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Detailed petrologic observations on various types of
zonality in low- and moderate-pressure metamorphic
complexes revealed new types of phase equilibria. They
also showed important regularities in changes of
metapelitic assemblages and chemical compositions of
minerals depending on variations in the physicochemi-
cal formation condition. These results revealed a cer-
tain inconsistency in the existing petrogenetic dia-
grams, particularly in the case of ferruginous–alumi-
nous pelites, whose metamorphism produces scarce
mineral parageneses with chloritoid, ferruginous cordi-
erite, and other minerals (chloritoid + biotite, chloritoid
+ biotite + andalusite, and cordierite + garnet + musco-
vite). On petrogenetic diagrams presented in [1] and [2],
one of the key mineral parageneses of metapelites
(chloritoid + biotite) is stable within a narrow tempera-
ture range at both relatively low and high pressures. In
contrast, this assemblage is stable over a wide range of

 

PT

 

 conditions in the grid presented in [3]. Other dis-
agreements between these petrogenetic grids are also
noted. In particular, the authors of [3] suppose that
chloritoid and biotite are stable on the low-temperature
side of the equilibrium curve chloritoid + biotite = gar-
net + chlorite, while the authors of [1] consider that gar-
net and chlorite are stable on this side. The problem of
stability of the garnet + cordierite + muscovite paragen-
esis is of important petrologic significance, because it is
not considered as a stable paragenesis in many versions
of 

 

PT

 

 diagrams, where it appears only within the potas-
sium feldspar field [3]. If this paragenesis is considered
stable, the stability field of the alternative (biotite +
+ andalusite) assemblage disappears at 

 

P

 

 

 

≤

 

 3–4 kbar [4].

In order to overcome the aforementioned contradic-
tions, we constructed a new version of the petrogenetic
grid, that would be applicable for analysis of the meta-
morphic evolution of ferruginous–aluminous

metapelites. The conceptual 

 

PT

 

 diagram for rocks of
such a composition was constructed in the KFMASH
system of six components (K

 

2

 

O–FeO–MgO–Al

 

2

 

O

 

3

 

–
SiO

 

2

 

–H

 

2

 

O) with two negative degrees of freedom. This
diagram does not reflect possible complications related
to the presence of elevated amounts of MnO, CaO,
Na

 

2

 

O, Fe

 

2

 

O

 

3

 

, and ZnO in the rock. We admit the prac-
tically complete confinement of these components only
to phases that are constantly present in the metapelites.
For example, Na

 

2

 

O and CaO can be almost entirely
attributed to plagioclase and, partially, to epidote;
Fe

 

2

 

O

 

3

 

 is related to the appearance of ore minerals; MnO
and ZnO are predominantly concentrated in garnet and
staurolite. For metapelites of low- and moderate-tem-
perature stages, the major phase assemblages related to
this system is practically restricted to the following set
of 10 minerals: garnet (Grt); staurolite (St); chloritoid
(Cld); biotite (Bt); chlorite (Chl); cordierite (Crd);
andalusite, sillimanite, or kyanite (Als); muscovite
(Mst); quartz (Qtz); and pore fluid (H

 

2

 

O). It was
accepted that 

 

 = 

 

P

 

tot

 

.

When constructing the petrogenetic grid for ferrug-
inous–aluminous metapelites, we used an integrated
approach with a synthesis of natural observations,
experimental data, and thermodynamic calculations.
Based on literature data on the chemical compositions
of minerals of variable composition [5, 6], we ascer-
tained the following series of the Fe mole fraction,
FeO/(FeO + MgO): 

 

Grt

 

95–92

 

 > St

 

98–88

 

 

 

≥

 

 

 

Cld

 

90–85

 

 >
Bt

 

75–70

 

 > Chl

 

70–65

 

 > Crd

 

65–50

 

. Distribution of the studied
phases on the AFM ternary diagram is presented in the
inset (figure). The bundles and slopes of the univariant
equilibria lines were calculated according to [7] with
allowance made for thermal and volumetric effects of
dehydration reactions. Minerals of variable composi-
tion were considered as mixtures of the end members of
solid solutions. Thermodynamic data for the end mem-
bers were adopted from the database in [8]. Estimation
of the values for intermediate compositions was based
on the assumption of ideal miscibility of the end mem-
bers interpolated with consideration for the mixing
entropy. The database [8] comprises high aluminous
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and ferruginous chlorite, biotite, and cordierite chemi-
cally corresponding to the minerals of natural paragen-
eses of ferruginous–aluminous metapelites. The ther-
modynamic constants for water at various 

 

T

 

 and 

 

P

 

 were
calculated using the equation of state [9]. Configuration
of the constructed diagram with an approximate 

 

PT

 

coordination of stability fields of the most important

mineral parageneses is shown in the figure. Analysis of
this diagram suggests the following important petro-
logic conclusions regarding the evolution of ferrugi-
nous–aluminous metapelites.

