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Abstract—The transformations (density, composition, or shape alterations) of fluid inclusions under isobaric
cooling and isothermal compression have been experimentally modeled. The H,O-CO,—CH, inclusions used
in the model experiments have been synthesized in quartz at 1 or 3 kbar and 700°C. The parameters of the model
experiments were as follows: for isobaric cooling, 700—400°C at 1 or 3 kbar; for isothermal compression, 1-3
and 3-5 kbar at 400 and 700°C, respectively. The shape of the inclusion walls changed as a result of the exper-
iments because of the dissolution and reprecipitation of the host phase. The intensity of these changes was
directly affected by the pressure and temperature differences and the amount of the aqueous phase in the inclu-
sions. Fluid densities increased in many inclusions in the run products: the increase ranged from insignificant
(0.06 g/cm?) to fairly noticeable (0.15 g/cm?). The composition of the fluid inclusions also changed. The results
of the experiments, in particular of those carried out with a labeled fluid, show that the penetration of a denser
external fluid into inclusions with a lower fluid density is the basic reason for the increase in the density and
change in the composition of fluid inclusions. In several experiments, the methane concentration changed with
an attendant change in the melting temperature of carbon dioxide but without noticeable changes in the carbon

dioxide homogenization temperature.
DOI: 10.1134/S0016702906120020

Fluid inclusions in minerals entrapped during min-
eral crystallization and subsequent rock transforma-
tions are the only direct source of information about the
composition and density of the fluid in plutonic pro-
cesses. Data interpretation encounters serious difficul-
ties, especially for metamorphic rocks, because of a
substantial postentrapment evolution of these inclu-
sions. In many cases, both the density and the composi-
tion of inclusions change. The density can decrease (see
[1] and other sources) because of the loss of some fluid
(e.g., water is lost from H,0—CO, inclusions), or it can
even increase upon subisobaric cooling of rocks [2, 3].
The composition of inclusions can change as a result of
a selective leakage of some amount of the primary
fluid; not only water is removed (which is fairly usual
for metamorphic processes), but nitrogen or methane is
removed also [4]. The above facts necessitated experi-
mental investigations in order to elucidate the scenarios
and scales of the postentrapment evolution of the com-
position and density of fluid inclusions and the possibil-
ity of employing them for interpreting geological pro-
cesses. The following essential issues remain unclear:
the reasons and scenarios for the formation of high-
density inclusions, whose density increases during the
retrograde metamorphic evolution of rocks rather than
decreases, as in most cases. In natural settings such
inclusions were found in various regions [5, 6]; they
were very informative for the interpretation of meta-

morphism. As a rule, the increase in the inclusion den-
sity is related to the decrease in the inclusion volume
under isobaric cooling or isothermal compression.
There are numerous experimental simulations of the
evolution of aqueous inclusions in these conditions
[7-10]. Bakker and Jansen [11-13] studied the behav-
ior of H,0—CO, inclusions. They and also Kotel’nikova
and Sonyushkin [14] comprehensively considered the
effect of dislocations on the migration of fluid compo-
nents in quartz and the role of diffusion in this migra-
tion. Kalyuzhnyi [15] studied the properties of meth-
ane-containing inclusions during isothermal compres-
sion. These studies confirmed the data that the density
and bulk composition of fluid inclusions can undergo
substantial transformation in response to changing P-T
parameters. However, the conclusions about the rea-
sons and scenarios of this transformation are frequently
at variance. Sterner and Bodnar [7] and Vityk and Bod-
nar [8] focus on the morphology of inclusions and
arrive at the conclusion that the shape of inclusions is
altered appreciably during isobaric cooling and isother-
mal compression, and these alterations do not resemble
those induced by isobaric heating and isothermal
decompression, respectively. Kalyuzhnyi’s data [15]
show that the inclusion shape remained unaltered dur-
ing isothermal compression. The isobaric cooling and
isothermal compression experiments carried out by
Sterner and Bodnar [7] and Vityk and Bodnar [8] unam-

1170



EXPERIMENTAL MODELING OF THE TRANSFORMATION OF H,0-CO,—CH,

biguously demonstrated an increase in the fluid density,
which the authors believe was due to the decrease in the
inclusion volume. Bakker and Jansen [11-13] observed
in their experiments that the density of H,0—-CO, inclu-
sions decreased in the same conditions.

