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INTRODUCTION

Associations of minerals with Mn, an element of
variable valence, are systematically employed to “mea-
sure” the oxygen fugacity during certain geological
processes. These minerals are utilized particularly
often to elucidate the conditions under which metallif-
erous deposits were metamorphosed [1–8 and others].
These estimates are underlain, first of all, by the results
of the experimental study of the stability of Mn-bearing
minerals and their assemblages at various 

 

PTX

 

 param-
eters and by analogous information provided by quali-
tative or quantitative thermodynamic calculations.
Regretfully, the potentialities of this approach are still
limited, mostly because of the scarcity of experimental
studies on systems with Mn and the lack of reliable
thermodynamic constants for most Mn-bearing miner-
als. Moreover, experimental and calculation studies
deal mostly with pure phases, whereas most minerals
have, conversely, variable compositions. Because of
this, the conditions under which natural and synthetic
compounds are formed can be notably different. How-

ever, in spite of these limitations, the bank of experi-
mental data on Mn-bearing systems is gradually being
appended, and, thus, more possibilities are being cre-
ated for its application to the solution of petrological
problems.

The aim of this publication was to systematize and
generalize currently available experimental and calcu-
lation data on the influence of oxygen fugacity on the
formation of Mn-bearing minerals, to assess various
mineral assemblages as possible oxygen fugacity indi-
cators, and to identify factors that control  during
the metamorphism of metalliferous sediments.

ANALYSIS OF MINERAL ASSEMBLAGES

 

System Mn–Si–O

 

This relatively simple system makes it possible to
simulate interactions between principal rock-forming
minerals of Mn-bearing rocks (ores), and, hence, this
system traditionally has attracted much attention [5, 9,
10, and others].
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Abstract

 

—The paper summarizes experimental and calculation data on the effect of oxygen fugacity on the
origin of mineral assemblages in Mn-bearing rocks and demonstrates the possibility of application of these data
to the reconstruction of conditions under which metalliferous deposits were metamorphosed. A new variant of
the 

 

T

 

–

 

 diagram is proposed for the Mn–Si–O system, which differs from previous ones by the location

of the lines for the formation (decomposition) of braunite and tephroite. These two minerals are the most uni-
versal indicators of oxygen fugacity during the metamorphism of Mn-bearing deposits, because these minerals
are widespread in nature and can be formed in diverse environments: braunite at high  values in the pore

solution, and tephroite at low  values. The occurrence of Mn oxides and rhodonite (pyroxmangite) in a rock

makes it possible to constrain the oxygen fugacity range. An original 

 

T

 

–

 

 diagram is constructed for the

Ca–Mn–Si–O system. As follows from this diagram, a Ca admixture expands the stability field of rhodonite
toward higher oxygen fugacity values. Johannsenite can be formed in these rocks at even higher . The sta-

bility of both minerals is constrained in the region of low . The paper reports data on the Fe–Si–O and

Mn–Fe–Si–O systems and discusses the possibility of applying the results of experiments in the Mn–Al–Si–O
system to the estimation of conditions under which andalusite, spessartine, and galaxite can be formed in
Mn-bearing rocks. Data on the mineralogy of numerous Mn deposits metamorphosed under various 

 

PTX

 

parameters indicate that the origin of Mn-bearing mineral assemblages depends not so much on the temperature
and pressure as on the oxygen fugacity, which is, in turn, controlled primarily by the composition of the pristine
sediments (the presence or absence of organic matter in them) and host rocks and depends on the permeability
of the rocks to oxygen, the 

 

P

 

–

 

T

 

 conditions, and the duration of the metamorphic processes.
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The model system comprises the following pure
minerals: pyrolusite (

 

Pr

 

) MnO

 

2

 

, bixbyite (

 

Bx

 

) Mn

 

2

 

O

 

3

 

,
hausmannite (

 

Hu

 

) Mn

 

3

 

O

 

4

 

, manganosite (

 

Mn

 

) MnO,
braunite (

 

Br

 

) Mn

 

7

 

SiO

 

12

 

, rhodonite (

 

Rd

 

) Mn

 

5

 

(

 

Si

 

5

 

O

 

15

 

)

 

,
pyroxmangite (

 

Py

 

) Mn

 

7

 

(

 

Si

 

7

 

O

 

21

 

)

 

, tephroite (

 

Tph

 

)
Mn

 

2

 

(

 

SiO

 

4

 

)

 

, and quartz (

 

Qtz

 

) SiO

 

2

 

. The refined ther-
modynamic constants of these minerals are summa-
rized in [10]. Using these data, we calculated the
monovariant equilibria in the Mn–Si system and con-
structed a –

 

T

 

 diagram at a constant pressure.
The calculations were carried out in compliance with
the conventional method [11–13], and the diagram is
presented in Fig. 1.

The 

 

í

 

–  

 

diagram was calculated for 

 

ê

 

 = 2 kbar.
At higher pressures, all the lines of monovariant equi-
libria shift toward lower oxygen fugacity values, but
their shifts are very insignificant, 

 

0.3 

 

 (bar) per
1 kbar of total pressure. As a rough approximation, the
effect of pressure can be provisionally ignored.
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This diagram displays two features that make it dif-
ferent from its earlier variants [4, 5, 8, 14, and others].

First, Fig. 1 shows two subparallel lines in the
region of high oxygen fugacity corresponding to the
reactions (1) 7 pyrolusite + quartz = braunite + 

 

2 

 

O

 

2

 

 at
the highest 

 

 

 

and (2) 4 pyrolusite = 2 bixbyite + O

 

2

 

at lower . In previous versions of this diagram, this
succession of reactions was suggested only at

 

í

 

−

 

, with reaction (1) giving way to reaction (1a)
14 bixbyite + 4 quartz = 4 braunite + O

 

2

 

 at higher tem-
peratures. Correspondingly, the lines of all three reac-
tions intersect at a point at 

 

155°ë

 

 (428 K) (Fig. 2).
However, as was emphasized by the authors of the ear-
lier variants of the diagram [5, 6], they used thermody-
namic constants that needed to be refined, and the model
constructed based on these constants is of a semi-
quantitative character. Calculations with the constants
from [10] indicate that the lines of reactions (1) and (2)

f O2

f O2
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log

 

Fig. 1.

 

 

 

í

 

–  

 

diagram for the mineral assemblage in the Mn–Si–O system. Minerals: 

 

Pr

 

—pyrolusite, 

 

Bx

 

—bixbyite, 

 

Hu

 

—haus-
mannite, 

 

Mn

 

—manganosite, 

 

Br

 

—braunite, 

 

Rd

 

—rhodonite, 

 

Py

 

—pyroxmangite, 

 

Tph

 

—tephroite, 

 

Qtz

 

—quartz. The heavy segments
in the plots of mineral assemblages correspond to indicator associations (see text).
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can intersect at 

 

í

 

 = 100–800°ë

 

 and ê = 1–10000 bar
only at  � 0 bar, i.e., at geologically implausible
parameters.

