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Abstract— Using a new version of the Selektor-C program package for the minimization of Gibbs free energy,
physicochemical modeling was conducted for real mineral assemblages from the rocks of the Okhotsk and
Chogar complexes and the Larba block, which crystallized under granulite-facies conditions. Considering a
two-reservoir fluid—rock system, model assemblages of metapelites and metabasites adequate to natural
assemblages were reconstructed by the method of Gibbs potential minimization. The P-T parameters of crys-
tallization, oxygen potential, and the composition of the deep fluid that produced the assemblages were esti-
mated. It was shown that the character of oxygen behavior can be dual under granulite-facies metamorphic
conditions: inert behavior in rocks enriched in magnetite and (or) hemoilmenite and perfectly mobile behav-
ior (after D.S. Korzhinskii) in rocks devoid of these minerals. It was shown that the oxygen regime is con-
trolled by the degree of complete or partial leveling of oxygen potential between the deep reduced fluid and

the rock in agreement with their oxygen capacities.
DOI: 10.1134/S0869591110061013

INTRODUCTION

The fluid regime is crucial for the understanding of
the petrogenesis of metamorphic rocks. This study
addresses the solution of the inverse problem: deter-
mining pressure, temperature, and activities of water,
carbon dioxide, and oxygen, as the major components
of fluid controlling the parameters of mineral assem-
blages, from the compositions of minerals. In the the-
ory of metamorphism, oxygen conditions are of fun-
damental significance because of the high (often criti-
cal) sensitivity of the phase and mineral compositions

of assemblages to variations in oxygen fugacity (fo, ).

Most investigators accept the fluid model assuming
that the potentials of water and carbon dioxide in
metamorphic rocks are identical to those in the deep
fluid that produces the rocks, and this is related to the
perfectly mobile regime of these major fluid compo-
nents. As to oxygen potential, it is commonly assumed
that it is buffered (imposed) by the chemical composi-
tion of the rock, which implies its inert behavior.

Of special importance for the fluid model are the
concepts of D.S. Korzhinskii on open systems with
“differential mobility of components” (Korzhinskii,
1994). According to his hypothesis, the equilibrium of
rock with the environment is attained owing to the
exchange of chemical potentials of “perfectly mobile”
components at constant potentials of less mobile
“inert” components. As to the oxygen regime,
Korzhinskii suggested that the paragenetic analysis of
minerals indicates a notable inertness of oxygen dur-

ing metamorphic, magmatic, and hydrothermal pro-
cesses; the activity of oxygen at metamorphic pro-
cesses depends to a large extent on the initial compo-
sition of the protolith and is independent of the
participation of vadose waters and waters buried in the
proto-rocks (Korzhinskii, 1945, 1994; pp. 6—28, 159—
167). According to this hypothesis, the dependence of
oxygen activity on the alkalinity of the rock or the
environment supports the inference that oxygen activ-
ity is not a parameter of the external medium but
depends on other factors of equilibrium in mineral
systems, and this hypothesis has found extensive sup-
port in metasomatic systems but is still not clear for
normal metamorphic processes (Korzhinskii, 1994,
pp. 163—164).

Fonarev (1987) paid special attention to the oxygen
regime (specific behavior of oxygen) in the discussion
of the evolution of redox conditions during the meta-
morphism of Precambrian iron formations. He con-
cluded that there is a close relation of the primary
banding and structure of rock and the composition of
the assemblage with the inert behavior of oxygen. It
was claimed that the inert regime of oxygen (locally
dependent) is predominant for most regional meta-
morphic complexes of the Precambrian iron forma-
tion up to the highest metamorphic grades. The inert
behavior of oxygen during the formation of rocks con-
taining magnetite and hematite was interpreted by him
as equilibrium at the dominance of rock over fluid by
mass (its buffer capacity). The perfectly mobile regime
was described by Fonarev as a continuous input of
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Table 1. Compositions of metamorphic rocks selected for modeling!