The above-cited experimental investigations, on the
whole, showed that, in principle, the density of primary
inclusions can noticeably increase during retrograde
metamorphism. Unfortunately, there is no full under-
standing of this process. Does the density of the pri-
mary fluid in inclusions increase together with the
deformation (the reduction in size) of vacuoles (e.g.,
during isobaric cooling or subisothermal compres-
sion)? Or could the penetration of the external, denser
fluid (under the same conditions of isobaric cooling or
subisothermal compression) be the main reason? Are
there other scenarios that can generate superdense
inclusions in metamorphic rocks? Does isobaric cool-
ing or isothermal compression always cause an increase
in fluid inclusion density?

If answers to these questions were found, the inter-
pretation of microthermometric and cryometric data
would be more substantiated and we would be able to
more adequately judge the characteristic signs of the
increasing density (whether the vacuole volume
decreases or, by contrast, increases with the develop-
ment of microfracture and dislocation systems), the
deformation type (plastic or brittle) as a result of which
such inclusions are expected to form, the composition
of fluid inclusions (e.g., whether they correspond to the
primary fluid or contain some new components), their
densities (e.g., whether the observed inclusion density
reflects real tectonothermal processes), and some other
points.

One major goal of this work was to explore the rea-
sons for the increased density of fluid inclusions. In
choosing H,0-CO,—CH, inclusions to use in our
experiments, we were guided by the abundance of such
inclusions in metamorphic assemblages.

EXPERIMENTAL

The experiments were carried out on UVD 10000
hydrothermal equipment with an external heater
designed at the Institute of Experimental Mineralogy,
which is a modification of a known apparatus [16]. Two-
section furnaces created a gradient-free zone of at least 5 cm
in reactors in which an ampoule with the test sample was
placed. Temperature monitoring was performed with a
Chromel-Alumel thermocouple, which was mounted at
the outer wall of the reactor within the gradient-free
zone. The temperature was monitored automatically; the
daily temperature drift was no greater than 5°C. The time
to put the equipment into operation was about 1.5 h; the
quenching time in flowing air to 150-200°C was 10-15 min.
The pressure was measured with a pressure gauge with
an error of £50-100 bar. The experiments were carried
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out in platinum ampoules; a Ni-NiO buffer was used
for the external control of oxygen fugacity. The
ampoule sealing was verified by reweighing the
ampoule after the experiment was over. The general
scheme of the experiment was as follows: sample prep-
aration (etching of quartz rods with hydrofluoric acid to
generate pits on their surface) — synthesis of fluid
inclusions of a given composition — investigation of
the inclusions — modeling of isobaric cooling or iso-
thermal compression using the samples synthesized
— reinvestigation of the inclusions.

The quartz rods used in the experiments, either syn-
thetic or natural, were 1 X 1-2 X 10 mm in size and cut
normal to axis c. A test sample was etched with hydro-
fluoric acid until noticeable surface pits were formed;
after being carefully washed and dried, the sample was
transferred to an ampoule that contained amorphous
silica and a fluid, which was either oxalic acid or silver
oxalate mixed with water. The inclusions were synthe-
sized at T'="700°C and P = 1-3 bar for 7-10 days. Sam-
ples frequently fractured in the course of the experi-
ment; when so, fluid inclusions were conserved not
only in etching pits (surface inclusions) but also in frac-
tures (fracture inclusions).

The fluid-inclusion transformation experiments
simulated the isobaric cooling and isothermal compres-
sion conditions, i.e., the conditions in which the fluid in
inclusions had a lower density than the external fluid in
the ampoule. Effective pressure was varied from 500 to
2500 bar. In modeling isothermal compression, effec-
tive pressure was set equal to the difference between the
pressure applied during the inclusion synthesis and the
set (external) pressure in the model experiment. When
modeling isobaric cooling, the difference between the
external pressure and the pressure in the inclusion,
which corresponded to the position of the isochore at a
given experimental temperature, was considered.

The run parameters were the following: T =
400-700°C and P = 1-3 kbar, or T = 400-700°C and
P =3-5 kbar; the run duration was 7-10 days. Oxalic
acid without water added was used as the fluid source.
A set of runs was carried out using a labeled fluid,
whose composition differed from the starting composi-
tion of the fluid inclusions. Density and composition
gradients between the fluid inclusions and the external
fluid in the ampoule were set in this way. The source of
the external fluid in this set of runs was a salt solution
(containing 25 wt % NaCl) and silver nitrate mixed
with water.