Along with the results of calculations, the selection
of a valid variant of a diagram should be warranted by
its consistency with the results of mineralogical stud-
ies. In our situation, it is crucial to determine which of
two mineral assemblages is stable: pyrolusite + braun-
ite or bixbyite + quartz. If only the former assemblage
is stable, the variant of the í–  diagram shown in
Fig. 1 is valid, and, if the later or both assemblages are
stable, the earlier variant of the diagram displayed in
Fig. 2 is correct.

The analysis of the factual material does not provide
an unambiguous answer to this question: both assem-
blages were found in metamorphosed Mn-bearing sed-
iments. The pyrolusite + braunite assemblage is wide-
spread at the Shivariapur and some other ore deposits in
western India [1, 5] and was reproduced experimentally
at í = 600°ë and ê = 4 kbar [15]. At the same time,
intergrowths of bixbyite and quartz are very rare, and
these minerals are practically always separated by
braunite or other phases. Moreover, according to Indian
researchers [1], at least some braunite in these rocks
crystallized before bixbyite. In other words, braunite is
formed in these rocks not by reaction (1a) but by reac-
tion (1).

With regard for the aforesaid, the variant of the
í−  diagram in Fig. 1 seems to be more plausible
than the earlier variant, but the final choice requires fur-
ther mineralogical and experimental research, which
should take into account the actual chemical composi-
tions of the minerals. In this context, it is interesting to
recall the opinion of Robie et al. [10], who suggested
that the stability of the associations in question depends
on a possible Fe admixture in the system. Braunite is
formed by the reaction of pyrolusite with quartz (reac-
tion 1 in Fig. 1) at low Fe concentrations, and Fe-rich
braunite can be produced by the reaction of Fe-rich bix-
byite and quartz (reaction 1a in Fig. 2).

The other difference of the newly constructed
í−  diagram from its earlier versions is the posi-
tion of the formation (or decomposition) reactions of
tephroite.

It was previously thought that a decrease in the oxy-
gen fugacity in the system results in the following suc-
cession of reactions: (5) 2 braunite = 2 rhodonite +
4 hausmannite + O2 and (6) 6 rhodonite + 2 haus-
mannite = 6 tephroite + O2, with the reaction lines
remaining parallel throughout the whole temperature
range. According to this model, the association of
rhodonite and hausmannite is stable under broadly vari-
able conditions and, hence, should be found at many
deposits, whereas the assemblage of tephroite and
braunite should not be found at all, which is, however,
not the case.

f O2
log

f O2
log

f O2
log

f O2
log

Our calculations indicate (Fig. 1) that reactions (5)
and (6) can take place only at high temperatures. At
ê = 2 kbar, the lines intersect at an invariant point at
í = 670°ë. Below this point, two other reactions occur:
(7) 2 braunite + 10 rhodonite = 12 tephroite + 3 O2 and
(8) 3 braunite = 3 tephroite + 5 hausmannite + 2 O2.
Correspondingly, the assemblage of tephroite and
braunite is stable at low temperatures and that of rhodo-
nite and hausmannite is stable at high temperatures.

The results of our calculations are in good agree-
ment with both experimental evidence and the results of
mineralogical studies at several deposits. For example,
Abs-Wurmbach and Peters [15] conducted a series of
experiments and demonstrated that tephroite is formed
by the reaction of braunite and rhodonite [reaction (7)]
at ê > 1 bar rather than via the interaction of rhodonite
and hausmannite [reaction (6)]. This means that the
assemblage stable at high pressures is that of tephroite +
braunite but not rhodonite + hausmannite.

Both of these assemblages were found in nature, and
both are rare. This is explained by the extreme narrow-
ness of their stability fields (Fig. 1). The stability field
of the tephroite and braunite assemblage is a narrow
wedge. The wedge is bounded by reaction lines (7) and
(8), and its width in terms of  rapidly diminishes
with increasing temperature. Even there, the tephroite +
braunite pair can be formed only if the Mn/(Mn + Si)
proportion in the rock is within the range of 0.67–0.88.
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Fig. 2. T–  diagram for a fragment of the Mn–Si–O
system [5]. Minerals: Py—pyrolusite, Bx—bixbyite,
Hu—hausmannite, Br—braunite, Qtz—quartz. Reaction
numbers (1)–(3) correspond to those in Fig. 1.
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Otherwise, the stable associations are those of quartz +
rhodonite (pyroxmangite), pyroxmangite + tephroite,
and braunite + hausmannite. Nevertheless, syngenetic
aggregates of tephroite and braunite were found in the
rocks of at least two Mn deposits: the Noda-Tamagawa
Mine in Japan [16] and on Paros Island in Greece [10].
The association of tephroite and hausmannite was
thought to be formed by the decomposition of braunite
on the strength of mineralogical evidence detected at
the Semail Complex in Oman [17].

The association of rhodonite and hausmannite is
also stable within a very narrow range of oxygen fugac-
ity, in the field constrained by reaction lines (5) and (6)
(Fig. 1). I am aware of a single find of this assemblage
at the Sausar group of Mn deposits in India, whose
rocks are metamorphosed to the amphibolite facies [1].
Moreover, hausmannite–rhodochrosite–rhodonite and
hausmannite–rhodonite ores were described at two
localities in the Russian Far East: in the Ir–Nimi inter-
fluve area and on Bolshoi Shantar Island [18]. The
authors characterize the relations of the hausmannite
with rhodonite and rhodochrosite as reaction. Except
these two examples, hausmannite has never been found
in equilibrium assemblage with rhodonite, and they are
always separated by tephroite, rhodochrosite, or other
minerals [4, 15, 19, 20, and others].

Thus, the í–  diagram in Fig. 1 is generally
more consistent than the earlier variants with the natu-
rally occurring mineral assemblages of the Mn–Si–O
system.

