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Abstract

The andalusite-sillimanite–type low-pressure Daulet Suite underlies the Kokchetav ultrahigh-
pressure–high-pressure (UHP-HP) massif of northern Kazakhstan. The Daulet Suite is composed of
pelitic-psammitic gneisses or schists and quartz schist with minor amounts of metacarbonate and
metabasite. About 300 thin sections were examined from the Daulet metapelites; rocks were divided
into two mineral zones. Zone A is characterized by andalusite + cordierite + biotite, and zone B by
sillimanite + cordierite + biotite with excess K-feldspar, quartz, and plagioclase in both zones. K-
feldspar appears with andalusite at lower temperatures than the first formation of sillimanite. Pres-
sure-temperature conditions of the Daulet metamorphism range from 580 to 680°C at a nearly con-
stant pressure of ~2 kbar. Comparison of compositions of solid-solution minerals with a buffered
assemblage indicates that the metamorphic grade increases towards the boundary with the overlying
UHP-HP unit. Detailed mapping revealed that the primary structure of both the Kokchetav UHP-HP
massif and its surrounding units is subhorizontal; the UHP-HP unit has been thrust over the Daulet
Suite with a top-to-the-north movement. The thermal structure of the Daulet Suite is subhorizontal
and metamorphic grade increases upwards—i.e., toward the boundary with the UHP-HP unit—
whereas the thermobaric maximum of the UHP-HP unit occurs at an intermediate structural level.
The upward increase in metamorphic grade within the Daulet Suite implies contact metamorphism
by the tectonic juxtaposition of the “hot” Kokchetav UHP-HP unit at shallow crustal levels. 

Introduction

CONTACT OR THERMAL metamorphism results from a
rise in temperature in surrounding country rocks
near igneous intrusions (Yardley, 1989). Fluids cir-
culating around the intrusions also play a significant
role in contact metamorphism. An igneous intrusion
commonly produces a relatively narrow metamor-
phic aureole with concentric isotherms around it.
On the other hand, it is known that overthrusting of
metamorphic units in collisional belts produces an
inverted metamorphic gradient in the underlying
unit. In the Himalayan orogen, the metamorphic

core exists in the structural middle Higher Hima-
layan Sequence, and so-called “inverted metamor-
phism” has been observed in the underlying Lesser
Himalayan Sequence (Gansser, 1964). Le Fort
(1975, 1986) proposed that thrusting of the “hot”
Higher Himalayan Sequence over the Lesser Hima-
layan Sequence and Midland Zone along the Main
Central Thrust resulted in downbuckling of the iso-
therms along the Main Central Thrust. The “hot-
iron” model would have been coupled with down-
ward conductive heating of the Lesser Himalayan
Sequence, with cooling of the hanging wall in the
Higher Himalayan Sequence. Hodges et al. (1996)
considered that the Main Central Thrust system is a
high-strain zone that is a few kilometers thick.

1Corresponding author; email: tera@eng.kagawa-u.ac.jp
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Kaneko (1997) reported steep increases in meta-
morphic temperature in the Lesser Himalayan
Sequence just below the Main Central Thrust. To
produce the inverted metamorphic gradient, several
different ideas have been proposed, such as the
effects of radioactivity both within the thrust com-
plex and the underlying unit (Oxburgh and Turcotte,
1974) and shear heating along boundary faults
(England and Molnar, 1993).