Before and after the runs, inclusions were examined
with a microscope and carefully documented. With rare
exceptions (run 34-43), the same inclusions were stud-
ied in the starting quartz and in the run products. The

carbon dioxide homogenization temperature Thc,

and melting temperature 7mc,, were measured using
a Linkam THMSG 600 heating/cooling stage, which
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allowed the automated (programmed) cooling/heating
of the sample at rates from 0.1 to 90°C /min in the tem-
perature interval of —195 to +600°C. The standard
instrumental error was *0.1°C. The stage was cali-
brated against the triple point (-56.6°C) of a CO, stan-
dard (Camperio, Alps) and the melting temperature of
pure H,O from synthetic fluid inclusions. The products
of some experiments were quantitatively analyzed
using Raman spectroscopy on a single-channel laser
spectrometer at the Institute of Mineralogy and Petrog-
raphy, Russian Academy of Sciences, Novosibirsk.
These data were used to derive an empirical equation
for the CO, melting temperature as a function of CH,
concentration for methane-containing inclusions:

Xen, = —1.1576Tm¢o, — 65.565; the mean square

deviation was R? = 0.9611. This equation was used to
estimate the methane concentration in inclusions. The
methane concentration in the products ranged from 0.2
to 8.6 mol % (Table 1). To determine the bulk density
of fluid inclusions, the volume ratios of phases for 20°C
were calculated as the surface area ratio in flat inclu-
sions and as the length ratio in cylindrical inclusions.
For inclusions in which the fluid composition was known
from the Raman data, pressures were calculated using the
FLUIDS program package [17, 18]. The density, molar
volume, and molar ratios were determined using soft-
ware Program 1: BULK, version 01/02 and the equations
of state borrowed from [19, 20]. The isochores were cal-
culated using software Program 2: ISOC, version 01/02
and the equation of state from [19].

SYNTHESIS OF FLUID INCLUSIONS

Surface and fracture H,0O-CO,—CH, inclusions
(inclusions A), which are shown in Figs. 1a—1c, were syn-
thesized at 700°C and 3 kbar using oxalic acid as the fluid
source. The surface inclusions had sizes of 10-20 pum;
they were isometric and flat, approaching a negative
crystal to various extents. The fracture inclusions as a
rule had higher volumes and were extended. The vol-
ume ratio between the fluid phases in the inclusions,
(CO, + CHy)/H,0, averaged 0.9/0.1. At room tempera-
ture, there were two phases in the inclusions: H,0 and
liquid CO,. The homogenization temperatures of CO,
inclusions to liquid ranged from 1.0 to 17.9°C; the
melting temperatures ranged from -56.8 to —64.1°
(Table 1). Methane in the inclusions was from 0.15 to
8.6 mol %. The calculated overall densities were
0.50-0.86 g/cm?.

Inclusions B were synthesized using oxalic acid as
the fluid source at 700°C and 1 kbar in surface pits
(Fig. 1d). These were large (up to 30 wm), extended, and
bulky inclusions; at room temperature, they contained
two phases (H,O + CO, liq). The CO, homogenization to
gas temperatures ranged from 20.4 to 21.4°C; the melt-
ing temperatures were at —58.4 to —59.0°C. The (CO, +
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CH,/H,O volume ratios averaged 0.85/0.15. The
inclusion densities were 0.34-0.38 g/cm?.

H,0-CO, surface inclusions (C) were synthesized
from silver oxalate mixed with water at 700°C and 3 kbar
(Figs. 1e—1g). The sizes and shapes of these inclusions
were analogous to those of varieties B. At room temper-
atures, inclusions C were three phases (H,O + CO, liq +
CO, gas) with Theo = 29.4-29.8°C (to liquid) and
Tmc, at -58.8 to —59.6°C. The (CO, + CH4)/H,0 vol-

ume ratios averaged 0.5/0.5. The inclusion densities
were 0.61-0.67 g/cm’.

Thus, three types of inclusions were synthesized (A,
B, and C) at different P—T parameters and/or using dif-
ferent fluid sources.