The analysis of our variant of the diagram shows the
following. Its whole í–  space can be subdi-
vided into two large sectors. The first of them is con-
strained by the lines of reactions (1), (8), and (5) and
encompasses the region of  values at which
braunite is stable, one of the most widespread natural
minerals of trivalent Mn. This sector corresponds to the
stability of “oxidized” associations, which include, in
addition to braunite, bixbyite, hausmannite, rhodonite
(pyroxmangite), and quartz. This segment can be
appended by the area above line 1, which includes no
braunite but where the assemblage of pyrolusite +
quartz is stable. The latter is, however, rare in metamor-
phic rocks and is more typical of hydrothermal, sedi-
mentary, and supergene mineral deposits. The second
sector is located in the lower part of the diagram, below
the reaction lines 7 and 6. This region of relatively low

 values corresponds to the stability of tephroite
and “reduced” associations and is dominated by miner-
als with bivalent Mn: tephroite, rhodonite (pyroxmang-
ite), manganosite, hausmannite, and quartz. This sector
also includes a wedge-shaped field between lines 5 and
6, which contains neither braunite nor tephroite. The
sectors overlap within a very narrow field (between
lines 7 and 8), which has a positive slope relative to the
temperature axis: the higher the temperature, the wider
the stability field of the “reduced” assemblages.

f O2
log

f O2
log

f O2
log

f O2
log

The sectors distinguished above provide rough char-
acteristics of the conditions under which the two most
widely spread types of metamorphosed Mn deposits are
formed: (1) “oxide,” whose principal minerals are
braunite; oxides of tri- and, more rarely, tetravalent Mn;
and quartz and (2) “silicate,” which are devoid of
braunite but contain widespread tephroite and other sil-
icates of bivalent Mn; quartz; and, often, rhodochrosite.
As follows from the diagram, hausmannite and rhodo-
nite (pyroxmangite) can be contained in both rock
types. Much of the rhodonite (pyroxmangite) stability
field lies in the lower part of the í–  diagram,
which implies that pyroxenoids are still more typical of
“reduced” associations of silicate rocks.

Both sectors comprise a number of segments sepa-
rated by monovariant equilibrium lines. Each of the seg-
ments is characterized by its own set of mineral assem-
blages. Some of these assemblages are “endemic” (indi-
cator) for certain segments and do not occur anywhere
else in the diagram, while others are “telescoped”
through broader ranges of parameters and can occur in
more than one segment. For example, in the first
(upper) sector, the braunite + bixbyite assemblage is
stable exclusively within the field bounded by lines 2
and 3 and is the indicator assemblage of this segment.
At the same time, the association of braunite ad quartz
is stable over a broader field, which encompasses three
segments of the diagram, from line 1 to line 4. Analo-
gously, in the second (lower) sector of the diagram, the
tephroite + hausmannite assemblage is the indicator
assemblage for the segment between lines 8, 6, and 9.
The telescoped tephroite + rhodonite (pyroxmangite)
assemblage is, conversely, stable thought the whole
lower sector. In Fig. 1, index mineral assemblages are
indicated as heavy-line segments of the Mn–Si chemo-
graphic diagrams of mineral assemblages, and the tele-
scoped assemblages are shown with thin lines.

As can be clearly seen in these diagrams, its subpar-
allel segments have different widths. Moreover, the ori-
gin of mineral associations is controlled not only by
temperature and oxygen fugacity but also by the Mn
and Si proportions in the rocks. Because of this, the sig-
nificance of various mineral assemblages as indicators
of the í–  parameters of geological processes is
different. For instance, the find of the braunite and
pyrolusite indicator assemblages in a metamorphic
rock allows the researcher to fairly accurately constrain
the oxygen fugacity in the environment (if the temper-
ature and pressure were evaluated independently). In an
analogous situation, the association of braunite and bix-
byite constrains a much broader range of possible

 values. Even less information can be derived
form the occurrence of the telescoped braunite and
quartz assemblage. The rhodonite (pyroxmangite) +
quartz assemblage marks only the upper  limit
of the metamorphic parameters. An analogous single
constraint (but at lower oxygen fugacity) can be

f O2
log

f O2
log

f O2
log

f O2
log
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deduced from the tephroite and rhodonite (pyroxmang-
ite) assemblage or that of tephroite and manganosite.

In general, the comparison of mineral assemblages
found in nature and those depicted in the í–

diagram facilitates the evaluation of the  value dur-
ing the metamorphism of Mn-bearing sediments (if the
temperature and pressure are known). This approach is
particularly efficient if the ore deposits have a broadly
varying composition. Broad variations in the Mn/(Mn +
 Si) ratio of rocks are favorable for the origin of many
mineral assemblages in them, and this enables the
researcher to improve the accuracy of the constraints
imposed on the oxygen fugacity. If the deposits are
compositionally homogeneous in terms of Mn and Si
concentrations, the potential of this approach is not as
high. The more homogeneous the rock, the broader the

 range can be determined by its mineral associ-
ations. The uncertainty is particularly high if the rock
contains relatively little Mn with Mn/(Mn + Si) > 0.5.
The two assemblages stable at this proportion of Mn
and Si are braunite + quartz and rhodonite (pyroxmang-
ite) + quartz, which are stable practically throughout
the whole diagram.

Other limitations in the application of the model dia-
gram are related to the fact that it shows only the rela-
tions of pure minerals. The presence of isomorphic
admixtures in the minerals can notably affect their
phase relations. This problem can be partly solved by
examining other, more complex systems.

System Ca–Mn–Si–O

The Mn–Si–O system considered above character-
izes the most general phase relations in Mn-bearing
rocks. The expansion of this system by the introduction
of other components makes it possible to further spec-
ify and constrain the conditions under which some min-
erals and mineral assemblages are formed. In particu-
lar, the introduction of Ca makes it possible to refine the
í–  parameters of pyroxmangite and rhodonite
stability.

In the system considered above, pyroxmangite and
rhodonite were treated as polymorphic modifications of
the Ca-free compound Mn(SiO3) that are stable at low
and high temperatures, respectively. Although this
assumption is often valid, both minerals at most depos-
its do contain Ca, with the Ca concentrations in pyrox-
mangite being commonly low: less than 5% of the sum
of the cations. At the same time, the amount of Ca
replacing bivalent Mn in rhodonite is most often much
higher, up to 1 f.u. Hence, phase relations with rhodo-
nite can be characterized more realistically in the sys-
tem with three (Ca, Mn, and Si) but not two (Mn and Si)
inert components. Furthermore, this triple system
makes it possible to assay the conditions under which
johannsenite, another widespread Mn silicate, is stable.

f O2
log

f O2

f O2
log

f O2
log

Inasmuch as no reliable thermodynamic constants
are now available for calcic rhodonite and johannsenite,
phase relations in the Ca–Mn–Si–O system can be now
analyzed only qualitatively using the Schreinemakers–
Korzhinskii approach [11, 21]. For simplicity, we con-
structed only the í–  part of the diagram in
which Mn-bearing pyroxenoids can be formed (or
decomposed). In the previous diagram (Fig. 1), it cor-
responds to the region in the vicinity of reaction line 4.
Because of this, the minerals included in the system are
pyroxmangite (Py) Mn7(Si7O21), rhodonite (Rd)
CaMn4(Si5O15), johannsenite (Jh) CaMn(Si2O6), calcite
(Cc) CaCO3, braunite (Br) Mn7SiO12, hausmannite (Hu)
Mn3O4, and quartz (Qtz) SiO2.