Sample no.| SiO, | TiO, | ALO; | Fe,05| FeO | MnO | MgO | CaO | Na,O | K,0 | P,Os | H,O* | H,O™ |L.O.1.| Total
10v 4560 | 0.25 | 9.81 | 3.45 |24.84| 0.80 | 8.66 | 2.16| 0.81 | 0.67 | 0.06 — 0.22 — 19733
143 7288 | 025 | 9.73 | 471 | 2.80| 0.05 | 594 | 0.34| 0.25 | 1.00 | 0.12 — — 1.53 | 99.60
73v 64.60 | 022 | 7.16 | 0.65 [17.94| 0.17 | 6.00 | 0.31| 0.05 | 0.53 | 0.26 — 0.06 | 0.08 | 98.03
1159/2-a | 6895 | 0.56 | 1556 | 0.86 | 3.90| 0.08 | 3.36 | 1.90| 245 | 1.34 | 0.07 — 0.06 | 0.64 | 99.73
127-g 65.78 | 0.55 | 18.13 | 3.16 | 2.46| 0.22 | 295 | 1.46| 1.88 | 1.55 | 0.11 | 142 | 0.14 — 1 99.81
136-¢ 4796 | 1.26 | 1484 | 554 | 9.65| 0.27 | 5.61 |10.25| 2.58 | 046 | 0.15 — — 1.24 | 99.81
SCh-9/129| 46.30 | 2.25 | 1256 | 6.85 | 11.00| 0.29 | 6.58 | 10.51 | 2.08 | 0.28 | 0.33 | 0.07 — 0.25 | 99.42
SCh-5/58 | 44.35| 1.47 | 1517 | 5.62 | 10.81| 0.16 | 8.16 | 11.09| 1.55 | 043 | 0.19 | 0.01 — 0.88 | 99.93
39-¢ 4762 | 0.57 | 9.28 | 1520 | 15.84| 0.56 | 3.37 | 2.54| 0.74 | 1.07 | 0.10 — 024 | 1.64 | 98.77
A-138 48.71 | 0.6 8.64 | 19.03 13.6 | 047 | 3.59 | 2.34| 0.7 099 | 0.16 — 0.13 | 1.00 | 99.96

Note: D The mineral assemblages of the rock samples: 10v, Grt + Opx + Pl + Bt + Qtz; 143, Grt + Opx + Pl + Bt + Crd + Qtz + Rt; 73v, Grt +
Opx + Kfs + Bt + Q1z; 1159/2a, Grt + Pl + Bt + Sil + Kfs + Qtz + Ilm + Rt; 127-g, Grt + Pl + Bt + Sil + Qtz; 136-¢, Grt + Opx + Cpx +
Hbl + Pl + Qtz + Mag + Ilm; SCh-9/129, Grt + Opx + Cpx + Hbl + Pl + Mag + Ilm; SCh-5/58, Grt + Cpx + Hbl + Pl + Mag + Iim;
39-e, Grt + Opx + Kfs + Pl + Qtz + Mag + Ilm; and A-138, Grt + Opx + Kfs + Bt + Hbl + Pl + Qtz + Iim + Mag.

considerable masses of fluids into the rock sequence,
when oxygen fugacity controlled by its composition is
independent of the composition of major minerals of
the rock and is imposed for the whole sequence
(Fonarev, 1987; pp. 265—266). This statement was
illustrated by Fonarev (1987; Table 52, Fig. 101) as an
increase in the Fe/(Fe + Mg) ratio of orthopyroxene
and cummingtonite (at increasing 7"and P) accompa-

nied by a distinct decrease in fo2 determined from

mineral assemblages, practically up to the CCO buffer.
In our opinion, in such a case, a transition to the per-
fectly mobile behavior of oxygen occurs in magnetite-

free (i.e., “fo, -mute”) rocks of the quartz—silicate

(clinopyroxene—orthopyroxene + cummingtonite)—
carbonate subfacies (Canyon Mount Reed region,
Canada) containing graphite. The similar analysis of
oxygen behavior (internal control of oxygen potential)
was discussed by Labotka et al. (1982) and Frost
(1982).

Perchuk (1973, 1986) estimated the potentials of
H,0, CO,, and O, at different stages of the develop-
ment of the Earth’s crust. He used the reactions (for
approximately 200 mineral assemblages) of oxidation—
reduction, hydration—dehydration, and carbonation—

decarbonation. It was shown that, in the P,— f,, coor-

dinates, log fo, decreases with increasing depth along a

hyperbole from —10 at the surface to —19 at 10—
12 kbar. Perchuk (1977) argued that the behavior of
oxygen was perfectly mobile during the regional meta-
morphism of metapelites.

Perchuk and Ryabchikov (1976) evaluated the fluid
regime of metamorphism by the method of phase cor-
respondence assuming a priori that the oxygen activity
calculated from the analyses of mineral assemblages
corresponds to the oxygen activity in the deep fluid
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responsible for metamorphism. This statement
requires additional consideration, especially because
all statements concerning the fluid regime are qualita-
tive due to the lack of information on the deep fluid.
This study focuses on the evaluation of the regime of
oxygen (perfectly mobile or inert) in the processes of
granulite metamorphism by the method of Gibbs
potential minimization.

