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Abstract In the western fold-and-thrust belt of the
southern Urals, the Kiibler and Arkai indices determined
on shales, slates and phyllites record an increase from
lower late diagenetic to epizonal grade from west to east.
The metamorphic grade varies strongly within the dif-
ferent tectonic segments, which are separated by major
thrusts. The increase of diagenetic and incipient meta-
morphic grade from the footwall to the hanging wall of
all major Upper Palaeozoic thrusts indicates a pre-Permo/
Triassic origin. West of the Avzyan thrust zone, the di-
agenetic to incipient metamorphic grade is related to the
Palaeozoic basin development and reached the final
grades in Late Carboniferous to Early Permian times.
East of the first Avzyan thrust in the Yamantau anticli-
norium, the diagenetic to lower greenschist metamorphic
grade is possibly of Neoproterozoic origin and might be
related to the development of the Neoproterozoic basin at
the eastern margin of the East European Craton. The
eastern part of the Yamantau anticlinorium was exhumed
below 200 °C in the Late Carboniferous or Early Per-
mian. The diagenetic grade of the autochthonous Palaeo-
zoic sedimentary units increases toward the stack of
Palaeozoic nappes and might partly be caused by the
deformational process due to the emplacement of the
Palaeozoic nappes. Within the Timirovo thrust sheet, the
decrease of metamorphic grade with stratigraphic age
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developed prior to the emplacement of the nappes. The
upper anchizonal metamorphic grade of the Upper De-
vonian slates of the Zilair nappe results from the defor-
mation process related to the Lower Carboniferous nappe
emplacement.

Keywords Diagenesis - Incipient metamorphism - Kiibler
and Arkai indices - Southern Urals - URSEIS’95

Introduction

The Uralide orogen forms a linear N-S-trending Palaeo-
zoic fold-and-thrust belt that extends for more than
2,000 km from the Arctic Ocean to near the Caspian Sea
(Fig. 1). It resulted from the Palaeozoic two-stage colli-
sion of the East European Craton (EEC) with the Sibirian/
Kazakhstanian continents and intervening accretion of
island arc and microcontinental fragments (Hamilton
1970; Zonenshain et al. 1984, 1990; Puchkov 1988, 1993,
1997). The Main Uralian fault (MUF) is the major suture
zone between the East European Craton to the west and
the oceanic, island arc and continental terranes of Asia to
the east (Zonenshain et al. 1984, 1990; Echtler and Hetzel
1997). In comparison to other Palacozoic orogens (e.g.
the Variscides, Caledonides etc.), the Uralides show a
general bilateral symmetry with a western fold-and-thrust
belt, a central magmatic arc zone (Magnitogorsk zone)
and an eastern thrust belt with deep reaching crustal shear
zones (Berzin et al. 1996). However, unlike other Palaeo-
zoic orogens that underwent post-orogenic collapse and
extension, the Uralide fold belt reveals an intact, well-
preserved orogen with a deep crustal root within a stable
continental interior (Echtler et al. 1996; Steer et al. 1998).
The crustal root is interpreted as partially eclogitized
lower crust (Doring and Goétze 1999; Leech 2001). As the
orogen is isostatically compensated and appears as though
it has never departed far from this state, it represents an
orogen that has escaped delamination of the lower crust
and post-orogenic extensional collapse (Giese 2000;
Leech 2001). Thus, the Uralides are an exceptional ex-
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Fig. 1 Geological map of the
western part of the southern
Uralides (based on 1:200,000
scale geological map. ATA Ala-
Tau anticlinorium; BMA
Bashkirian Mega-anticlinorium;
MCB metamorphic complex of
Beloretzk; MCK metamorphic
complex of Kurtinsky; MCM
metamorphic complex of
Maksyutov; PUF pre-Uralian
foredeep; TC Taratash complex;

TS Tirlyan synclinorium; UT 55°N
Ural-Tau; YA Yamantau anti-
clinorium; ZS Zilair synclinori-
um; MZ Magnitogorsk zone
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ample that allows the study of the pre-, syn- and post-
orogenic tectono-thermal evolution of a Palaeozoic oro-
gen.