The diagram (Fig. 3) represents many known natu-
ral associations of Mn minerals. It demonstrates that
rhodonite is stable within a broad field, which is
bounded by the lines of the decomposition reactions of
this mineral into pyroxmangite, calcite, and quartz
[reaction (4a)]; braunite, calcite, and quartz [reaction
(4b)]; and johannsenite, braunite, and quartz [reaction
(4c)]. Relative to the Ca-free pyroxenoid (pyroxmang-
ite), the stability field of rhodonite is shifted toward
higher temperature and oxygen fugacity. One of the
most ubiquitous assemblage of Mn-bearing rocks is
braunite + quartz + rhodonite (see triangular plots 1, 2,
and 3), which is stable above the monovariant equilib-
rium of braunite with quartz and pyroxmangite [reac-
tion (4)], i.e., can be formed at somewhat higher

 values than those following from the í–
diagram for the Mn–Si binary diagram (Fig. 1). In other
words, the position of reaction line 4 corresponds to the
minimum possible oxygen fugacity needed for rhodo-
nite to appear in association with braunite and quartz.

The stability field of johannsenite occupies the
right-hand part of the diagram and is constrained by the
reaction lines of johannsenite decomposition into
rhodonite, calcite, and quartz [reaction (4d)] and into
braunite, calcite, and quartz [reaction (4e)]. According
to the latter reaction, johannsenite can be produced at
high temperatures and a higher oxygen concentration in
the pore solution than that at which rhodonite and, par-
ticularly, pyroxmangite are formed. A temperature
increase is associated with an increase in the  at
which the pyroxene crystallizes. An association of
johannsenite, braunite, and quartz stable under these
conditions (triangular plot 4) was described, for exam-
ple, at the Gambatesa and Molinello deposits in north-
ern Italy [22]. The metamorphic parameters of these
deposits were estimated at í ≈ 275°ë and ê ≈ 2.5 kbar.
Hence, the minimum formation temperature of
johannsenite determined by the line of reaction (4e)
should be no lower than 275°ë.

Since the model system includes carbonate (calcite),
many of the phase equilibria are controlled not only by
the temperature and oxygen fugacity but also by the
CO2 concentration in the solution (Fig. 4). Johannsenite

f O2
log

f O2
log f O2

log

f O2
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and rhodonite can be stable at the lowest  values in
the rocks. An increase in the CO2 fugacity results in the
decomposition of, first, johannsenite [reactions (4d)
and (4e)] and then rhodonite [reactions (4a) and (4b)].
The formation of pyroxmangite is independent of 
[reaction (4)].

The analysis of the –  diagram
(Fig. 4) clarifies why metamorphosed Mn rocks contain
johannsenite much more rarely than rhodonite and
pyroxmangite. The formation of the pyroxene requires,
on the one hand, an elevated Ca concentration in the
rock and, on the other, a low ëO2 concentration in the
pore solution. However, Ca is usually introduced into
the pristine rocks, together with ëO2, in the form of cal-
cite. The CO2 concentration in solution in equilibrium
with these deposits is usually fairly high. Relatively
high values are retained during metamorphism
and preclude the formation of johannsenite. At the
same time, the crystallization of rhodonite does not
require either high Ca concentrations in the rock or too
low CO2 concentrations in the fluid, and these condi-
tions are much more frequent.

f CO2

f CO2

f O2
log f CO2

log

f CO2

As follows from the diagrams in Figs. 3 and 4,
pyroxmangite, rhodonite, and johannsenite can coexist
over a broad range of conditions. Metamorphosed Mn
rocks only very rarely contain all three of them together,
but the rhodonite + pyroxmangite or rhodonite +
johannsenite pairs are spread quite widely.

Hence, the presence of Ca in Mn–Si deposits is
favorable for the crystallization of rhodonite at an oxy-
gen fugacity higher than in Ca-free rocks. Johannsenite
can be formed in the same Ca–Mn–Si rocks at even
higher  values. Moreover, the stability of both min-
erals (particularly, johannsenite) is limited by a low
CO2 concentration in the solution.

Fe–Si–O and Mn–Fe–Si–O Systems 

Iron is a typical component of manganiferous
deposits of sedimentary and hydrothermal–sedimen-
tary genesis. Because of this, detailed diagrams of
phase equilibria with the participation of Fe-bearing
minerals can be successfully utilized to constrain the
conditions under which Mn rocks were formed.
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The location of the lines of key buffer reactions in the
Fe–Si–O system is shown in the í–  diagram in
Fig. 5 (lines 11–16). Practically all of them pass below
the equilibrium lines of Mn phases, and only the line of
the magnetite/hematite buffer [reaction (11)] is situated
above the reaction line 2 hausmannite = 6 manganosite +
O2 [reaction (9)]. Because of this, a typical Fe mineral in
most Mn rocks is hematite. Magnetite appears in them
much more rarely, and its occurrence testifies to reduced
conditions. Magnetite commonly occurs in associations
with rhodonite (pyroxmangite), tephroite, other silicates
of Mn2+, calcite, rhodochrosite, and hausmannite and/or
manganosite. The coexistence of magnetite and haus-
mannite in rocks makes it possible to constrain the 
values to a fairly narrow range.

In addition to the formation of individual phases, Fe
is accommodated as an isomorphic admixture in Mn-
bearing minerals. However, this component can be
taken into account only qualitatively when the mineral
equilibria are analyzed. It is thought that an admixture
of Fe3+ shifts the bixbyite stability field toward higher

, and the shift for braunite is the opposite [1, 10].
The incorporation of significant Fe amounts into teph-

f O2
log

f O2

f O2

roite is possible only within a narrow range of condi-
tions, within the stability field of fayalite Fe2(SiO4). In
the model diagram in Fig. 5, it corresponds to a region
of very low  values between reaction lines 12 and
16. Above the magnetite + quartz/fayalite buffer [reac-
tion (12)], the Fe concentration in tephroite should rap-
idly decrease. This explains why tephroite at the over-
whelming majority of deposits bears extremely low Fe
concentrations even at high concentrations of this ele-
ment in the rocks. This mineral is formed at an oxygen
fugacity above the stability level of the fayalite end
member. Finds of Fe-rich tephroite (knebelite) point to
very low  values under which these Mn rocks were
formed.

A typical Fe mineral in Mn rocks is jacobsite (Jc)
MnFe2O4. The conditions under which this mineral is
stable were discussed by several researchers [1, 3, 5,
and others]. However, practically all of these publica-
tions dealt only with some issues related to the genesis
of certain associations. We attempted to partly bridge
this gap and assay (at least qualitatively) the parameters
at which many associations with jacobsite are stable.
No quantitative calculations can still be conducted
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because of the lack of reliable thermodynamic con-
stants.