OBIJECTS

Several granulite-facies metamorphic rocks from
the Okhotsk and Chogar complexes and the Larba
block were selected for modeling. The chemical anal-
yses of these rocks, the compositions of their minerals,
the phase compositions of mineral assemblages, and
the P-T conditions of their formation were reported by
Avchenko (1977, 1990). The rocks are low-calcium
garnet—orthopyroxene, garnet—cordierite, and gar-
net—biotite—sillimanite gneisses, gneissic quartzites,
and granulites (metapelites), as well as high-calcium
garnet—amphibole—two-pyroxene schists (metaba-
sites). The compositions of these rocks and their min-
eral assemblages are given in Table 1. The rocks are
assigned to a single metamorphic stage. However, zon-
ing was observed in the minerals. This is related to the
high sensitivity of mineral assemblages (especially
metapelitic) to retrograde processes terminating the
main metamorphic stage. The zoning of these miner-
als was described by Avchenko (1977, 1990), and the
chemical zoning of garnets was investigated by
Avchenko (1982). We used only those mineral assem-
blages that were not destroyed during the retrograde
stage. Special attention was given to mineral zoning;
its investigation was aimed at the paragenetic analysis
of minerals and obtaining data for the determination
of the local parameters of chemical equilibrium under
the conditions of the main metamorphic stage.
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PROGRAM PACKAGE SELEKTOR-C

The method of the minimization of thermody-
namic potentials (Karpov, 1981; Chudnenko, 2007)
was used in this study for the estimation of the fluid
regime of metamorphism. The Selektor-C program
package implementing a convex programming
approach for the calculation of equilibria in heteroge-
neous systems by the minimization of thermodynamic
potentials contains all the necessary structures of data
and algorithms combined in a common integrated sys-
tem running in the Microsoft Windows environment.
The Selektor-C code can be used to calculate complex
chemical equilibria in isobaric—isothermal, isochoric,
and adiabatic conditions in multisystems containing
an aqueous electrolyte solution, a gas mixture, liquid
and solid hydrocarbons, and minerals, including solid
solutions and single-component phases. The use of
Selektor-C allows one to tackle some problems of the
formation of metamorphic mineral assemblages that
cannot be solved by the classical method of parage-
netic analysis. Among such problems are the modeling
of multicomponent and multiphase nonequilibrium
megasystems, the proof of the principle of local equi-
librium, and the estimation of the formation condi-
tions of nonequilibrium associations. Selektor-C is
efficient for the estimation of the level of the oxidation
potential of fluid even in mineral assemblages free of
magnetite, ilmenite, or graphite. The principle of
duality implemented in Selektor-C deserves special
attention. This principle is a mathematical tool for the
elucidation of the thermodynamic essence of
Lagrangian multipliers, which are used in the theory of
convex programming. This principle provides a basis
for the calculation of the chemical potentials of all
independent components of model mineral assem-
blages (Chudnenko, 2007). The thermodynamic
parameters of mineral solid solutions play a key role in
Selektor-C. The introduction of solid solutions was
necessary for the creation of models for real assem-
blages and, consequently, the quantitative description
of the fluid regime of rocks (Avchenko and Chud-
nenko, 2005). The principles, methods, and the results
of the application of the Selektor-C program package
for the analysis of granulite- and amphibolite-grade
rocks were discussed in detail by Avchenko et al.
(2010). In addition, as will be shown in this paper, the
method of minimization allows the evaluation of oxy-
gen behavior.

The models include 70 observed or possible major
minerals (end-members) of metamorphic rocks:
quartz, plagioclase, K—Na feldspar, biotite, orthopy-
roxene, clinopyroxene, garnet, cordierite, olivine,
hornblende, sillimanite, kyanite, andalusite, ilmenite,
magnetite, corundum, sapphirine, graphite, native
iron, and rutile. In order to support the uniqueness of
the model solution for associations, the following
minerals of the amphibolite facies were included:
muscovite, epidote, staurolite, zoisite, clinozoisite,
and titanite. The thermodynamic properties of the
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end-members of solid solution series were calculated
using the database of Holland and Powell (1990), and
the thermodynamic properties of gas components
were taken from the database of Reed et al. (1982).

METHOD OF MODELING

The model consists of two reservoirs. The first res-
ervoir (external fluid of the C—O—H system) contains
variable amounts of H,O, CO, O,, CO,, H,, CH,, and
carbon. Varying the amounts and composition of fluid
in the first reservoir, the potentials of fluid components
(including O,) can be imposed in the second reservoir,
which contains rock. The composition of fluid is grad-
ually changed to produce a model mineral assemblage
in the second reservoir approaching the real assem-
blage (model solution). The model solution includes
the compositions of minerals, their volume propor-
tions, P-T conditions, and fluid composition. Hence,
in contrast to paragenetic analysis, our approach pro-
vides information on the composition of external fluid
and its O, activity. In most (though not in all) cases,
the same mineral assemblages can be produced by
reducing the external water—carbon dioxide fluid by
not only carbon or carbon monoxide, but also by
hydrogen, methane, and their mixtures (in very small
amounts). The oxygen potential in the external fluid in
the models with different variants of component com-
position remains the same, and the criterion for fluid
composition is the close agreement between the model
and real compositions of minerals. The attainment of
this agreement has to be emphasized, because the
model assemblage (composition and amounts of min-
erals) is rather stringently controlled by the external
equilibrium factors: pressure, temperature, potentials
of the major components of the external fluid (H,O

and CQO,), fo2 , and fluid/rock ratio. This implies that,

for the majority of real assemblages, an almost unique
solution can be found for the external parameters of
the model assemblage.