The Kokchetav massif of northern Kazakhstan
consists of UHP and HP units, and its geological
and thermobaric structures are subhorizontal
(Kaneko et al., 2000; Ota et al., 2000). The Daulet
Suite underlies the UHP-HP unit beneath a thrust
dipping to the north. It has been considered that the
Daulet Suite was metamorphosed by extensive Late
Ordovician–Early Silurian granite intrusions
(Dobretsov et al., 1995; Shatsky et al., 1995). Min-
eral parageneses in the Daulet metapelites system-
atically change toward the boundary between the
UHP-HP unit during prograde metamorphism of
low-P/T–type andalusite-sillimanite series, suggest-
ing that the underlying Daulet Suite was metamor-
phosed by solid intrusion of a “hot” UHP-HP
metamorphic slab. The weakly metamorphosed
underlying unit is rich in hydrous phases, hence
large amounts of water-rich fluids were available to
modify the UHP-HP mineralogy by hydration reac-
tions, when the UHP-HP unit was thrust over the
lower unit. Tectonic juxtaposition of the anhydrous
UHP-HP unit upon the hydrous low-grade rocks
would allow infiltration of fluid into the UHP-HP
unit (Terabayashi et al., 1999). Accordingly, most
ultrahigh-pressure minerals are selectively replaced
by Barrovian-type mineral assemblages.

In this study, mineral assemblages in metapelites
of the Daulet Suite underlying the Kokchetav UHP-
HP massif, and compositional changes of solid-solu-
tion minerals in buffered assemblages were studied.
The P-T conditions of the Daulet metamorphism and
the amount of dehydrated fluid from the Daulet
Suite were estimated.

Geologic Outline

The Kokchetav UHP-HP massif in the southern
Siberian steppes, northern Kazakhstan, occupies an
area of approximately 30 × 150 km2. The Kokchetav
UHP-HP metamorphic rocks are composed of Pre-
cambrian rocks overlain by the Cambro-Ordovician
volcanic and sedimentary rocks of mainly island-arc
series, Devonian volcanic molasse, and Carbonifer-

ous and Triassic shallow-marine and lacustrine
deposits (Dobretsov et al., 1995). The Kokchetav
UHP-HP unit has been divided into four fault-
bounded lithological units: I, II, III, and IV from the
bottom to the top (Kaneko et al., 2000; Fig. 1). Unit
I is composed mainly of alternating siliceous schist
and amphibolite. Unit II is composed chiefly of pel-
itic-psammitic gneiss with locally abundant eclogite
boudins (mostly amphibolitized) and whiteschist.
Unit III consists of alternating felsic gneiss and
amphibolite, locally with large eclogite blocks. Unit
IV consists mainly of quartzite and siliceous schist.
The primary structure appears to be subhorizontal
and the total thickness of the UHP rocks is esti-
mated at around 2 kilometers. The first-order struc-
ture is sandwich-like—i.e., the UHP-HP unit is
separated from both underlying low-P/T metamor-
phic rocks of the Daulet Suite and overlying
unmetamorphosed to feebly metamorphosed sedi-
mentary strata (unit V) by subhorizontal faults
(Kaneko et al., 2000). These two major sharp tec-
tonic boundaries are locally modified by secondary
high-angle normal and/or strike-slip faults. The
Kokchetav massif and Daulet Suite were intruded by
Early Devonian syn-collisional granites and Late
Devonian to Carboniferous post-collisional granites
(Dobretsov et al., 1995). 

The Kokchetav UHP-HP metamorphic rocks are
bounded to the south by the Daulet Suite, which
consists predominantly of pelitic-psammitic gneiss
and schist with cordierite-biotite-andalusite/silli-
manite parageneses, and intercalations of quartz
schists, marble, and rare basic schists. In the Cha-
glinka, Sulu-Tjube, and Kulet areas, the Daulet
Suite is in thrust contact with the southern margin of
the UHP-HP unit (Fig. 2). Ishikawa et al. (2000)
investigated the relationship between the UHP-HP
unit and the Daulet Suite in the Sulu-Tjube area.
The UHP-HP unit overlies the Daulet Suite across a
NW-dipping subhorizontal thrust. Kinematic indi-
cators show top-to-the-north sense of shear along the
thrust. The boundary thrust is partly cut by N-S–
trending high-angle faults, related to the post-colli-
sional granitic intrusions. 