The diagenetic to incipient metamorphic grade of Palaeo-
zoic and Precambrian shales, slates and phyllites was studied
in detail along the 120-km-long western part of the W-E
URSEIS’95 transect in the western fold-and-thrust belt of
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the southern Urals, Russia. The western part of this transect
extends from the Devonian to Permian sedimentary units of
the Pre-Uralian foredeep, crossing the Precambrian silici-
clastic and carbonate units of the Bashkirian Mega-anticli-
norium, to the Palaeozoic units of the Ural-Tau antiform.
The present study combines Kiibler and Arkai indices
of shales, slates and phyllites to quantify the finite meta-



Fig. 2 Stratigraphic subdivision
of the western fold-and-thrust
belt, SW Uralides (according to
Kozlov et al. 1995; Maslov et
al. 1997, international time-
scale after Haq and Eysinga
1998) vertical hatching: hiatus;
v: volcanic rocks
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morphic grade along the W—E-trending URSEIS’95 tran-
sect and the Kulgunina drill hole (Kul 1), which is located
5 km north of the URSEIS’95 transect (Fig. 1). The finite
metamorphic grades along the URSEIS’95 transect will
be compared with finite metamorphic grade data acquired
along the W-E-trending AC-TS’96 transect 80 km to the
north (Glasmacher et al. 1997; Matenaar et al. 1999).
Consideration of apatite and zircon fission-track data of
sandstones, quartzites and dikes (Seward et al. 1997,
Glasmacher et al. 2002) will further constraint the thermal

history.

Shale Volcanic rock
Limestone/ .

E Dolomite I]]I[[[l Hiatus

Salt

Regional geology

The most prominent feature of the western part of the
southern Uralides is the Bashkirian Mega-anticlinori-
um (BMA), a broad NE- and SSW-plunging antiformal
structure composed of over 10,000-m-thick Precambrian
sedimentary strata (Figs. 1, 2 and 3; Kozlov 1982). Meso-
to Neoproterozoic siliciclastic and carbonate units of the
BMA are formed in terrestrial fluvial to shallow marine
environment (Fig. 2; Kozlov et al. 1989, 1995; Maslov
et al. 1997). The thickness of the Zilmerdak Formation
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Fig. 3 Geological map of the investigated area (based on 1:200,000 scale geological map, Giese et al. 1999). Fission-track data after

Seward et al. (1997)

(lowermost Upper Riphean) varies strongly between
~600 m and >3,000 m, respectively, West and East of the
Zilmerdak thrust. Upper Vendian polymict siliciclastic
units are interpreted as flysch and molasse deposits of a
Neoproterozoic orogenic event at the eastern margin of
Baltica (Puchkov 1997; Stroink et al. 1997; Giese et al.
1999; Glasmacher et al. 2001; Willner et al. 2001). In the
west, the Tashli thrust separates the gently deformed
Devonian to Permian strata (3,000 m thickness) of the
Pre-Uralian Foredeep (PUF) from the folded structures of
the BMA (Fig. 1). During the Permian, the PUF formed
the western foreland basin of the Uralian orogeny with
barrier reef complexes developed synchronously to pro-
grading flysch sedimentation from the east. Early Per-
mian evaporites controlled the deformation and resulted
in important ridge-like salt diapirs.

The fold-and-thrust belt of the BMA is characterized
by longitudinal regional-scale synclinal and anticlinal
structures (from West to East: Ala-Tau anticlinorium,
Inzer synclinorium, Yamantau anticlinorium) that are
separated by important thrusts (Ala-Tau thrust, Zilmerdak
thrust, Avzyan thrust zone). In the north, east and south of
the Ala-Tau anticlinorium, Vendian flysch deposits are
overlain by Devonian to Carboniferous siliciclastic and

carbonate units of about 2,500 m thickness (Puchkov
2000).

The Zuratkul Fault, the most prominent tectonic bound-
ary in the BMA, can be traced south from the eastern limb
of the Taratash complex approximately 300 km into the
BMA (Fig. 1). It is the site of a major structural and
metamorphic break. Based on new structural, metamor-
phic and chronometric data, Glasmacher et al. (1999,
2001) reinterpreted the Zuratkul fault as a major terrane
boundary that separates Neo- and Mesoproterozoic sedi-
mentary units of the EEC from Mesoproterozoic low- to
high-grade metamorphic units of the allochthonous Be-
loretzk Terrane.

East and south of the BMA, the Zilair synclinorium
(Fig. 3) forms a SW-plunging, broad synform of Or-
dovician to Devonian siliciclastic and carbonate sedi-
mentary rocks that unconformably overlie the Beloretzk
Terrane (Figs. 1 and 3; Giese et al. 1999; Glasmacher
et al. 2001). Tectonically, the Zilair synclinorium consists
of a Palaeozoic autochthonous unit at the base, overlain
by the Timirovo thrust sheet, and of a stack of nappes
(Zilair nappe, Uzyan nappe, Kraka nappe). Close to the
unconformity at the AC-TS’96 transect, the Ordovician
and Silurian sedimentary rocks are almost undeformed



(Palaeozoic autochthonous). Towards the east and along
strike towards the south the deformation increases. The
first major thrust of the Timirovo thrust sheet is located at
the base of the Devonian limestones. East of this thrust,
all rocks show NW-vergent folding and axial-planar
cleavage. The late Devonian Zilair flysch, which in-
creases in thickness towards the south forms the entire
core of the synclinorium and is comprised of, according
to Brown et al. (1996, 1998), Bastida et al. (1997) and
Puchkov (1997), the Zilair nappe (Fig. 3). The Zilair
nappe is overthrusted by the Uzyan nappe, an imbricated
unit of Ordovician to Devonian continental rise sedi-
mentary rocks. Separated by a basal melange, the Kraka
ophiolite complex, a nappe of unknown age, overlies the
Uzyan nappe.