The diagram of phase equilibrium in the Mn–Fe–
Si–O system (Fig. 6) is constructed for jacobsite and
other phases having constant compositions. This dia-
gram displays mineral assemblages above the magne-
tite/hematite buffer. These are, as was mentioned
above, the most widely spread mineral assemblages of
Mn-bearing rocks.

The line of the jacobsite-forming reactions [reac-
tions (3a) and (3b)] have positive slopes relative to the
temperature and oxygen fugacity axes. The higher the

 value, the higher the crystallization temperature of
this mineral. The stability field of jacobsite intersects
the equilibrium lines of almost all Fe-free phases [reac-
tions (3), (4), (7), and (8)] at acute angles, except the
reaction lines with the participation of pyrolusite [reac-

f O2

tions (1) and (2)]. Because of this, jacobsite can coexist
with many leading Mn minerals but not with pyrolusite.
This conclusion is in good agreement with the results of
extensive mineralogical research. As can be seen in the
í–  diagram, compared to the associations of
jacobsite with Mn silicates, the assemblage of jacobsite
with quartz is formed at higher temperatures.

It is also interesting to mention the following note-
worthy fact. Many jacobsite assemblages are stable at
low temperatures and pressures, which correspond to
low metamorphic grades or even premetamorphic
grades of lithogenesis. For example, we found braunite-
free rocks at the Kazagan-Tash deposit in the Southern
Urals of Russia that simultaneously bear the jacobsite +
tephroite and hematite + pyroxmangite assemblages
(triangle plots 1 and 2) and whose metamorphic condi-
tions were assayed at í ≈ 250°ë and ê ≈ 2.5 kbar. The
assemblages braunite + hausmannite + jacobsite (trian-
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gle plots 3–5) and braunite + hematite + jacobsite (tri-
angle plots 3 and 5) are typical of tephroite-free Mn
ores at deposits of the Mamatvan type in the Kalahari
group in South Africa, which were metamorphosed at
í ≈ 120–200°ë, ê ≈ 1 kbar [3]. This implies that the
line of the reaction 2 hausmannite + 6 hematite =
6 jacobsite + O2 [reaction (3a)] at  below that of the
bixbyite/hausmannite buffer [reaction (3)] is located at

f O2

temperatures lower than 200–250°C. Another indicator
association, bixbyite + jacobsite (triangle plots 6 and 7),
is very rare and was reliably identified at the Otjosondu
deposit in Namibia [23]. The metalliferous deposits are
metamorphosed there to the amphibolite facies
(í = 660–700°ë, ê = 5–6 kbar). Above the bixby-
ite/hausmannite buffer, jacobsite is likely stable at higher
temperatures and pressures.
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Mn–Al–Si–O System

This system was studied experimentally by Abs-
Wurmbach and Peters [15]. In an extensive series of
experiments at a constant temperature (600°ë) and pres-
sure (4 kbar), they assayed the effect of oxygen fugacity
on the formation of various associations of Mn minerals
with corundum (Crn) Al2O3, andalusite (And) Al2SiO5,
spessartine (Sps) Mn3Al2(SiO4)3, and galaxite (Glx)
MnAl2O4. The principal results of this research are
summarized in Fig. 7.

At  values corresponding to the bixbyite/pyro-
lusite buffer, the stable associations of the system are
bixbyite + braunite + corundum, braunite + corundum +
andalusite, and braunite + andalusite + quartz (triangle
plot 1). The latter assemblage was found in nature, for

f O2

example, at the occurrences of Mn mineralization at the
Venn Stavelot Massif in Belgium [24] and at Semail in
Oman [17].

As  decreases to the bixbyite/hausmannite
buffer, braunite, andalusite, and quartz start to react
with one another and form spessartine, and the reaction
6 braunite + 36 andalusite = 14 spessartine + 22 corun-
dum + 9 O2 takes place near the Cu2O/CuO buffer. As
a result, braunite coexists in this  range with spes-
sartine and quartz (triangular plots 2 and 3). This asso-
ciation was found in metamorphosed Mn deposits on
Andros Island in Greece [25], in the Iberian Belt in
Spain [26], and in the Aldan Shield in Russia [27]. The
Mn rocks of the Aldan Shield additionally contain
aggregates of spessartine, quartz, and andalusite, along
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with hausmannite and some other minerals. The associ-
ations of these rocks are represented by triangular dia-
gram 3.

Under conditions specified by the buffer reaction
2 braunite + 12 quartz = 14 rhodonite + 3 O2 [reaction
(4)], the system contains two other associations: braun-
ite + spessartine + rhodonite and rhodonite + spessar-
tine + quartz (triangular diagram 4). Both of them (par-
ticularly the latter) are among the most widely spread
assemblages of metamorphosed Mn-bearing rocks.

At  values between the Cu/Cu2O and Ni/NiO
buffers, braunite is unstable, and the associations with
tephroite and galaxite are formed in place of this min-
eral (triangular plots 5, 6, and 7). Aggregates of these
minerals with each other and with sonolite, alleghany-
ite, hausmannite, spessartine, and some other phases
were found at Mn deposits in California in the United
States [19], in the Central Urals in Russia [28], in the
Semail Massif in Oman [17], and elsewhere. As can be
clearly seen in the diagram of Fig. 7, the composition of
galaxite systematically evolves with decreasing oxygen
fugacity: while this mineral contains up to 50 mol % of
the hausmannite end member near the MnMn2O4
buffer, it becomes practically pure MnAl2O3 near the
Ni/NiO buffer. Analogous systematic variations in the
concentrations of minor elements were also determined
for andalusite, braunite, and hausmannite, but these
variations in galaxite are the most conspicuous.

Abs-Wurmbach and Peters emphasized that,
although their experiments were carried out at high
temperature and pressure, their results can be extrapo-
lated to other PT parameters. Indeed, many of the asso-
ciations reproduced in these experiments occur in
nature in rocks of very diverse metamorphic grades,
from prehnite–pumpellyite to blueschist and granulite
facies.

The experiments confirmed the estimates of the con-
ditions under which spessartine and galaxite are formed
(these constraints were underlain only by mineralogical
observations before these experiments). The former is
stable over a very broad PTX field, and the latter crys-
tallizes only at low . Many of the associations rep-
resented in the model diagram of Fig. 7 were found in
natural Mn rocks and can be used to assay the oxygen
fugacity during the metamorphism of the correspond-
ing metalliferous deposits.

