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The unique manifestation of high- and ultrahigh-
pressure collisional metamorphism, the Kokchetav
Massif in northern Kazakhstan, represents a fragment
of Proterozoic crust in the Central Asian foldbelt [1, 2].
The subsidence of the western part of the massif during
the Middle Cambrian subduction to a depth no less than
140 km, where the pressure >40 kbar and the tempera-
ture was >900°C, resulted in the formation of diamond
in metasedimentary rocks [3]. The eastern part of the
massif sank to shallower depths. This can be judged
from the absence of diamond. However, the discovery
of coesite-bearing schists suggests subsidence to depths
no less than 80 km [4]. During Upper Cambrian exhu-
mation, the subducted crust was deformed, imbricated
into tectonic slices shifted with respect to each other,
and affected by retrograde metamorphism [2, 3]. The
newly formed melange represents a rock assemblage
metamorphosed under ultrahigh to low pressures [1, 2].

Garnet pyroxenites associated with harzburgites,
eclogites, and amphibolites were found among the
schists and quartzites of the Zerenda Group, in the east-
ern part of the Kokchetav Massif, 3—5 km west of the
Settlement of Enbek-Berlik. Their chemical and min-
eral compositions and geological structure are
described in [5-8]. The pyroxenites experienced retro-
grade metamorphism. They represent coronites with
numerous anorthite—zoisite—spinel-magnetite—corun-
dum pseudomorphs after an unknown mineral. Macro-
scopically, pseudomorphs have dark gray or black
color, sharp boundaries, and irregular, ovoid, or rhom-
boid shape. Their size varies from fractions to 5~7 mm
in size. They consist of ultrafine-grained mineral aggre-
gate with grain size varying from 1 to 20 um. They are
commonly separated from the heteroblastic ground-
mass of orthopyroxene by anorthite/zoisite and cordier-
ite rims (Fig. 1). Occasionally, these rims are absent.
Garnet porphyroblasts are partially or completely
replaced by  anorthite—orthopyroxene—cordierite—
spinel/magnetite symplectite. The Al/Si ratio is 0.65—
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0.66 in garnet and 0.69 + 0.02 in symplectite, indicating
the inert behavior of Al and Si during replacement [8].
Ashworth et al. [8] assumed that, like in symplectites,
Al and Si were nearly immobile during pseudomorph
formation. Since the Al/Si ratio measured over the area
is between 1.61 and 1.93, the formation of pseudomor-
phs was attributed to replacement of kyanite porphyro-
blasts. However, this assumption cannot explain the
presence of Ca and significant amounts of anorthite and
zoisite. Based on the invariability of the Al/Si ratio, we
believe that anorthite—zoisite—spinel/magnetite—corun-
dum pseudomorphs developed after clinopyroxene
with a very high Al content. The approximate chemical
composition of the clinophyroxene is suggested by
results of the analysis of three pseudomorphs in 16 ran-
domly selected points (~0.1 mm? in area) on a Came-
bax scanning microprobe. Data presented in the table
show that the Al/Si ratio in pseudomorphs is within
1.50-1.83. They also demonstrate a strong negative
correlation in Al-Si and Ca—Mg pairs. Sum totals in the
table are less than 100% due to the incomplete error
correction during measurement of heterogeneous crys-
talline structure (microdispersion aggregate of several

Fig. 1. Cross section of anorthite—zoisite—spinel/magnetite—
corundum pseudomorphs (Ad) rimmed by anorthite (PI)
and cordierite (Cor) in the orthopyroxene groundmass of
coronite. Sketch of thin section. Horizontal size is 2.9 mm.
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Fig. 2. (a) Mg-Al-Fe(+Mn) phase diagram for garnet pyroxenites from the Kokchetav Massif. Solid lines connect the coexisting
primary minerals represented by garnet (Gar), orthopyroxene, and inferred clinopyroxene (Cpx), while dashed lines connect the
younger minerals: plagioclase, zoisite (Zoi), spinel (Sp), magnetite (Mt), corundum (Cor), and cordierite (Cor). Clinopyroxene
compositions are taken from microprobe determinations in the table. Compositions of other minerals are taken from [5, 8]. Shaded
field shows chemical compositions of garnet pyroxenites and coronites after [5]. (b, c) Mg—Al-Fe(+Mn) phase diagrams, showing
compositions of coexisting minerals in garnet pyroxenites from Beni Bousera Pluton, Morocco [10], and from lower crustal xeno-

liths in the Hungarian volcanic rocks [11]; (Ol) olivine.

phases) [9] and presence of OH-bearing mineral
(zoisite).