(1) Stability field of the (Cld + Crd) assemblage is
characterized by minimal 

 

P

 

 and 

 

T

 

. This is consistent
with development of this paragenesis in outer sections

 

Schematic petrogenetic 

 

PT

 

 diagram for ferruginous–aluminous metapelites in the KFMASH system. Bold dotted lines are equilibria
boundaries for the 

 

Al

 

2

 

SiO

 

5

 

 polymorphs (based on the experimental data [14]). Fine dotted line shows the Ms + Qtz = Als + Kfs
(potassium feldspar) + 

 

H

 

2

 

O

 

 equlibrium (based on experimental data [15]). Arrows designate evolutionary trends for (

 

1

 

) ferrugi-
nous–aluminous metapelites of the Syya Formation (Kuznetsk Alatau) and (

 

2

 

) the Ayakhta hornfels aureole (Yenisei Ridge). Mus-
covite, quartz, and H

 

2

 

O (not shown in the diagram) are always present in the system as excess components, with the exception of
some cases when muscovite is introduced to equilibrate univariant reactions with biotite. The number of rays originating from
invariant points is limited to five. Node without cordierite [Crd] and chlorite [Chl] may be metastable, because it falls into the melt-
ing region at  = 

 

P

 

tot

 

. Most of the reference experimental data used for construction of the diagram are presented in [3–5].PH2O
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of contact aureoles or in low-pressure regional-meta-
morphic complexes.

(2) The (Grt + Crd + Ms) paragenesis is also charac-
terized by decreased 

 

P 

 

but higher

 

 T

 

 with respect to the
(Cld + Crd) assemblage. Stability field of the (Grt + Crd +
Ms) paragenesis is substituted for the (Bt + Als) assem-
blage with the temperature growth.

(3) The (Cld + Bt) paragenesis is stable within a nar-
row temperature range in rock complexes of both low
and elevated pressures. With temperature growth, this
assemblage is substituted for the (Grt + Chl) paragene-
sis that is stable within a narrow temperature range at
elevated pressures and a wider temperature range at low
pressures.

(4) Stability field of the (Grt + Chl) paragenesis is
bounded on the higher-temperature side by the appear-
ance of the (Crd + Bt) paragenesis at low pressures and
the (St + Bt) paragenesis at moderate pressures. Stabil-
ity field of the (Crd + Bt) paragenesis is characterized
by wide 

 

T 

 

and 

 

P

 

 ranges.
(5) Stability fields of (St + Bt) and (Bt + Als)

parageneses are characterized by narrow temperature
ranges. With temperature growth, the (St + Bt) paragen-
esis is successively substituted for the (Bt + Als)
paragenesis and the (Grt + Bt + Als) assemblage, which
is stable over a wide pressure range.

(6) In the low- and moderate-pressure region, stau-
rolite appears in biotite-containing rocks earlier than
Al

 

2

 

SiO

 

5

 

 polymorphs in the prograde succession, but the
corresponding temperature range decreases with pres-
sure growth. Consequently, staurolite and kyanite iso-
grades converge in the high-pressure region.

In order to assess the applicability of the proposed
petrogenetic grid for interpretation of natural mineral
transformations in ferruginous–aluminous metapelites,
results of the thermodynamic modeling were compared
to natural observations on the 

 

PT

 

 stability of corre-
sponding mineral parageneses in metamorphic com-
plexes. Reference objects for the comparison analysis
were comprehensively investigated ferruginous–alumi-
nous metapelites subjected to contact and regional
metamorphism under various 

 

PT

 

 conditions [5, 6].
Schematic 

 

PT

 

 trends of the evolution of mineral assem-
blages of the Ayakhta contact aureole (Yenisei Ridge)
[5] and metapelites of the Syya Formation (Kuznetsk
Alatau) [6] are shown in the figure. The succession of
mineral parageneses and reactions in these zonal meta-
morphic complexes agrees well with the presented
schematic diagram. The thermodynamic analysis dem-
onstrates that elevated MnO concentrations in garnets
(

 

X

 

Sps

 

 

 

� 

 

X

 

Prp

 

), where 

 

X

 

Sps

 

 and 

 

X

 

Prp

 

 correspond to con-
tents of the spessartine and pyrope components, respec-
tively, widen the temperature stability range of the gar-
net-containing parageneses at intermediate stages of
metamorphism and reduce stability fields of (Cld + Bt)
and (St + Bt) boundary parageneses (occasionally up to
the point of complete pinch out). For example, the
absence of staurolite in hornfels of the Ayakhta Massif

(for example, according to the reaction Grt + Chl + Ms =
St + Bt) can be explained by stability of the alternative
(Crd + Bt) paragenesis, which replaces the (Grt + Chl +
Ms) assemblage in the contact aureole during the tem-
perature growth. In contrast, the staurolite-containing
assemblages appear at intermediate stages of the
regional metamorphism in ferruginous–aluminous
metapelites of the Syya Formation characterized by
higher pressure (3.5 kbar) and stability of Mn-depleted
garnets (

 

X

 

Sps

 

 = 

 

X

 

Prp

 

). This agrees with the presented
petrogenetic grid data and mineral transformations
reported from low- and moderate-pressure ferrugi-
nous–aluminous rocks in other regions of the world
[10–13].

Thus, comparative analysis of petrogenetic grids for
typical and ferruginous–aluminous metapelites sug-
gests the following conclusions.

(1) Medium- and high-temperature regions in the
majority of diagrams [1–4] are similar with each other,
except for the appearance of the (Grt + Crd +Ms)
assemblage stability field at low pressures in the ferrug-
inous–aluminous metapelites.

(2) Substantial topological differences between the
diagrams are registered at low and intermediate metamor-
phic stages (

 

T

 

 

 

≤

 

 570°C

 

), where chloritoid appears earlier
than biotite and the scarce (Cld + Bt, Cld + Bt + And)
parageneses are stable in ferruginous–aluminous
metapelites, leading to changes in the character and
succession of mineral transformations: Cld + Bt 

 

→

 

 Grt +
Chl 

 

→

 

 St (or Crd) + Bt. These results are consistent
with natural observation data on the metamorphic evo-
lution of ferruginous–aluminous metapelites.
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