The results of the experiments explain why spessar-
tine most often coexists with rhodonite, tephroite, and
quartz, and its association with braunite is relatively
rare: Mn-bearing sediments usually contain only low Al
concentrations, and their Al/(Al + Mn + Si) ratios usu-
ally do not exceed 0.1, with this value decreasing with
increasing Mn concentration. During the metamor-
phism of these deposits at a high , Al is preferably
accommodated as an admixture in braunite, which can
contain up to 15 mol % MnAl6SiO12 (see triangle dia-
gram 3). The crystallization of spessartine requires
higher Al concentrations in the rock and/or lower Mn

f O2

f O2

f O2

concentrations. Note that garnet occurs in them in vari-
eties richer in quartz. At the same time, braunite is
unstable at low , and tephroite and rhodonite con-
tain practically no Al. Because of this, if a rock contains
even insignificant concentrations of this element, it
forms an individual phase: spessartine (see triangular
plots 5–7). Moreover, low Al contents in Mn rocks pre-
determine the very rare occurrence of andalusite in
them and the absence of corundum. At oxygen fugacity
below the bixbyite/pyrolusite buffer, this element is
practically completely incorporated into braunite
and/or spessartine.

Other Systems

The metamorphism of Mn-bearing deposits with an
admixture of terrigenous and volcanic material often
produces piemontite (Pm) Ca2Mn3+Al2(Si3O12)(OH)
and/or epidote (Ep) Ca2Fe3+Al2(Si3O12)(OH). The con-
ditions under which these minerals are formed were
experimentally studied by Keskinen and Liou [29].
They obtained equilibrium lines for piemontite with
Mn-grossular (Grs) (Ca2Mn2+)Al2(Si3O12) [reaction
(19)] and epidote with andradite (Ad) Ca3 (Si3O12),

anorthite (An) Ca(Al2Si2O8), magnetite (Mt) FeFe2O4,
and quartz [reaction (20)], which are shown in the
í−  diagram in Fig. 5. According to these data,

piemontite is stable at high  and relatively low tem-
peratures. Compared to it, the stability field of epidote
is shifted toward lower  and higher temperatures.
Correspondingly, minerals of intermediate composition
should crystallize under conditions between the reac-
tion lines of the decomposition of pure piemontite and

epidote, i.e., the  ↔  substitution notably
expands the stability field of piemontite.

The experimental data are in good agreement with
mineralogical observations. It was noted that, at the
same metamorphic êí parameters, piemontite with
very low Fe concentrations can occur together with
braunite, whereas Fe3+-enriched piemontite is con-
tained in braunite-free rocks, together with rhodonite,
tephroite, andradite, Mg-pumpellyite, and other miner-
als. These relations are clearly pronounced, for exam-
ple, at Mn deposits in the Southern Urals in Russia and
the Iberian Belt in Spain [26]. Piemontite with the high-
est Mn3+ concentrations is a rare mineral, and Mn-bear-
ing deposits commonly contain this mineral with com-
parable concentrations of Mn3+ and Fe3+ or even Mn-
epidote, which contains notably more Fe3+ than Mn3+.
The stability field of this “standard epidote” covers
practically the whole PTX range of low-grade meta-
morphism. Consequently, the occurrence of Mn-epi-
dote suggests a relatively low metamorphic tempera-
ture but is poorly informative for constraining the oxy-
gen fugacity.
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Among the minerals of the garnet group, metamor-
phosed Mn-bearing rocks typically contain, along with
spessartine, andradite, which crystallizes in rocks of
various mineralogical composition throughout the
practically whole PT range of metamorphic parame-
ters. In the í–  diagram of Fig. 5, andradite also
occurs within a very broad stability field, whose lower
boundary [reaction (21)] is located (according to the
experimental data [30, 31]) near the magnetite–
quartz/fayalite buffer. At lower  and/or higher tem-
peratures, the association andradite + quartz is replaced
by the association of hedenbergite (Hd) CaFe2+(Si2O6)
with wollastonite (Wol) Ca(SiO3). By analogy with the
minerals of the epidote group, it is reasonable to suggest
that an admixture of Mn3+ in the silicates shifts the equi-
librium line of this reaction toward higher  values.

Because andradite is stable within a very broad field
of physicochemical parameters, it commonly cannot be
used as an indicator of temperature, pressure, or oxy-
gen fugacity of metamorphic processes. At the same
time, the occurrence of andradite in rocks suggests a
low  in the mineral-forming solution. At a mole
fraction of CO2 higher than 0.1, the garnet decomposes
into calcite, hematite, and quartz.

Another indicator of conditions under which Mn
deposits are formed is native copper. This mineral was
found in small amounts at many deposits and is typical
mostly of Mn deposits of hydrothermal–sedimentary
genesis localized in metamorphosed volcanic rocks.
Examples of these deposits are the Bikkulovskoe
deposit in the Southern Urals [32], Ir-Nimiiskoe and
Shantarskoe deposits in Khabarovsk Krai in Russia
[18], Otago in New Zealand [33], Gambatesa and
Molinello in northern Italy [22], and others.

Native Cu is stable under relatively low oxygen
fugacity (Fig. 5). The line of the Cu/Cu2O buffer passes
through the stability field of rhodonite (pyroxmangite)
and tephroite above the line of the manganosite/haus-
mannite and magnetite/hematite buffers. Hence, the
occurrence of native Cu poses the upper limit onto the

 at which “reduced” associations of silicate Mn ores
are formed. A still more informative association is that
of native Cu with hematite and/or hausmannite,
because these minerals can coexist only within a nar-
row range of conditions, and a temperature increase
further diminishes this range. At the same time,
Cu oxides (cuprite and tenorite) are stable at higher
oxygen fugacity and are less informative genetically.
Their occurrence in Mn deposits is related not so much
to metamorphic processes as to the supergene replace-
ment of metallic copper. If metamorphism proceeds at
high , Cu usually does not form individual phases
but is accommodated as an isomorphic admixture in
braunite, up to the formation of its cuprian analogue
abswurmbachite Cu2+Mn3+SiO12.

It is also pertinent to note that the occurrence of
native copper in metamorphosed deposits points to a

f O2
log

f O2

f O2

f CO2

f O2

f O2

very low activity of sulfur in the pore solutions, because
otherwise sulfides (first of all chalcopyrite) crystallize
in place of native copper. The metalliferous sediments
likely originally did not contain any sulfur compounds,
and copper could accumulate in this sediment in the
form of atacamite Cu2(OH)3Cl and/or chrysocolla
Cu4(Si4O10)(OH)4 · nH2O. Both of these minerals are
typical of hydrothermal Mn deposits in the modern
ocean and decompose during metamorphism with the
formation of native copper.