RESULTS OF FLUID TRANSFORMATION
EXPERIMENTS

To simulate isobaric cooling (run 34-42), we used
samples with inclusions A synthesized at 700°C and
3 kbar. The effective pressure was about 1 kbar. The
external fluid was oxalic acid (i.e., the external fluid did
not differ in its composition from the fluid entrapped in
inclusions). After 7-day exposure at 400°C and 3 kbar,
the transformation of vacuole walls was observed in
many inclusions: faces, acute angles, serrated bound-
aries, and small springs appeared containing mainly an
aqueous phase (Fig. 2). Such an evolution is intrinsic to
fluid inclusions that experienced isobaric cooling [7, 8].
The CO, melting temperatures in most inclusions
slightly increased after the run (Table 2), which may be
a sign of the increase in the CO,/CH, primary ratio. No

noticeable change in Th¢o, was observed; the increase

in Tmcq, was observed both in cases where the inclu-

sion shape changed and where it did not change. The
reasons for this are not quite clear, although we may
assume that the compositional evolution of the primary
fluid is due to the leakage of hydrogen as a result of dif-
fusion through the inclusion walls.

The most prominent alterations of the composition
and density (with the shape and volume conserved)
occurred in the two inclusions shown in Fig. 3. Before
the run, homogenization to liquid occurred at 13.6°C in
one inclusion and at 10.0°C in the other; the carbon
dioxide melting occurred at —60.1 and —57.9°C, respec-
tively (the corresponding methane concentrations were
4.0 and 1.4 mol %, respectively). The (CO, +
CH,)/H,0 phase volume ratios calculated as the surface
area ratios were 89/11 in the first inclusion and 95/5 in
the second inclusion. Thus, the bulk density of the inclu-
sions was 0.81 and 0.86 g/cm?, respectively (Table 1).

After the run,Thc, decreased appreciably to become
—1.5 and -3.5°C, respectively. The concentration of the

aqueous phase increased: it was 26 vol % in the first
inclusion and 24 vol % in the second. The bulk inclu-
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Fig. 1. Microphotographs of synthetic inclusions. Various types of inclusions: (a—c) inclusions A, (d) inclusion B, and (e—g) inclu-

sions C. Scale bar: 20 um.

sion density after the run was 0.96 and 0.93 g/cm’,
respectively (Table 1). The absence of any alterations in
the volume or shape of the inclusions may indicate that
the gain in the density of these inclusions was not a
result of the reduction of the total volume of the vacu-
oles; rather, it was due to the penetration of the denser
external fluid. The CO, melting temperatures in these
inclusions changed after the run from —60.1 to —-56.9°C
and from -57.9 to —604°C, respectively. These
changes, which were also observed in other cases, may
arise from uncontrolled methane migration. However,
this point needs special investigation.

Samples bearing inclusions A were also used in an
experiment that simulated isothermal compression at
700°C and 5 kbar (run 34-43). The effective pressure was
2 kbar. As a result of this experiment, finer and denser
varieties with lower CO, homogenization and melting
temperatures were formed from inclusions A (Table 1).
Frequently, clusters of such inclusions formed arc or
half-ring structures (Fig. 4). Such structures are intrinsic

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 12

to inclusions that experienced isothermal compression,
which was determined experimentally [7, 8]. Their
appearance is related to a change in the quartz solubility
and subsequent dissolution and reprecipitation of the
host mineral substance. The calculated bulk densities of
inclusions after the run were 0.84-0.90 g/cm? against
0.84-0.85 g/cm? before the run (Table 1). Relatively
large nascent inclusions, which were formed from large

channels, had the lowest Th¢o, and Tmco,.

The set of labeled fluid experiments was performed
on samples that contained inclusions A, B, or C. In the
experiment with inclusions A, a salt solution (25 wt %
NaCl) was used as the external fluid. The effective pres-
sure was 1 kbar. As a result of isobaric cooling at 400°C
and 3 kbar (run 34-48), the starting inclusions under-
went several alterations: the wall shape changed; in
some cases, the aqueous—salt fluid substituted for the
H,0-CO, fluid; several inclusions became appreciably
denser; and the CO, melting temperatures changed
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Fig. 2. Evolution of the inclusion shape in run 34-42: (a) inclusions before the run and (b) the same inclusions after the run.