The reduced fluid formed under specified P-7 con-
ditions in the first reservoir is transferred into the sec-
ond reservoir with the real composition of metamor-
phic rock specified by the molar amounts of indepen-
dent components: SiO,, TiO,, AlL,Os;, Fe,0;, FeO,
MnO, MgO, Ca0O, Na,0, K,0, and H,O (using total
iron content in each sample given in Table 1). The
fluid/rock mass ratio varied considerably in the mod-
els from 0.25 to 0.005. Temperature and pressure were
determined using the PET program (Dachs, 1988),
which contains the equations of 25 geothermometers
and 16 geobarometers. Simultaneously, pressure and
temperature were empirically adjusted during the con-
struction of the model, and the resulting values were
practically identical (within 10—20°C and 500—1000
bar) with those obtained by the PET program. The
completeness of mineral assemblages, the volume pro-
portions of minerals, the Fe/(Fe + Mg) ratio of sili-
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Table 2. Comparison of the (1) real and (2) model compositions of minerals for the assemblages studied

N ¥ T

1 2 1 2 1 2 2 1 2 1 2 1 2
10v 0.82 | 0.81 063 | 061 [0.58 [0.53 1[040 040 |0.11 0.12 — — — —
143 0.57 | 0.56 | 0.30 | 0.35 |0.27 0.27 0.27 ]0.30 |0.04 ]0.02 - — — —
73v 0.78 | 0.76 | 0.60 | 0.56 |0.50 [0.47 - — 10.013 {0.028 - - — —
1159/2-a | 0.53—| 0.56 — — 10.18= 10.27 10.29 [0.29 |0.025—|0.027 — — — —

0.57 0.24 0.027
127-g 0.73 | 0.70 - — 1035 1037 (030 (028 |0.06 |0.04 - - - -
SCh-9/12910.80 | 0.80 | 0.53 | 0.56 — — 1035 (035 [0.18 |0.18 044 | 040 * 0.36
SCh-5/58 [0.57 | 0.59 — — — — 1035 (035 (0.18 [0.21 0.31 0.23 * 0.41
136-¢ 0.80 | 0.80 | 0.51 0.57 — — 1049 (048 (020 |0.27 042 | 041 0.59 | 0.53
39-e 0.81 0.82 | 0.65 | 0.60 — — 1035 (035 |0.16 |0.19 — — — —
A-138 080 | 0.79 | 0.16 | 0.12 |0.43— |043 |0.44— |047 |0.16 |0.12 — — 046 | 0.50
0.57 0.49

Note: ngt, Xgep x, X’gé, Xg‘:x, and Xgebl, are the Fe/(Fe + Mg) ratios of garnet, orthopyroxene, biotite, clinopyroxene, and hornblende,

respectively; Xf:,l, is the anorthite mole fraction of plagioclase; and Xg: is the Ca/(Ca + Mg + Fe + Mn) ratio of garnet. An asterisk

denotes that the mineral not analyzed, and a dash means that the mineral is absent in the assemblage.

cates, the composition of plagioclases, and Fe and Ca
contents in garnets were the main parameters for the
verification of an adequate model solution. It was
found that the oxidation potential of external fluid
plays a key role in the successful modeling. In addi-
tion, the formation of a model assemblage adequate to
the observed assemblage was strongly affected by the
water/rock ratio (W/R) and relative amounts of H,O
and CO, controlling the stability of hydrous silicates
and assemblages in general.

The modeling was based on the chemical composi-
tions of rocks assuming the inert behavior of all compo-
nents of the system. It is usually assumed that the com-
position of deep fluids corresponds to the C—O—H sys-
tem, and it was previously demonstrated that the fluids
of the granulite facies is strongly reduced (Avchenko
etal., 1998, 2009). This allows us to use a reduced
compressed gas as a proxy for the external fluid. The
contribution of the water component of the fluid to the
solubility of the major components of rocks (Mg, Fe,
etc.) can be considered insignificant (Avchenko et al.,
1998; Khudolozhkin, 2007). There are several reasons
for the use of a reduced compressed gas rather than an
aqueous fluid.