Pseudomorphs presumably resulted from simple
breakdown of peraluminous clinopyroxene. For exam-
ple, the breakdown reaction in the Si—Al-Ca-Fe system
for Sample 35-6 (table) and other minerals taken from
[8] can be written according to the phase rule as fol-
lows: 0.85 clinopyroxene = 0.44 plagioclase (91% anor-
thite) + 0.01 zoisite + 0.30 spinel (54% hercynite) +
0.01 magnetite. In the Si-Al-Mg-Fe system, clinopy-
roxene is also generally broken down into plagioclase
and spinel, occasionally with corundum and/or magne-
tite. Compositional variations of clinopyroxene pro-
voke changes of reaction coefficients and products. The
variations of component contents are mainly related to
the primary compositional heterogeneity of clinopy-
roxene porphyroblasts with some contribution of Mg,
Fe, and Al redistribution during formation of cordierite
rims. This is distinctly expressed in the pseudomorph
boundaries. One can see that spinel is liberated from
anorthite and zoisite, while cordierite rims grow during
interaction of spinel with orthopyroxene groundmass
(Fig. 1).

The proportions of Fe and Al mole fractions in apo-
pyroxenite coronite are shown in the Al-Fe-Mg dia-
gram (Fig. 2a). It also demonstrates the composition of
clinopyroxene in equilibrium with garnet and orthopyr-
oxene. We suppose that the clinopyroxene was a pre-
cursor of anorthite—zoisite—spinel/magnetite—corun-
dum pseudomorphs. Clinopyroxenes from high-pres-
sure garnet pyroxenites [10, 11] contain significantly
less Al (Figs. 2b, 2c). However, in specific high-Al and
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low-Na rocks, high pressure and temperature promote
the formation of clinopyroxene phase, in which Al sig-
nificantly dominates over Si in the form of tschermakite
molecule (Ca,Mg,Fe)Al,SiO¢. Experimental data indi-
cate that such a peraluminous clinopyroxene can origi-
nate at a pressure of 10—15 kbar and temperature of
1000-1100°C or somewhat lower [12, 13].

We determined the formation temperature for
harzburgites located near coronites described above.
The orthopyroxene—olivine—spinel geothermometer
[14] yielded 840 and 780°C, respectively, for samples
R-118-A-980e and R-118-98 analyzed in [5]. Based on
these temperatures, we can determine the formation
pressure for garnet orthopyroxenite, which is also
located near the coronites. The pressure estimated from
the Harley orthopyroxene—garnet geobarometer [15]
for Sample R-118-Be-98e is 14—15 kbar. Hence, the
maximum PT conditions for pyroxenites later trans-
formed into coronites are estimated at ~800°C and 14—
15 kbar. They are close to those determined experimen-
tally for the Ca—Mg-clinopyroxene tschermakite [12, 13].
The presence of Fe in this system presumably widens its
stability field. These data support the assumption that
anorthite—zoisite—spinel/magnetite—corundum  pseudo-
morphs formed after clinopyroxene.

Conclusions. Our study showed that anorthite—zoisite—
spinel/magnetite—corundum pseudomorphs in coronites
of the Kokchetav Massif developed after high-alumina cli-
nopyroxene (tschermakite) (Ca,Fe,Mg)AlL,SiOq4. This
phase is stable only at high PT parameters. Therefore,
it can be replaced by aggregate of later minerals during
retrograde metamorphism.
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