-

C d

Fig. 3. Microphotographs of inclusions (run 34-42) whose composition and density experienced the greatest alteration: (a, ¢) inclu-
sions before the run and (b, d) the same inclusions after the run. Scale bar: 20 um.

without noticeable change in the homogenization tem-
perature.

Figure 5 displays one inclusion before and after the
run in which fluid substitution occurred. In the starting
H,0-CO, fluid, CO, homogenization to liquid
occurred at 18.0°C. After the run, there was no carbon
dioxide phase in the inclusion, and the final melting of
the aqueous fluid occurred at —5.6°C, which corre-
sponds to 8.7 wt % NaCl. Neither the volume nor the
wall shape of the vacuole changed.

GEOCHEMISTRY INTERNATIONAL  Vol. 44

The density of some inclusions increased substan-
tially after the run. In one group of inclusions, Thcg,
before the run ranged from 6.9 to 12.2°C and Tmc,
from —61.2 to —62.4°C (p = 0.80-0.82 g/cm?) (Table 1).
After the run, Theo, decreased to 3.4-10.5°C and
increased to (—59.5)—(-60.9)°C; the density
increased to 0.84-0.86 g/cm?’. Unfortunately, in view of
the small sizes of these inclusions, we failed to measure

the melting temperature of the aqueous phase; there-
fore, we were unable to detect the penetration of the

TmCO2

No. 12 2006
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Fig. 4. Modeling of isothermal compression (run 34-43): (a) inclusions before the run and (b) the same region of the sample after
the run. The arrow marks newly formed half-ring textures. Scale bar: 50 wm.

external fluid into these inclusions. Neither the size nor
the shape of the inclusions changed.

As aresult of run 34-48 (as after run 34-42), Tmcq,
changed in many inclusions while Thco, did not
change significantly. As a rule, this change was an
increase; the CO, melting temperature decreased only
in few inclusions. The wall shape changed, like in run
34-42, only in a few cases.

The experimental modeling of isobaric cooling at
400°C and 3 kbar using silver nitrate mixed with water
as the external fluid source was performed on samples
containing H,0-CO, surface inclusions C (Table 1).
The effective pressure was 1.5 kbar. The composition of
the fluid in the ampoule was set by powdered silver
nitrate (180 mg) and water (0.04 ml). For most inclu-
sions, the vacuole shape changed after the run to a
greater degree than in the previous runs: their walls
acquired a well-defined serrated shape.

The starting inclusions were uniform in their com-
position and density: Thco, =29.4-29.8°C, and Tmc,
ranged from —58.8 to —59.6°C. After the run, a signifi-

o Th=18.0
Q
2
L L]
O o
. -

cant scatter appeared in the homogenization tempera-
tures (from —31.2 to 29.5°C) and melting temperatures
(from —59.2 to —64.1°C) in the inclusions (Table 1).

In all cases, fluid heterogenization preceded the
freezing of the aqueous phase. Figure 6 shows one
inclusion before and after the run. Before the run, the
inclusion contained an aqueous phase and a carbon
dioxide phase. The carbon dioxide homogenization (to
liquid) temperature was 29.8°C, and the carbon dioxide
melting temperature was —59.1°C. The bulk fluid den-
sity was 0.72 g/cm?. After the run, both the homogeni-
zation to liquid temperature and melting temperature of
carbon dioxide depressed dramatically to —31.2 and
—64.1°C, respectively. The phase ratio also changed
toward the decreasing volume of the carbon dioxide
component. It is significant that the composition of the
aqueous phase also changed: the aqueous phase turned
light brown when frozen. The volume of the inclusion
did not change appreciably. These results unambigu-
ously signify an appreciable increase in the density of
the primary inclusion due to the penetration of the
denser nitric—aqueous external fluid. Characteristically,

Fig. 5. Modeling of isobaric cooling by the labeled fluid method (run 34-48): (a) an inclusion before the run with Th, =18.0°C
and (b) the same inclusion after the run with the final melting of the aqueous fluid at —5.6°C. Scale bar: 20 pum. z

GEOCHEMISTRY INTERNATIONAL  Vol. 44

No. 12 2006



EXPERIMENTAL MODELING OF THE TRANSFORMATION OF H,0-CO,—CH,

not only did the gas phase change its composition (evi-
dently due to nitrogen or, possibly, nitrogen oxides),
but also the aqueous phase changed its composition as
a result of mixing with the silver-containing external
fluid, which was proven by the color of the frozen fluid.
In some other inclusions, carbon dioxide did not heter-
ogenize tile the aqueous phase froze (which occurred at
about —35°C); when frozen, the aqueous phase turned
dark brown and became unclear. Unfortunately, this
fact inhibited further cryometric investigations of the
inclusions. On the whole, the composition of the fluid
entrapped into various inclusions varied widely, as
shown by the melting temperatures of the fluid and the
color of the frozen fluid.