Geodynamic evolution

The Palaeozoic shelf platform of the East European
Craton (EEC) is underlain by an outboard high-level
metamorphic block, which consolidated during the Neo-
proterozoic orogeny (Glasmacher et al. 1999, 2001). To-
wards the interior of the EEC, Palaeozoic shelf sedi-
mentary rocks overlie a rift basin containing up to 15,000-
m-thick sedimentary units of Riphean age (Fig. 2). The
onset of Uralian collision-related deformation is generally
accepted to have taken place during Middle to Late De-
vonian times (Brown et al. 1997, 2000; Brown and Spa-
dea 1999). This is based on radiometric ages of about
385-365 Ma for the HP metamorphism in the Maksyu-
tovo complex, and the onset of the Zilair flysch sedi-
mentation at the beginning of the Famennian, i.e. 370 Ma
ago (Matte et al. 1993; Shatsky et al. 1997; Hetzel et al.
1998; Brown et al. 1998, 2000, 2001; Beane and Connelly
2000; Remaine et al. 2000, Glodny et al. 2002). Tectonic
accretion of oceanic crust and basin-and-slope units re-
sulted in an accretion complex, which prograded towards
the NW and moved onto the EEC. Continuous NW-SE-
directed convergence and continental subduction resulted
in the formation of an early tectonic wedge at about
340 Ma. The Neoproterozoic metamorphic basement
block moved onto the EEC to exhume the accretionary
complex. The Zilair synclinorium and the Yamantau an-
ticlinorium are formed as hanging-wall structures when
the basal detachment cut into the former Meso- to Neo-
proterozoic basin. The main shortening of the Uralian
deformation occurred during these first two stages in the
Middle to Upper Devonian and Lower Carboniferous. The
orogenic evolution in the SW Uralides ended in the Late
Permian to Lower Triassic with a final phase of E-W-
directed shortening. The orogenic wedge propagated fur-
ther to the west creating the western fold-and-thrust
belt, partly by reactivation and inversion of Meso- to
Neoproterozoic normal faults (Brown et al. 1999; Giese
2000). Tectonic transport of the hanging wall was di-
rected towards the west. The reconstruction from bal-
anced sections indicates 15 to 20% of tectonic shortening
for the tectonic wedge, whereas 8 to 10% of tectonic
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shortening was estimated for the Pre-Uralian Foredeep
(Giese 2000).

Sample description and analytical methods

The Palaeozoic and Precambrian strata were sampled in a
spacing of about 2 km along the 120-km-long western
part of the W-E URSEIS’95 transect (Figs. 4 and 5, Ta-
ble 1). Furthermore, 11 samples were taken from the
Precambrian strata of the Kulgunino 1 drill core (5,142 m,
Fig. 6). The Kulgunino 1 drill side is located at 5 km north
of the village Kulgunino and is crossed by the URSEIS’95
seismic experiment (Figs. 3 and 4).

The sample preparation implemented the recommen-
dations of the Working Group on Illite Crystallinity
(Kisch 1991). The use of the Kiibler index (CIS-
FWHM;j1001.q) for illite crystallinity and the Arkai index
(CIS-FWHM 00244y for chlorite crystallinity is in ac-
cordance with the recommendations of the AIPEA No-
menclature committee (Guggenheim et al. 2002). The 71
samples were cleaned, broken by hammer and grained
with a rotary disk mill for 5 s. Short milling duration was
applied to avoid any shear and thermal influence on the
<2-um-size fraction by the milling process (for further
discussions see Kisch 1991; Krumm and Buggisch 1991).
The milled material was sieved at a 63-um size and the
oversized rock ships milled again. This grinding proce-
dure was repeated until 100-200 g of size fraction <63 ym
was obtained. The milling procedure is in agreement with
the recommendations of the IGCP 294 IC working group
(Kisch 1991) and research results of Reuter (1985),
Krumm and Buggisch (1991), Nierhoff (1994), Tscher-
noster (1995) and Glasmacher et al. (2001). Separation of
the <2-um-size fraction was prepared in Atterberg settling
cylinders and the fractions were centrifuged. No cation
saturation was applied to the separated fractions.