GENETIC INTERPRETATION OF THE RESULTS

The model diagrams presented in this paper make it
possible to use the mineral assemblages of Mn rocks to
constrain the physicochemical parameters under which
these rocks were formed. For example, one can evalu-
ate the oxygen fugacity during the metamorphism of
metalliferous deposits. However, the following consid-
erations should be taken into account when this infor-
mation is used for petrological reconstructions.

The experiments and thermodynamic simulations
were carried out for relatively simple systems and
reproduced only some mineral assemblages of natural
Mn-bearing rocks. The actual chemical composition of
Mn-bearing deposits is much more complicated, and
their mineralogy is much more diverse. Moreover, the
addition of other components can notably modify the
character of the mineral assemblages and the condi-
tions under which they are formed. Because of this,
experimental results don’t always adequately charac-
terize the conditions under which certain mineral
deposits were produced. Experimental results can most
often be interpreted qualitatively or semiquantitatively.
Nevertheless, even this information is invaluable for
genetic reconstructions.

With regard for these considerations, below we will
analyze the regime of oxygen during the metamor-
phism of Mn-bearing deposits and try to identify fac-
tors that controlled it.

The typical mineral assemblages of Mn rocks gen-
erated under various PTX conditions are summarized in
the table. For the sake of brevity, the table lists mainly
deposits whose mineralogy was thoroughly examined
in the past years and whose metamorphic parameters
were evaluated by a number of independent techniques.
The table reflects the mineralogy of main Mn orebodies
but does not list the associations of younger veinlets
(which are commonly relatively rare). The word char-
acteristic is applied to mineral assemblages that pro-
vide quantitative information on the oxygen fugacity
during their formation. The usage of this term in appli-
cation to the Mn–Si–O system is wider than that of the
term indicator (or endemic) association. Other miner-
als include all other phases found at the deposits,
regardless of their abundances. The analysis of the data
presented in the table leads to the following important
conclusions.
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First of all, it can be seen that Mn rocks produced at
the same temperatures and pressures can consist of dif-
ferent minerals. The rocks of all metamorphic facies
include both “oxidized” associations, which are domi-
nated by braunite, rhodonite, Mn oxides, and quartz,
and “reduced” ones, which are made up mainly of teph-
roite, rhodonite, hausmannite, and quartz. Vice versa,
identical or closely similar mineral associations could
be generated under different PT parameters. For exam-
ple, the assemblages braunite + hausmannite and
braunite + quartz are known to occur already in rela-
tively weakly metamorphosed sedimentary deposits
and in rocks of all metamorphic facies, from the preh-
nite–pumpellyite to granulite. The association of teph-
roite with hausmannite; tephroite with rhodonite; and,
particularly, rhodonite with quartz can be formed
throughout the whole range of metamorphic PT param-
eters. The indicator assemblage braunite + rhodonite ±
quartz is stable under conditions from the prehnite–
pumpellyite through amphibolite facies, and the bixby-
ite + braunite association is stable at least within the
greenschist and amphibolite facies. An analogous situ-
ation exists with the associations of spessartine, galax-
ite, piemontite, hematite, and many other minerals. For
example, layers with braunite mineralization at the
Northern Faizulinskoe deposit in the Southern Urals
(table, no. 5) and at the Otjosondu deposit in Namibia
(table, no. 19) are closely similar mineralogically, but
the metamorphic parameters of these deposits were
assayed at T ≈ 250°C, P ≈ 2.5 kbar and T = 660–700°C,
P = 5–6 kbar, respectively. Analogous examples are
also known for braunite-free rocks. For example,
a practically identical mineral composition is typical of
the Smith Prospect and Manga–Chrome deposits in
California (table, no. 4) and the Bald Knob deposit in
North Carolina (table, no. 21). However, the metamor-
phic grades of the former two is no higher than the pre-
hnite–pumpellyite facies (í < 325 °C, P < 2 kbar), and
that of the latter one corresponds to the amphibolite
facies (T = 575 ± 40 °C, P = 5 ± 1 kbar).

All of these facts definitely indicate that the miner-
alogy of metamorphosed Mn deposits was largely con-
trolled not by the temperature and pressure but the
chemical composition of the rocks and the concentra-
tions of components in the pore solutions. One of the
crucial factors of the equilibria was definitely the oxy-
gen fugacity, which predetermined the development of
“oxidized” or “reduced” mineral assemblages.

Oxygen fugacity could, in turn, be controlled by
several factors. As is well known, Mn is accumulated
mostly in the form of oxides during sedimentation.
These deposits contain much more oxygen than any of
their host rocks. Because of this, the burial and meta-
morphism of these deposits could hardly be associated
with the borrowing of oxygen from any external
sources. Thus, the amount of oxygen could remain
unchanged in a closed system, and this element could
only be removed from an open system.

One of the principal factors that could control vari-
ations in the  was likely the occurrence of organic
matter with hydrocarbons in the original metalliferous
sediments. The decomposition of this matter was asso-
ciated with oxygen consumption and the release of car-
bon dioxide. The efficiency of this process was con-
trolled by the content of biogenic mater in the rocks.
The higher the Corg concentration, the greater the oxy-
gen amount required for its oxidation, and the more sig-
nificant the  decrease in the system. The simulta-
neous increase in the CO2 concentration in the solution
facilitated the crystallization of rhodochrosite and other
carbonates in the Mn-bearing deposits. Hence, the
interrelated variations in the  and  in the pore
solution are clearly reflected in the mineral composi-
tion of the rocks. Indeed, “reduced” rocks that were
produced at low  consist mostly of hausmannite,
tephroite, rhodonite, garnets, and quartz and practically
always contain rhodochrosite as a principal mineral. At
the same time, “oxidized” braunite–rich rocks contain
only very small amounts of rhodochrosite, which occur
only locally.

Rhodochrosite was most probably formed already
during the diagenesis of the metalliferous sediment.
This follows from the fact that deposits with this min-
eral occur in sedimentary sequences and in rocks of all
metamorphic grades, including the lowermost grades.
Up to the parameters of the prehnite–pumpellyite facies
inclusive, rhodochrosite aggregates retain their typi-
cally diagenetic textures (spherulitic, globular, collo-
form, etc.) and show obvious indications of the replace-
ment of oxide minerals by this carbonate. Moreover, at
least partial carbonatization could also take place later,
during catagenesis, in response to the inflow of elision
hydrocarbon fluids into the Mn-bearing deposits. This
model was proposed for some deposits at the peripher-
ies of oil and gas fields (for example, [52] and others).
However, for most other deposits, particularly those
spatially restricted to volcanic–sedimentary sequences,
this model is either inapplicable at all or could hardly
be plausible. In any event, the crystallization of rhodo-
chrosite during the oxidation of biogenic matter and,
correspondingly, a drastic decrease in  in the system
occurred before the metamorphism of the deposits. The
participation of organic hydrocarbons in the formation
of the carbonate is also corroborated by the carbon iso-
topic composition of this mineral [53–55 and others].