Two sets of runs were carried out with samples con-
taining inclusions B and synthesized at 700°C and 1 kbar.
In the first set (run 41-44), isobaric cooling at 400°C and 1
kbar was modeled in the presence of the fluid of the same
composition (with oxalic acid as the external fluid source).
The effective pressure was 500 bar. As a result of the
run, a new generation of inclusions (B1) formed on
the surface of the quartz rod with near-critical
homogenization (a gas bubble grew in size and grad-
ually disappeared); Theo, = 17.3-18.3°C, Tmcq, =

—60.1°C, and the (CO, + CH,4)/H,0O volume ratio was
65/35. The densities calculated for these inclusions
(0.48-0.49 g/cm?) were slightly higher than for the
initial inclusions (0.34—0.38 g/cm?).

Most of the initial inclusions B (which were synthe-
sized at 700°C and 1 kbar) did not change their shapes
after the run. A small depression of the homogenization
(to gas) temperature that occurred corresponded to the
decrease in the density to 0.31 g/cm? (Table 1). This
decrease under the denser external fluid settings may be
due to some loss of the fluid during the putting of the

run into or out of the working regime.

A -

A
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Table 2. Cryometric data (Tm¢q, and Theg ) for inclu-

sions shown in Fig. 2. For all inclusions, the homogenization
type was gas — liquid

Incnl(s)l.on Tmeg, | Theo, Inc;g?on Tmeg, | Theo,
1 —62.2 7.5 1 —60.7 7.7
2 9.5 2' - 8.3
3 —62.2 9.5 3 -60.4 8.5
4 - 8.1 4 - 8.2
5 - 8.7 5' - 8.7
6 —62.2 7.8 6 -60.8 7.5
7 - 8 7' - 8.1
8 -61.2 11 8 -59.6 10.8
9 -61.2 11.1 9 -59.6 10.9

10 - 9.5 10’ - 94
11 -61.2 9.5 |98 - 8.5
12 -61.2 9.5 12' - 9.1

In the second set of runs (run 44-46), the products
obtained in the first set were used as the starting mate-
rial. [sothermal compression at 400°C and 3 kbar in the
presence of an external aqueous fluid (25 wt % NaCl)
was modeled. The effective pressure was 2.5 kbar for
the first generation and 2.3 kbar for the second one.

As aresult of the run, some second-generation inclu-
sions (formed at 400°C and 1 kbar) changed their com-
position to the salt-aqueous fluid with the final melting
point of ice ranging from —9.8 to —16.5°C (Table 1); the
corresponding NaCl concentrations ranged from 13.8 to
20.0 wt %. These inclusions did not contain carbon
dioxide; i.e., the salt—-aqueous fluid substituted for their

-31.2

&

—64.1 I

Fig. 6. Modeling of isobaric cooling by the labeled fluid method (run 52-53): (a) an inclusion before the run and (b) the same inclu-
sion after the run. The figures indicate Thcoz and Tmcoz . The alteration of the volume phase ratios is well defined. Scale bar: 20 um.
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starting gaseous component. In the other varieties of
this generation, there were no noticeable changes in the
density, composition, or shape of inclusions (Table 1).
In the vast majority of the first-generation inclusions B,
vacuole walls changed significantly: they became ser-
rated. However, the composition and density changed
substantially only in several cases.