(1) The Selektor-C code employs the modified
Debye—Huckel equation. It is valid for aqueous fluids
with ionic strengths from 0.1 to 1.0, and its use is lim-
ited to temperatures up to ~500°C and pressures up to
~4—5 kbar. Outside these ranges, there are significant
deviations of calculations from experimental or natu-
ral data (Khudolozhkin, 2007).
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(2) If the fluid phase contains a complex electro-
lyte, the potentials of all components, including oxy-
gen, are uniform in model solutions (in the fluid—
mineral assemblage pair) under the conditions of ther-
modynamic equilibrium. Of course, in the model
solutions, equilibrium with respect to oxygen potential
is retained also at the elimination of electrolyte from
the model, which allows us to use a reduced com-
pressed gas and obtain more accurate results.

(3) Owing to the small amount of fluid (fluid/rock
ratio is much less than 1), the effect of dissolution on
the composition of the mineral assemblage is very lim-
ited and concerns mainly quartz, to a lesser extent K—
Na feldspars, and almost negligibly Fe—Mg silicates.
The results of modeling showed that Ca, Fe, and Mg
were almost lacking in the water—carbon dioxide fluid,
and the compositions of minerals remained undis-
turbed (Avchenko et al., 2010, pp. 173—175; Khu-
dolozhkin, 2007).

RESULTS AND DISCUSSION

The results of the modeling of mineral assemblages
are compared with natural observations in Table 2.
The table illustrates the degree of agreement between
the model solution and natural assemblages. The cal-
culated oxygen fugacity values under given P-7 condi-
tions in the external and local fluid in the mineral

assemblages are given for several model solutions

(f:)_zw) in Table 3. Some discrepancies between the

calculated and observed assemblages are related to the
imperfection of solid solution models implemented in
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Table 3. (1) Observed and (2) model mineral assemblages under given P-T conditions and calculated oxygen fugacity values, f’ :)—21\/

Sarrlrg.)le No. Mineral assemblage P, bar| T, °C|logf, 102 logf 32 logf 3; logf 8/2

10v 1 |Grt + Opx+ Pl+ Bt +Qrz 6200| 740 | —169| —17 | —12.7| —17
2 | Grtyy + Opxsy + Plig+ Bt; g + Otzy | + llmyy 5

143 1 |Grt+ Opx+ Pl+ Bt +Crd+ Qtz+ Rt 5200| 740 | —16.7| —17.2| —11.4| —-17.2
2 | Grtyy+ Opxy + Pl 4+ Blg 5 + Crdy + Qfzsg 9 + Rty »

73v 1 |Grt+ Opx+ Kfs + Bt + Q17 5000 700 | —17.8| —18 | —14 | —18
2 | Grty 9+ Opxyy 9+ Kfsy g+ Blyg + Otzgg + llmy 3

1159/2-a 1 |Grt+ Pl+ Bt+ Sil + Kfs + Qtz+ Ilm + Rt 7000| 750 | —16.4| —16.7| —11.6| —16.7
2 | Grty 7+ Pl 4+ Silyg + KfSg 5 + Bty g + Otzys + Rty 4 + Grt

127-g 1 |Grt+ Pl+ Bt+ Sil + Otz 6800( 700 | —17.5| —17.7| —11.1| —17.8
2 |Gty 5+ Phy g+ Bliys+ Siljgs + Oz s+ Riy

SCh-9/129| 1 | Grt+ Opx+ Cpx + Hbl+ Pl+ Mag + llm 7500( 750 | —14.9| —15.6| —11.8| —16.7
2 | Grtygg + Opxyo + Cpxyg 7 + HbIl 3 5+ Phg + llms 4

SCh-5/58 | 1 |Grt+ Cpx + Hbl+ Pl+ Mag + lim 12000| 900 —99| —12.5| —-7.7|—13.6
2 | Grtyy+ Cpxyy 7 + Hblig+ Plig g + llm, 5

39-¢ 1 | Grt+ Opx + Kfs + Pl + Qtz + Mag + Iim 6500| 710 | —13.7| —16.7| —13 | —16.7
2 | Grtyy 5+ Opxys 6+ Kfsy76 + Pl g3 + Otzpg g + Magy g + llmy g

136-¢ 1 | Grt+ Opx + Cpx + Hbl + Pl + Qtz + Mag + llm 6000| 750 | —12.6| —16.1| —12.1| —16.8
2 | Grigy+ Opxz + Cpxy 3+ Hblyg 3+ Plyy 6+ 012y 4 + Magy , + 1lm 5

A-138 1 | Grt+ Opx + Kfs + Bt + Hbl + Pl + Qtz + llm + Mag 6400| 740 | —13.2| —16.3| —12.5| —16.7
2 %’til + Opxy 7+ KfSy | + Bty g+ Hbl | + Py + Otzgy + llms 5+

agio

Note: logf’ 57 is the oxygen fugacity in a model mineral assemblage adequate to the real assemblage in equilibrium with external fluid (model

solution, reservoir no. 2); logf’ o, 18 the oxygen fugacity of external fluid without its interaction with rock in the solution variant (res-

. 1 . . . P . .
ervoir no. 1); logfo2 is the intrinsic oxygen fugacity of the rock calculated at an infinitesimally small amount of fluid (reservoir no. 2);

logf gi is the oxygen fugacity of fluid in the C—O—H system under the conditions of its saturation with respect to graphite and under

given P-T conditions; and the numerical subscripts show the volume percentages of minerals obtained in the model solution.