Metamorphic Zonation

About 300 thin sections of metapelites were
examined to delineate metamorphic isograds in the
Daulet Suite in the eclogite-rich Chaglinka, Sulu-
Tjube, and Kulet areas (Table 1). As a result, two
mineral zones A and B were mapped in the above
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areas (Fig. 3). Sillimanite-bearing metapelite appears
near the boundary thrust between the UHP-HP unit.
Schematic mineral parageneses for the Daulet
metapelites are shown in Figure 4. Heavy lines show
major phases and dashed lines show minor and trace
phases. Zone A is characterized by the assemblage
andalusite + biotite + cordierite + K-feldspar,
whereas zone B is defined by the appearance of silli-
manite as fibrolite. Andalusite occurs throughout
both zones but is missing from some samples. Poly-
crystalline muscovite forms a corona between
andalusite porphyroblast and biotite (Fig. 5A).
Andalusite grains are surrounded by a cordierite
aggregate, some with the same optical orientation,
suggesting they were originally a single grain (Fig.
5B). Sillimanite usually occurs as an aggregate of
fibrous crystals surrounded by cordierite (Fig. 5C).
Small cordierite neoblasts occur with biotite (Fig.
5D). Biotite, K-feldspar, plagioclase, and quartz are
common in both zones. Hercynite occurs in zones A

and B as inclusions in cordierite. Most opaques are
ilmenite. Titanite rims ilmenite and probably is of ret-
rograde origin in these mineral assemblages. Musco-
vite is also considered as a secondary phase, judging
by its texture. Almost decomposed garnet and stouro-
lite were observed in several specimens, and are
regarded as unequilibrated phases.

Boundaries between zones A and B are subparal-
lel to the boundary thrust between the Daulet Suite
and the Kokchetav UHP-HP unit; the metamorphic
grade in the Daulet metapelites increases towards
the boundary. In the Kulet area, the metamorphic
zone boundary is not concentric around the Devo-
nian granitoid, and in the farthest part of the Daulet
Suite from the boundary thrust, mineral assem-
blages with aluminum-silicates are less common
(Fig. 3C). Distinctive crystallization in the Daulet
Suite begins at temperatures where both biotite and
cordierite are stable, and metamorphic grade does
not increase toward the plutonic intrusion.

FIG. 1. A. Simplified geologic map of Kokchetav UHP-HP massif showing the major tectonostratigraphic divisions,
after Kaneko et al. (2000). The approximate location of the geologic map enlarged in Figure 2 is shown. B. Simplified
cross-section of the Kokchetav orogenic belt. 



822 TERABAYASHI ET AL.

Mineral Chemistry and P-T Conditions

Mineral compositions were analyzed using a
JEOL electron-probe microanalyzer JXA-8800R
with a wavelength-dispersive system at Naruto Uni-
versity of Education. Accelerating voltage, beam
current, and beam diameter for quantitative analy-
ses were kept at 15 kV, 15 nA on the Faraday cup,
and 3 µm, respectively. X-ray intensities were

reduced using a ZAF matrix correction scheme.
Representative analyses of biotite, cordierite, and
K-feldspar in analyzed samples are shown in Tables
2 and 3. Detailed tabulated mineral compositions
are available from the first author. Mineral abbrevi-
ations are after Kretz (1983).

Mineral compositions of 13 metapelites from the
Kulet area were analyzed by microprobe; locations
of analyzed samples are shown in Figure 3C. Biotite

FIG. 2. Geologic map of the Chaglinka-Kulet area after Yamamoto (2000). The Kokchetav UHP-HP metamorphic belt
is structurally overlain by a low-grade metamorphic unit on the top, and is underlain by the Daulet Suite of the low-
pressure facies series. These two major sharp tectonic boundaries are subhorizontal, and locally modified by secondary
high-angle normal faults. Post-orogenic intrusions of Devonian granitoids occupy the southern part of the study area.
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compositions of the buffered assemblage cordierite
+ biotite + aluminous silicate from both zones are
shown in Figure 6. The tschermak substitution
[(Fe,Mg)SiAl–2] in biotite does not show consistent
variation with metamorphic grade, but a significant
increase in XMg from zone A to zone B was

observed. Mineral reactions responsible for these
changes can be treated in the K2O–FeO–MgO–
Al2O3–SiO2–H2O (KFMASH) model pelitic system
and its subsystems. Changes of XMg with increasing
metamorphic grade correspond to migration of the
three-phase triangle of andalusite or sillimanite +

