the presence of
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graphite in several sets of inclusions. In addition, the LRM
provided a nondestructive means of pinpoint determi-
nation of the degree of crystallinity of the graphite.

Geologically, it is clear that the compositions of fluid
inclusions can change through mechanisms other than by
host-mineral fracturing with subsequent recapturing of
new and old fluids. The experiments reported here dem-
onstrate that even inclusions that remain physically in-
tact may change their speciation to reflect externally im-
posed conditions. In some cases, this re-equilibration may
be accompanied by the precipitation of new solids.

As predicted by other researchers in several previous
papers, the precipitation of graphite can occur under con-
ditions appropriate to the Earth’s upper mantle. The co-
existence of this graphite with a C-O fluid acts as an f,
buffer and prevents the formation of CO-dominant fluids
even at very low-f;, external conditions (IW to WM).

In this study, the equilibrium CO concentrations pro-
duced in the originally pure CO, inclusions are those that
are predicted thermodynamically. Furthermore, the CO
concentrations depend on the f,, of the furnace atmo-
sphere, regardless of whether that atmosphere is imposed
by CO-CO, or H,-CO, gas mixtures. The adjustment in
Jo, within the originally pure CO, inclusions is accom-
plished primarily by defect diffusion through the host ol-
ivine. In terms of gas equilibria, the controlling reaction
is 2C0O, = 2CO + O,.

The speciation changes documented in this study dem-
onstrate that internal re-equilibration of fluid inclusions
may occur very rapidly in nature and that the reactions
are reversible. This means that the xenolith fluid inclu-
sions that we now examine probably reflect the f;,, of
comparatively late-stage thermal events. There also might
be somewhat different speciations between type I and type
II xenoliths (cf. Bergman and Dubessy, 1984) because of
their different thermal histories. This study is further con-
firmation that the almost total lack of CO and other species
in inclusions now found in xenoliths does not preclude
their earlier presence. It also documents very rapid pre-
cipitation of graphite from a fluid phase. The results of
the present study suggest that at least in some cases, if we
do not find graphite precipitated in C-O inclusions, then
we can be reasonably certain that the host rock did not
have its final equilibration in the graphite stability field.

Another ramification of the results of this study is the
need for further caution in interpreting electrochemical
measurements of minerals (Sato, 1972) in terms of in-
trinsic oxygen fugacity. It long has been recognized (see,
e.g., Sato, 1972, 1984; Arculus, 1985) that defects and
minor nonstoichiometries in minerals are what are being
measured by this technique. This fact means that the
measurements are sensitive even to minute amounts of
contamination, e.g., the decrepitation of a few fluid in-
clusions in a sample (cf. Ulmer et al.,, 1987). Further-
more, the re-heating of a sample for intrinsic f,, analysis
could equilibrate phases—and defects—that did not form
and equilibrate together in the mantle (analogous to the
pure-CO, inclusions within mantle olivines of a very low
Jo, signature).
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