Figure 7 shows one such inclusion before and after
the run. Before the run, the inclusion contained an
H,0-CO,~CH, fluid with Th¢o, =17.4°C (to gas) and
Tmco,= —59.0°C, which corresponds to a density of

0.31 g/ecm?. After the run, the fluid composition
changed to a CO,—aqueous fluid with near-critical CO,
homogenization with Theo = 17.5°C and Tmeq, =
—60.4°C and with the ice melting temperature equal to
—4.8°C. The exact determination of the volume phase
ratio for this inclusion was impossible because its walls
were heavily serrated. The overall fluid density was esti-
mated at 0.33 g/cm® on the assumption that the (CO, +
CH,)/H,O volume ratio was constant. In general, the
fluid density increased with increasing aqueous-phase
volume in the inclusion. Therefore, we may assume that
the calculated density was even an underestimate: evi-
dently, the concentration of the aqueous phase in the
inclusion was higher than the initial value because of
the entrance of the aqueous fluid. It is also significant
that the vacuole shape altered only in inclusions B.
Such alterations may be associated with the recrystalli-
zation of the inclusion walls: the penetration of the
external fluid induced dissolution and reprecipitation of
the matter at the quartz—fluid interface. The penetration
of the fluid was evidently enhanced by the compara-
tively higher dislocation density of these inclusions
after additional isobaric cooling.

DISCUSSION

The above experimental data show that isobaric
cooling and isothermal compression induced changes
in the shape, composition, and density of primary
H,0-CO,—CH, inclusions. The extent of these changes
was usually differentiated even within one sample.

VASYUKOVA, FONAREV

Inclusion Shape

The shape of inclusion walls changed in all runs
except for run 41-44; as a rule, the shape changed in the
inclusions in which the fluid composition did not
change appreciably. Faces, acute angles, and serrated
boundaries appeared during isobaric cooling, and the
aqueous phase concentrated in small springs. The
intensity of the shape alteration increased with increas-
ing aqueous-phase concentration in the inclusions. For
example, in run 52-53 with 50 vol % of aqueous phase,
the alteration of the inclusion shape was more promi-
nent and was observed in more inclusions than in runs
34-42 and 34-48, in which the concentration of the
aqueous phase was as low as 10%.

During isothermal compression, either arc struc-
tures were generated (in run 34-43) or inclusion walls
substantially recrystallized (in run 44-46).

Our data agree with the inferences made by many
researchers [21, 10, 22, 8, and others]: it was inferred in
the works cited that the dissolution and reprecipitation
of the host mineral substance was responsible for the
alteration of the inclusion walls, and the intensity of
these alterations was a direct function of the pressure
and temperature difference and of the amount of water
in the inclusion. Isothermal compressions at a pressure
difference of 4.1 kbar did not induce any shape alter-
ation in the CH, inclusions that were free of an aqueous
phase or contained it in minimal amounts in the form of
a thin film on the vacuole walls [15]. In aqueous or
salt—aqueous inclusions, not only did inclusion walls
change but also satellite inclusions were formed even
when the pressure difference was as low as 1.8 kbar [10].

Inclusion Density

The density of fluid inclusions increased in all
experiments (except for run 41-44); this increase varied
from insignificant (0.06 g/cm? in run 44-46) to fairly
noticeable (0.15 g/cm? in run 34-42). Unambiguously,
the inclusion volume did not usually change when the
inclusion density increased substantially, but as a rule,
the water/gas ratio increased and the component com-
position changed; this was demonstrated by the results
of the labeled fluid experiments (runs 44-46, 52-53).

Fig. 7. Evolution of the inclusion wall shape induced by isothermal compression: (a) an inclusion before the run and (b) the same

inclusion after the run. Scale bar: 10 pm.
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These results signify that the penetration of the denser
external fluid into less dense fluid inclusions was the
main scenario of increasing inclusion density at the given
pT conditions. We did not observe a change in the com-
position of the aqueous phase (i.e., the penetration of the
external fluid into inclusions) only in one group of very
fine inclusions (run 34-48); the density of these inclu-
sions increased from 0.80-0.82 to 0.84-0.86 g/cm? as a
result of the experiment.

Inclusion Composition

The inclusion composition varied differently, even
within individual samples. The external fluid (in runs 34-
48, 44-46, 52-53) substituted for the initial fluid in the
inclusions. It was shown experimentally that any inclu-
sion is associated with at least several dislocations or
even microfractures and the dislocation density around
the inclusion increases under changing external P-T
parameters [13, 9, 14]. It was also proven in [13, 9, 14]
that water leakage from the inclusions is mainly due to
fluid migration along such dislocations and microfrac-
tures rather than to diffusion through the inclusion walls.
However, the fluid can also move in the opposite direc-
tion along dislocations. In the products of several exper-
iments, inclusions contained increased NaCl concentra-
tions, which resulted from fluid exchange with the envi-
ronment through dislocations [23].