TABLE 1. Constituent Minerals in Samples Examined from the Daulet Suite1

Zone Sample no. Sil And Bt Crd Kfs Pl Qtz Ilm Hel

A T396 + + + + + + +

A Y450 + + + + + + +

A T399 + + + + + + + +

A Y454 + + + + + + +

A Y453 + + + + + + +

B Y460 fib + + + + + + + +

B Y461 fib + + + + + + +

B T414 + + + + + + +

B T416 fib + + + + + +

B A707 + + + + + + +

B Y463 fib + + + + + +

B Y465 + + + + + +

B A709 + + + + +

1Locations of the listed samples are shown in Figure 3C.

FIG. 3. Metamorphic zonation map of the Daulet metapelites based on mineral assemblages in the (A) Chaglinka, (B)
Sulu-Tjube, and (C) Kulet areas. The Daulet Suite is tectonically overlain by the UHP-HP units and intruded by Devo-
nian granitoids. Metamorphic grade increases structurally upward.
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biotite + cordierite in the AFM diagram of Thomp-
son (1957).

After the earlier work by Albee (1965), a number
of petrogenetic grids for the model pelitic KFMASH
system have been proposed. Most grids explain a
temperature-dependent change of mineral assem-

blages in kyanite-sillimanite type rocks (e.g., Appa-
lachians: Laird, 1988). Reactions and phase
relations in the andalusite-sillimanite type are dif-
ferent from those expected in the kyanite-sillimanite
type, especially with regard to Fe-rich metapelites
(Tono contact aureole, Japan: Okuyama-Kusunose,
1994; Mungyong metapelites, Korea: Ahn and
Nakamura, in prep.).

Figure 7 shows possible P-T conditions of the
Daulet contact metamorphism, with reaction curves
pertinent to their estimation. K-feldspar first
appears with andalusite within zone A prior to the
appearance of sillimanite. The P-T path of the Dau-
let metamorphism must pass below an intersection
of reaction curves of muscovite + quartz =
andalusite/sillimanite + K-feldspar and andalusite =
sillimanite transition, and the maximum pressure is
about 2 kbar.

In addition, the computer program THER-
MOCALC version 2.7 with an updated version of the
internally consistent thermodynamic dataset (Pow-
ell and Holland, 1994; Holland and Powell, 1998)
was used for equilibria constraining temperature

FIG. 4. Schematic mineral parageneses for the Daulet
metapelites. Heavy lines show major phases and dashed lines
indicate minor to trace phases.

FIG. 5. Photomicrographs of Daulet metapelites. A. Polycrystalline muscovite forms a corona between an andalusite
porphyroblast and biotite in T450 from zone A (plane-polarized light, length of field of view = 1.5 mm). B. Andalusite
porphyroblast armored by cordierite in T414 from zone B. Some andalusite grains show simultaneous extinction (plane-
polarized light, length of field of view = 1.5 mm). C. Fibrolitic sillimanite inside cordierite in T416 from zone B (plane-
polarized light, length of field of view = 0.6 mm). D. Small cordierite neoblasts with biotite in T416 from zone B (crossed-
polarized light, length of field of view = 1.5 mm).
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and pressure. Activities of mineral end-members for
the THERMOCALC calculations were computed
using the computer program AX, recomended by
Holland and Powell (1988), for biotite (phl, ann,
east), cordierite (crd, fcrd, mncrd), and K-feldspar
(san, ab) following Holland and Powell (1998).
Quartz was assumed to be pure, and fluid composi-
tion to be pure H2O. Independent reactions for the
THERMOCALC calculations are listed in Table 4.
The THERMOCALC program with compositions of
coexisting biotite, cordierite, and K-feldspar (T399
and Y460; Table 2 and 3) yielded P-T conditions of
contact metamorphism in the Daulet metapelites by
the solid intrusion of the Kokchetav UHP-HP unit.