During their further metamorphism, the reduced
conditions generated during early lithogenetic stages
were retained and facilitated the crystallization of teph-
roite, rhodonite, and many other silicates of Mn2+. The
development of various mineral assemblages was then
controlled not so much by  as by the CO2 concen-
tration in the solution.

Manganiferous sediments often contain biogenic
and chemogenic Ca carbonates. Their partial dissocia-
tion also provides CO2, but this does not affect the O2

f O2

f O2

f O2
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f O2
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GEOCHEMISTRY INTERNATIONAL      Vol. 45      No. 4      2007

ASSOCIATIONS OF MN-BEARING MINERALS AS INDICATORS OF OXYGEN FUGACITY 361

concentration in the solution. Because of this, calcite
can be contained in both types of Mn rocks: both “oxi-
dized” and “reduced.”

The metamorphism of Mn deposits devoid of
organic matter is usually associated with the partial
reduction of tetra- and trivalent Mn oxides at an
unchanging generally high  level. The latter tends
to decrease with increasing temperature and pressure.
As can be seen from the table, pyrolusite is stable up to
the PT conditions of the greenschist facies; bixbyite is
stable at least within the amphibolite facies and, per-
haps, at higher PT parameters; and braunite and its
associations with andalusite are known to occur in
metamorphic rocks of the granulite facies.

An insignificant decrease in the oxygen fugacity
during the metamorphism of Mn deposits was often
explained [1, 15, and others] by the fact that the system
is not fully closed. The fluid coming from the host
rocks variably dilutes the pore solutions of the Mn ores
and thus decreases the oxygen fugacity. In this situa-
tion, the capacity of the oxygen buffers should have
been eventually exhausted, and this led to the reduction
of the phases. The decrease of the  also depended
on the chemistry of the metalliferous sediments, their
permeability to fluids, PT parameters, and the duration
of the metamorphic processes.

It is also worth noting the following. Manganiferous
sequences often contain associations stable at different
values of oxygen fugacity (see table). For example,
sequences of braunite-rich rocks often include lenses
made up of tephroite, rhodonite, rhodochrosite, and
other minerals. Sequences of Mn-bearing sediments
can consist of rhythmically alternating braunite–bixby-
ite, braunite–hausmannite, and other varieties, and
these mineral assemblages show no traces of reaction
relations and look stable. These and other similar exam-
ples are quite numerous. Moreover, the orebodies (even
the relatively thick ones) are usually not surrounded by
halos of oxidized rocks. These facts obviously indicate
that oxygen behaves as an inert component during the
metamorphism of Mn-bearing rocks, and its concentra-
tion is controlled mostly by the composition of these
rocks. Oxygen is not extensively exchanged between
adjacent portions of the sequences, and its migration (if
any) is possible only for small distances comparable
with the thicknesses of individual layers and lenses.
The inert behavior of oxygen during metamorphism
was documented by many researchers and not only in
Mn-bearing rocks [8, 15, 29, 56, and others]. The min-
eralogy of the latter just offers a good illustration of this
obviously widespread phenomenon.

Hence, the generalization of extensive factual mate-
rial indicates that oxygen fugacity during the metamor-
phism of Mn-bearing sequences was largely controlled
by the original composition of the metalliferous sedi-
ments and other factors played a subordinate role. This
offers the possibility to use mineralogical data to recon-
struct the character of the metalliferous protolith and

f O2

f O2

evaluate the conditions under which it was produced
and modified.

CONCLUSIONS
1. The most universal mineral indicators of oxygen

fugacity during metamorphism are braunite and teph-
roite, which are widespread but crystallize under differ-
ent conditions: at high and low  in the pore solution
for braunite and tephroite, respectively. These minerals
rarely occur together. The presence of other minerals in
a rock provides the possibility of further constraining
the oxygen fugacity at which this rock was formed. In
this context, the most informative assemblages are
those of an Mn oxide + silicate: manganosite + teph-
roite, hausmannite + tephroite, hausmannite + braunite,
bixbyite + braunite, and pyrolusite + braunite. These
assemblages are, however, rare because they are formed
in rocks with the highest Mn concentrations.

2. Hausmannite and rhodonite can coexist with both
braunite and tephroite. The main part of the stability
field of rhodonite (pyroxmangite) lies at low  val-
ues, and, thus, the association of pyroxenoids with
tephroite and accompanying minerals is more charac-
teristic. An increase in the Ca concentration in rhodo-
nite expands its stability field toward higher  values.
Johannsenite can be formed in the same rocks at still
higher  values. The stability of rhodonite with
johannsenite is limited by the region of low CO concen-
trations in the solution.

3. Except for the hausmannite/manganosite buffer,
all the other phase transitions between Mn minerals
occur at higher  than those of Fe minerals. The most
ubiquitous Fe mineral is hematite. The coexistence of
magnetite and hausmannite in rocks further constrains
the  values to a narrow range.

4. The crystallization temperature of jacobsite in
rocks produced at low  and containing tephroite is
much lower than in rocks with high  and containing
braunite and accompanying minerals.

5. Spessartine is stable within a broad field of PTX
conditions, and galaxite crystallizes only at low .

6. The occurrence of Mn-bearing epidote in a rock
is indicative of a low metamorphic temperature but is
pooly informative in terms of oxygen fugacity.

7. The presence of native copper in Mn-bearing
rocks makes it possible to further constrain the  val-
ues at which the “reduced” mineral assemblages of
tephroite, rhodonite, hausmannite, rhodochrosite, and
other minerals were formed. An even more informative
assemblage is that of native copper with hematite
and/or hausmannite: these minerals can coexist only
within a narrow range of conditions.

8. The mineralogy of Mn-bearing metamorphic
rocks is more strongly controlled by the oxygen fugac-
ity than by temperature and pressure. The oxygen
fugacity during the metamorphism of Mn-bearing

f O2

f O2

f O2

f O2

f O2

f O2

f O2

f O2

f O2

f O2
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rocks is, in turn, largely predetermined by the composi-
tion of the original metalliferous sediments. The occur-
rence of organic hydrocarbons in them significantly
decreases the oxygen fugacity already during their dia-
and catagenesis. At a further temperature and pressure
increase, this facilitates the crystallization of tephroite,
rhodonite, and other silicates of Mn2+, as well as haus-
mannite and manganosite. When metamorphosed,
manganiferous sediments devoid of organic matter give
rise to rocks dominated by braunite, rhodonite, and Mn
oxides. The data presented above indicate that mineral-
ogical information can be used to identify the nature of
the metalliferous protolith and to constrain the condi-
tions under which the sediments were accumulated and
transformed.
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