Thus, we may assume that the most likely scenario
of the transformation of the composition and density of
inclusions in our experiments was the migration of the
fluid from the environment along microfractures and
dislocations. Several experiments showed changed
methane concentrations in fluid inclusions; these
changes were measured as a change in the carbon diox-
ide melting temperature (in all runs but run 41-44),
which was not accompanied by any noticeable change
in the homogenization temperature. This process is yet
poorly understood, but we tend to think that hydrogen
diffusion induced the aforementioned changes in the
methane concentration in inclusions.

Our results show that the degree of transformation
of fluid inclusions (including the density change) was
affected by the permeability of the inclusions, i.e., their
accessibility to the external fluid. The accessibility, in
turn, depended on the degree of deformation of the host
mineral, its perfection, and other factors. Certainly, nat-
ural conditions differ significantly from experimental
ones in the exposure period; a far greater share of pri-
mary inclusions is expected to experience an increase in
density during retrograde metamorphism in nature. We
think, however, that there is a rather high probability of
the conservation of primary, untransformed inclusions
in such rocks (in parts of minerals least accessible to the
external fluid), which is frequently manifested in the
investigations of natural complexes, including meta-
morphic ones. This allows us to meet with optimism
investigations of fluid inclusions intending to recon-
struct the physicochemical conditions of not only retro-
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grade mineral formation, but of primary mineral forma-
tion also.

CONCLUSIONS

In our experiments, we did not find adequate evi-
dence that the inclusion density increased as a result of
decreasing inclusion volume. In general, the simulation
experiments by other researchers also failed to prove
this unambiguously. From our data, we may infer that
the penetration of a denser external fluid into less dense
fluid inclusions is the main scenario of the composi-
tional alteration and increase in the density of
H,0-CO,—CH, inclusions during isobaric cooling and
isothermal compression (within the range of the P-T
parameters studied). In principle, this scenario is an
absolute analog of a decrease in the density of fluid
inclusions during their retrograde evolution. The final
result (either an external fluid penetrated into inclu-
sions, or it leaked into the ambience) is determined only
by the relative position of the isochores of the fluid in
inclusions and the P-T trends of tectonothermal events
in the region [24]. The absence of the signs of inclusion
density increasing as a result of decreasing volume
does not rule out, however, the possibility for this sce-
nario to come into play. This may signify that some
conditions other than the simulated ones may exist
under which density increasing results from decreasing
volume; for example, stresses may induce plastic defor-
mations in minerals, in particular, on the crystal-lattice
scale. This possibility has not been experimentally
checked. However, the reconstruction of the physico-
chemical conditions of geological processes, in partic-
ular, metamorphism, may give essential information
about the evolution scenarios of fluid inclusions and,
finally, about the evolution paths and fluid regime of
metamorphism itself. For example, superdense inclu-
sions with the higher P-T parameters of entrapment
compared to the P-T conditions of peak metamorphism
can form as a result of the entrapment of a new, denser
inclusion generation during isobaric cooling and not
due to an increase in the density of the previously
entrapped varieties. A similar case was in fact modeled
in the set of runs carried out on samples containing
inclusions B (Table 1). We also discovered it when
investigated metamorphic conditions in rocks from the
Trivandrum granulite block, Southern India [6]. Here, a
genetically autonomous group of relatively late
(undoubtedly, secondary) inclusions, which were far
denser than primary peak varieties, was discovered.
These inclusions were formed directly at low subiso-
baric cooling temperatures due to the conditions of brit-
tle deformations and the development of intense frac-
turing in minerals.

In summary, our experimental modeling showed
that during retrograde metamorphic evolution, the den-
sity of fluid inclusions not only can decrease, which is
the most common process in natural setting, but they
can also increase. Superdense inclusions may form as a
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result of the following two processes: either their den-
sity increases because of the penetration of a denser
external fluid into less dense fluid inclusions or new
generations of dense inclusions are entrapped by min-
erals that underwent brittle deformation with fractur-
ing. The formation of superdense inclusions due to the
deformation (a decrease in the size) of vacuoles also
cannot be ruled out. However, the scenarios of this pro-
cess need experimental verification.
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