Discussion

Observations in this study indicate that the heat
source of metamorphism in the Daulet Suite is not
the Devonian granitoid but the hot UHP-HP unit.
The Daulet Suite was tectonically overlain and ther-
mally metamorphosed by the UHP-HP unit prior to
intrusion of the Devonian granitoid.

Sillimanite-bearing zone B appears as a wide
zone with thickness of ~100 m in the Kulet area, but
it appears only as a narrow zone with a thickness

less than 50 m in the Chaglinka and Sulu-Tjube
areas. Such a difference is due to the difference in
metamorphic grade of the overlying UHP-HP unit;
coesite occurs in the Kulet area, but does not occur
in the Chaglinka and Sulu-Tjube areas. Ota et al.
(2000) estimated peak conditions of eclogite from
the UHP unit in the Kulet and Saldat-Kol regions,
and subhorizontal thermobaric structure with the
core (30 < P < 37 kbar, 500 < T < 900°C) in the
structural middle (Fig. 8B). There are obvious tec-
tonic and metamorphic discontinuities between the
Daulet Suite and the Kokchetav UHP-HP unit;
especially prominent is the pressure gap corre-

FIG. 6. Composition of biotite as plotted in the
“biotite plane.” Formulae: annite = K2Fe6[Si6Al2O20](OH)4;
phlogopite = K2Mg6[Si6Al2O20](OH)4; siderophyllite =
K2Fe4Al2[Si4Al4O20](OH)4; eastonite = K2Mg4Al2[Si4Al4O20]
(OH)4. Mineral formulae of biotite calculated to 22 oxygens,
excluding H2O. Total Fe is regarded as Fe2+.

FIG. 7. Pressure-temperature diagrams of the Daulet meta-
morphism. The pressure and temperature conditions of meta-
morphism were estimated by the relation of muscovite + quartz
dehydration and andalusite-sillimanite transition. Al2SiO5
phase relations of Holdaway (1971), muscovite + quartz dehy-
dration reaction curve, and minimum melting of granitic com-
position (Luth et al., 1964) are shown by bold solid, solid, and
dashed lines, respectively.

TABLE 4. Independent Reactions
Used in THERMOCALC Calculations1

(1) 2ann + 9qz + 6and = 3fcrd + 2san + 2H2O

(2) east + 5qtz + and = crd + san + H2O

(3) 2phl + 9qtz + 6and = 3crd + 2san + 2H2O

(4) 2ann + 9qtz + 6sill = 3fcrd + 2san + 2H2O

(5) east + 5qtz + sill = crd + san + H2O

(6) 2phl + 9qtz + 6sill = 3crd + 2san + 2H2O

1Formulae of end members are after Holland and Powell 
(1998).
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sponding to several tens of kilometers along the
boundary thrust.

The tectonic juxtaposition of a dehydrated UHP-
HP unit on hydrous low-grade rocks would allow
infiltration of fluids into the UHP-HP unit (Fig. 8A).
Such a tectonic overlap would transport sufficient
fluids from the underlying unit to the overlying
UHP-HP unit, and would effectively obliterate the
UHP-HP mineralogy. Accordingly, most of the ultra-
high-pressure minerals were selectively replaced by
Barrovian-type assemblages. The extent of such ret-
rogression complicates the debate on the exotic ver-
sus coherent origin of coesite-bearing rocks
enveloped by gneiss with the Barrovian-type miner-
alogy (e.g. Tabata et al., 1998).