Selektor-C and, primarily, the lack of Ti end-members
in model Opx, Bt, and Hbl. As a result, the excess Ti
content in the models produces hemoilmenite instead
of magnetite. The volume fractions of minerals in each
model assemblage (Table 3) are similar to visual esti-
mates for the real assemblages (not shown because of
their low accuracy).

Two results presented in Table 3 are important for
the understanding of the formation of the oxygen
regime. First, after a satisfactory model solution is
obtained, the oxygen fugacity of fluid (from the first
reservoir) producing the assemblage can be considered

as the potential of the external fluid, f 32. Second, the

model of rock interaction with a negligible amount of
external fluid entering from the first reservoir allows us

to estimate the intrinsic oxygen potential ( /| 32 ), which

could be imposed by the rock itself (more precisely the
mineral assemblage) without the participation of an

external fluid under given P-T parameters. The calcu-
lated compositions of minerals in such model assem-
blages are, of course, different from the observed char-
acteristics. It is assumed that this potential formally
corresponds to the redox state of the rock and its local
intrinsic (pore) fluid. In these models, the intrinsic

oxidation potential ( fgi, Table 3) is significantly

higher than that obtained in the model solutions. The
reason is that the model assemblage is in equilibrium
with a negligible amount of fluid and manifests its own
oxygen buffer capacity. When the rock is equilibrated
with the necessary amount of reduced fluid producing

the real assemblage, lower f :)2 values are established.

Using this feature, it is possible to estimate the contri-
butions of oxygen potentials (capacities) of the rock
and fluid necessary for the formation of the real fluid—
rock equilibrium.

PETROLOGY WIl. 19 No. 1 2011
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A comparison of f gz and f {)'2 values for the sam-

ples discussed here allows us to divide them into two
groups on the basis of the redox response of the rock to
the influence of the reduced external fluid. Two vari-
ants of model solutions were obtained.

(1) The oxygen fugacity of external fluid from the
first reservoir, f, 32, is buffered by the rock in the sec-

ond reservoir at f, gz. The equilibrium values of oxygen

fugacity in the second reservoir are higher, sometimes
by several orders of magnitude, than the values in the
first reservoir. In such a case, the model solution char-
acterizes the inert behavior of oxygen (samples SCh-
5/58, 39-¢, 136-¢, and A-138 in Table 3). Such an oxy-
gen regime is established in the metabasites whose
mineral assemblages include magnetite and (or)
hemoilmenite. The appearance of oxide minerals in
these rocks, their amounts, and the composition of
solid solutions are consequences of the approach to
equilibrium of the two reservoirs. The oxide minerals
are indicators of the prevalence of the oxygen buffer
capacity of the mineral assemblage over the capacity of
the deep reduced fluid. It is reasonable to supposed
that an increase in the mass of metamorphic fluid (for
instance, owing to an increase in rock permeability)
can transform the oxygen regime into a perfectly
mobile state (changing the mineral assemblage). Dur-
ing modeling, an increase in the Fe/(Fe + Mg) ratio of
silicates, the attainment of its maximum for the given
composition of rock, and a decrease in the amount of
oxide minerals up to their complete disappearance can
be used as formal indicators for such a transition. In
this connection, it is noteworthy that Korzhinskii sug-
gested as early as 1937 that the behavior of oxygen dur-
ing metamorphism can be transitional between per-
fectly mobile and inert (Korzhinskii, 1937).

(2) The oxygen fugacity of external fluid from the
first reservoir imposes the same potential in the rock
reservoir. Such an oxygen regime appeared to be typi-
cal of metapelites whose assemblages were free of
magnetite and (or) hemoilmenite (samples 10v, 143,
73v, 1159/2-a, 127-g, and SCh-9/129 in Table 3).
These model solutions correspond to the perfectly
mobile oxygen regime, when the reducing capacity of
fluid at given metamorphic P-T conditions dominates
the capacity of the rock assemblage. The perfectly
mobile behavior of oxygen can also be observed when
the intrinsic oxygen fugacity is initially similar or iden-
tical to the oxygen fugacity of external fluid, for
instance, in the presence of carbon in the rock (sample
1159/2-a in Table 3).