The degree of dehydration in the Daulet Suite by
contact metamorphism was estimated by measure-
ment of ignition loss for selected samples from zones
A and B. Highly to moderately altered samples were
excluded from the measurement. Figure 9 shows fre-
quency diagrams of the ignition loss for selected
samples. The peak and average value of ignition loss
decrease with metamorphic grade, the latter
decreasing from 2.9 wt% in zone A to 2.3 wt% in
zone B. This result suggests that the degree of dehy-
dration increases with metamorphic grade, so that
the UHP-HP rocks may have been hydrated by the
fluids along the thrust. The thickness of zone B var-
ies by areas, but it can be estimated that ~668 cm3

of aqueous fluids were released per square centime-
ter in the case of 100 m thickness of the Daulet
Suite.

Many UHP-HP rocks were partially hydrated
during exhumation, and are overprinted by Bar-
rovian-type metamorphism. Fluids from a subduct-
ing slab will exert important effects on metasomatic
and melting relations in the overlying crust or man-
tle wedge (Selverstone et al., 1984, 1992). If the
rates of ascent of UHP-HP rocks were slow after the
juxtaposition with low-P/T hydrous rocks, the UHP-
HP mineral assemblages could be completely oblit-
erated by metamorphic overprinting and/or partial
melting. Preserving UHP-HP mineral assemblages
requires rapid exhumation and cooling in order not
to promote hydration reactions under crustal P-T
conditions. The extensive hydration reactions in the
known UHP metamorphic belts, including the
Kokchetav massif, suggest that the rates of ascent
have not been rapid enough to preserve the deep-
seated mineral assemblages during exhumation. U-
Pb ages of zircons with overgrowth zoning from the
Daulet metapelites can reveal timing of the juxtapo-
sition, and the difference in age from the peak meta-
morphism of the UHP-HP unit allows us to estimate
the exhumation rates of the UHP-HP unit.
Katayama et al. (2001) examined zoning and min-
eral inclusions in zircon from the Kokchetav dia-
mond-bearing UHP gneisses and the Daulet pelitic

FIG. 8. Schematic model showing exhumation process of the Kokchetv UHP-HP unit. A. The tectonic intrusion of the
Kokchetav UHP-HP unit into the low-pressure units. The weakly metamorphosed underlying unit is rich in hydrous
phases, hence large amounts of water-rich fluid were available to modify the UHP-HP mineralogy by hydration reactions
when the UHP-HP unit is thrust over by wedge extrusion. B. Pressure-temperature metamorphic conditions from the
Daulet Suite and units I-IV (Ota et al., 2000). 
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schist, and reported SHRIMP U-Pb ages for peak
and post-peak stages of metamorphism from zoned
zircons. Their SHRIMP data identified discrete
ages: 539 ± 9 Ma for the UHP conditions, 507 ± 8
Ma for the late-stage amphibolite-facies overprint-
ing, and 456–461 Ma for the post-orogenic thermal
events, which yielded relatively rapid exhumation
rates of ~5 km/Ma. 

Slab break-off and the resultant buoyancy of a
low-density continental sheet caused a wedge extru-
sion exhuming coesite- and diamond-facies
supracrustal rocks from mantle depths up to crustal
depths, exposing them at the surface in a collision
suture (Maruyama et al., 1996). These authors
showed that a high-P/T unit is sandwiched between
the overlying and underlying units, recrystallized at
2 to 3 kbar for B-type and 5 to 6 kbar for A-type
terranes. The Kokchetav massif is an A-type ter-
rane, but the depth of the tectonic juxtaposition is
shallow like a B-type terrane.

Conclusions

Metapelitic rocks in the andalusite-sillimanite
type Daulet contact metamorphism provide a good
opportunity to reveal a new type of metamorphism.
(1) The underlying Daulet Suite was metamorphosed
by the solid intrusion of the hot Kokchetav UHP-HP

unit. (2) P-T conditions of the Daulet metamorphism
were 580 to 680°C at nearly constant pressures of
about 2 kbar; the tectonic juxtaposition occurred at
shallow crustal levels. (3) The tectonic juxtaposition
of a dehydrated UHP-HP unit on a hydrous weakly
metamorphosed unit transported substantial
amounts of fluid from the underlying unit to the
overlying UHP-HP unit. 
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