The use of the method of minimization for the mod-
eling of “mute” (with respect to f’ 0, ) rocks free of oxide

minerals (samples 10v, 143, 73v, 127-g in Table 3)
allowed us to constrain f (at any model of external

fluid) by the calculation of the boundaries of magne-
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tite and (or) hemoilmenite disappearance (or appear-
ance) in the mineral assemblage. For instance, the
complete association of sample 127-g at T= 700°C

and P = 6.8 kbar cannot be produced at logf, = —16

(contains magnetite), but can be formed at lower val-
ues, for instance, logf02 = —18.5. In the model solu-

tion, the assemblage adequate to the natural one
appears at logf’ 0, = —17.5 (Table 3). Thus, important

information can be gained by the method of thermo-
dynamic potential minimization for rocks containing
a mute mineral assemblage.

It should be pointed out that the model solutions
do not provide distinct correlations between the oxy-
gen regime, P-T conditions, bulk iron content in the
rock, Fe*?/Fe*3, and rock/fluid ratio. This is related to
the simultaneous dependence of the buffer capacity of
an assemblage on pressure, temperature, phase com-
position, and the compositions of minerals, as well as

the amount, component composition, and f 0, of the
deep fluid forming the assemblage.

It is interesting that the oxygen fugacity values
obtained for metamorphic rocks by chromatographic
and electrochemical investigations are close to the
CCO buffer (Avchenko et al., 1998, 2009), which is
consistent with the results of modeling for the estima-
tion of the degree of external fluid oxidation. It is con-
ceivable that, on a regional scale, the geochemical
profile of the external metamorphic fluid of the
Okhotsk and Sutam complexes is characterized by a
reducing regime at an oxygen fugacity level close to or
lower than CCO.

CONCLUSIONS

(1) Using the method of thermodynamic potential
minimization for a series of granulite-grade metamor-
phic rocks (metapelites and metabasites), a dual
regime of oxygen behavior was established, perfectly
mobile and inert, depending on the presence or
absence of magnetite and (or) hemoilmenite in the
assemblage. It was concluded that the oxygen regime
of a natural assemblage is controlled by the degree of
complete or partial leveling of oxygen potential
between the deep reduced fluid and the rock in accor-
dance with their oxygen capacities.

(2) The obtained results demonstrated that oxygen
fugacity values obtained by the methods of phase cor-
respondence for the natural assemblages of granulites
containing magnetite and ilmenite, i.e., crystallizing
at an inert oxygen regime, may correspond to a local
fluid in equilibrium with the mineral assemblage
rather than to an external (regional) fluid.

(3) The use of the minimization method for meta-
morphic rocks free of oxide minerals allows constrain-
ing the upper boundary of oxygen fugacity for the
“mute” mineral assemblage.



108

KHUDOLOZHKIN, SHAROVA

ACKNOWLEDGMENTS

We thank O.V. Avchenko (Far East Geological

Institute, Far East Division, Russian Academy of Sci-
ences) for providing materials and O.G. Safonov
(Institute of Experimental Mineralogy, Russian Acad-
emy of Sciences) for comments, which helped us to
improve the manuscript.

This study was financially supported by the Far

East Division of the Russian Academy of Sciences
(grant no. 09-11-SU-08-003, no. 20) and the Russian
Foundation for Basic Research (project no. 08-05-
00106-a).

10.

. Avchenko,

REFERENCES

O.V., Petrologiya okhotskogo metamor-
ficheskogo kompleksa (Petrology of the Okhotsk Meta-
morphic Complex), Moscow: Nauka, 1977.

. Avchenko, O.V., Petrogeneticheskaya informativnost’

granatov metamorficheskikh porod (Petrogenetic Infor-
mativity of Garnets from Metamorphic Rocks), Mos-
cow: Nauka, 1982.

. Avchenko, O.V., Mineral’nye ravnovesiya v metamor-

ficheskikh porodakh i problemy geobarotermometrii
(Mineral Equilibria in the Metamorphic Rocks and
Problems of Geobarometry), Moscow: Nauka, 1990.

. Avchenko, O.V., Aleksandrov, I.A., Khudolozhkin, V.O.,

and Mishkin, M.A., Fluid Regime of the Amphibolite-
Facies Metamorphism in the Dzhugdzhur-Stanovoy
Fold Area (Far East), Tikhookean. Geol., 2009, vol. 28,
no. 4, pp. 3—15 [Russ. J. Pac. Geol. (Engl. Transl.),
vol. 3, no. 4, pp. 307—318]

. Avchenko, O.V. and Chudnenko, K.V., Physicochemi-

cal Modeling of Mineral Assemblages in Metamorphic
Rocks, Dokl. Akad. Nauk, 2005, vol. 401, no. 3,
pp. 378—383 [ Dokl. Earth Sci. (Engl. Transl.), vol. 401,
no. 3, pp. 398—402].

. Avchenko, O.V., Chudnenko, K.V., and Aleksandrov, . A.,

Osnovy  fiziko-khimicheskogo modelirovaniya min-
eral’nykh sistem (Principles of Physicochemical Mod-
eling of Mineral Systems), Moscow: Nauka, 2010.

. Avchenko, O.V., Khudolozhkin, V.O., Konovalova, N.P,

and Barinov, N.N., Carbon-Rich Reduced Fluids of
the Sutam Metamorphic Complex, Geochem. Int.,
1998, vol. 36, pp. 742—751.

. Chudnenko, K.V., Theory and Software of Minimiza-

tion of Thermodynamic Potentials in Solving
Geochemical Problems, Extended Abstract of Doctoral
(Geolmin.) Dissertation, Irkutsk: Institut Geokhimii im.
A.P. Vinogradova, 2007.

. Dachs, E., PET: Petrological Elementary Tools for Mathe-

matics, Comput. Geosci., 1998, vol. 24/3, pp. 219-235.

Fonarev, V.1., Mineral’nye ravnovesiya zhelezistykh for-
matsii dokembriya (Mineral Equilibria in the Precam-
brian Iron Formations), Moscow: Nauka, 1987.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Frost, B.R., Contact Metamorphic Effects of the Still-
water Complex, Montana the Concordant Iron Forma-
tion: a Discussion of the Role of Buffering Metamor-
phism of Iron-Formation, Am. Mineral., 1982, vol. 67,
pp. 142—148.

Holland, T.J.B. and Powell, R., An Enlarged and
Updated Internally Consistent Thermodynamic Data
Set with Uncertainties and Correlations: the System
K,0—Na,0—Ca0—MgO—MnO—FeO—Fe,0;—Al,03;—
Ti0,—Si0,—C—H,—0,, J. Metamorph. Geol., 1990, vol. 8,
pp. 89—124.

Karpov, 1.K., Fiziko-khimicheskoe modelirovanie na
EVM v geokhimii (Physicochemical Computer Simula-
tion in Geochemistry), Novosibirsk: Nauka, 1981.

Khudolozhkin, V.O., On the Quantitative Evaluation of
Metamorphic Fluid Composition: Verification of the
Results of Physicochemical Simulations for Water—
Mineral—-Rock Reactions, Tikhookean. Geol., 2007,
vol. 26, no. 3, pp. 106—117 [Russ. J. Pac. Geol. (Engl.
Transl.), vol. 1, no. 4, pp. 290—301]

Korzhinskii, D.S., Kislotno-osnovnoe vzaimodeistvie v
mineraloobrazuyushchikh sistemakh. Izbrannye trudy
(Basic—Acid Interaction of the Mineral-Forming Sys-
tems. Selected Works), Moscow: Nauka, 1994.

Korzhinskii, D.S., Zakonomernosti assotsiatsii miner-
alov v porodakh arkheya Vostochnoi Sibiri (Regularities
of Mineral Assemblages in the Archean Rocks of East
Siberia), Moscow: Akad. Nauk SSSR, 1945.

Korzhinskii, D.S., Dependence of Mineral Formation
on Depth, Zap. Vses. Mineral. O-va, 1937, vol. 66, no. 2,
pp. 369—384.

Labotka, T.C., Vaniman, D.T., and Papike, J.J., Con-
tact Metamorphic Effects of the Stillwater Complex,
Montana, the Concordant Iron Formation: a Reply To
the Role of Buffering in Metamorphism of Iron-For-
mation, Am. Mineral., 1982, vol. 67, pp. 149—152.

Perchuk, L.L., Termodinamicheskii rezhim glubinnogo
petrogeneza (Thermodynamic Regime Of Deep-Seated
Petrogenesis), Moscow: Nauka, 1973.

Perchuk, L.L., Thermodynamic Control of Metamor-
phic Processes, in Energetics of Geological Processes,
New  York—Heidelberg—Berlin:  Springer, 1977,
pp. 285—352.

Perchuk, L.L., Evolution of Metamorphism, in Eksper-
iment v reshenii aktual’nykh zadach geologii (Experi-
ment in Solution of Actual Geological Problems),
Moscow: Nauka, 1986.

Perchuk, L.L., Gas—Mineral Equilibria and Possible
Geochemical Model of the Earth,S Interior, Phys.
Earth Planet. Inter., 1976, vol. 13, no. 3, pp. 232—239.

Perchuk, L.L. and Ryabchikov, I.L., Fazovoe sootvet-
stvie v mineral’nykh sistemakh (Phase Correspondence
in Mineral Systems), Moscow: Nauka, 1976.

Reed, R.C., Prausnitz, J., and Sherwood, T., The Prop-
erties of Gases and Liquids, New York: McGraw Hill,
1977. Translated under the title Svoistva gazov i zhidko-
stei. Spravochnoe posobie, Leningrad: Khimiya, 1982.

PETROLOGY Vol. 19

No. 1 2011




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