The bulk mineralogical composition of the <63- and
<2-um size fractions and the Kiibler and Arkai indices of
the <2-um-size fraction were determined by using a Sie-
mens D 500 X-ray diffractometer at 35 kV and 30 mA
CuKa radiation. To minimize the background signal and
to allow the use of the recommended material thickness of
0.3 mg/cm? (Krumm and Buggisch 1991), single silicon
crystals were used as mounts. Sedimented glass mounts
were made with 1 ml of a homogenized size fraction-
distillate water-suspension (147 mg/100 ml equals
0.3 mg/cm?), and air-dried at room temperature. Each
mount was scanned from 3 to 63° 20, at a scan-rate of
0.6° 20/min. After determination of the air-dried crys-
tallinity, the samples were left at a temperature of 60 °C
for 4 h in an ethylene glycol-saturated atmosphere, and
the crystallinity of illite and chlorite were measured again.

The FWHMu001ad» FWHMiii001g1y, FWHMchi00244 and
FWHMchi002e1y Were determined as the median value of
nine measurements of the full width at half height max-
imum [°A20CuKa] of the 10-A peak (Illitegy;) and 7-A
peak (Chloriteyy,). The peak heights were analysed by
using an ASSEMBLER-program, which was programmed
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Fig. 4 Detailed geological map (based on 1:50,000 scale geologi-
cal maps) and generalissd WNW-ESE structural cross section
(Giese et al. 1999) of the area where the samples were collected

for the DACO-MP (Frank 1987). Calibration of the
analytical procedure was made using the recommend-
ed standard samples (Warr and Rice 1994). Shortly
after sample measurement, the standards were measured
45 times. All data were recalculated to CIS-data. The
conversion equations are available from the first author.
The boundary between diagenesis and anchizone was set
at CIS—FWHMI“()Olad:O.42 [OAZOCUKOC], and that be-
tween anchizone and epizone at CIS-FWHMyo01.4=
0.25 [°PA20CuKo] (Warr and Rice 1994). Boundary val-
ues of chlorite crystallinity (diagenesis/anchizone: CIS-
FWHMChl()()Zad:0-33 [OAZQCuKa], CIS—FWHMCh]()())Zad:
0.26 [°A20CuKea]) were used as described by Arkai
(1991) and Arkai et al. (1995, 1996).

As indicated by many researchers, the evolution of the
texture on the micrometre-scale plays an important role in
interpreting the Kiibler and Arkai indices (see for further
reading Arkai et al. 2002; Jacob et al. 2000; Passchier and
Trouw 1996). Change in both parameters is not solely
related to temperature, but the degree of internal defor-
mation (e.g. cleavage development) must be considered
when the Kiibler and Arkai index values are interpreted.
Therefore, descriptive determination of the rock texture
at microscopic scale was done by applying a Philipps
scanning electron microscope (SEM) at the Geologisches
Institut (RWTH Aachen), Germany. Rock specimens
were broken either perpendicular to sedimentary textures

(URSEIS’95 transect). Also shown are the sample locations, sample
numbers and cleavages. s/ first cleavage; s2 second cleavage)

or perpendicular to the cleavage planes. The broken sur-
face was covered with gold and images were taken at
various magnifications. The magnification of 1,600 was
chosen to display the textures relevant for the interpre-
tation of textures.

Results

Petrography and textures

Sedimentary textures of the Precambrian to Permian fine-
grained, olive grey, green, red and black shales, slates and
phyllites are indicated by grain size variations and/or
change in mineral composition (Table 1). Slates and
phyllites are characterized by varying degrees of cleavage
development (see Table 1). Some of the slates and phyl-
lites are characterized by two cleavage generations.

An Early Permian shale (Pja4, location #2/95) that
occurs in the Pre-Uralian foredeep is characterized by
quartz, albite and calcite as the major and illite and
chlorite as the minor mineral phases (Fig. 4, Table 2).
Carbonaceous slates of Upper Devonian age (Ds;fm;;
Fig. 5; locations #1621, #1622, #1623, #1625) with quartz
and chlorite as the major and illite as the minor mineral
phases were studied in the Zilair nappe west of the Kraka
nappe, and in its northern extension, the Tirlyan syncli-
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norium (locations #T2, #T3). Fine-grained muscovite is
the main potassium bearing sheet silicate in a grey Upper
Devonian slate of the Zilair nappe east of the Kraka nappe
(location #90/97). Quartz is a major and illite and chlo-
rite a minor component of the Lower Devonian shales
(locations #1612, #21/95) of the Timirovo thrust sheet.
Whereas albite was not detected in the Lower Devonian
shales, albite occurs as an accessory to minor component
in the Upper Devonian slates of the Zilair nappe. Shales
and slates of Silurian age are only known from the
Palaeozoic autochthon (locations #46/95, #45/95, #1605,
#43/97), the Timirovo thrust sheet (locations #1606,
#1607, #42/97, #1608, #41/97, #40/97) and the Uzyan
nappe (locations #1626, #1628, #1630, #1633, #1637,
#1639, #1641) east of the BMA. Quartz and illite are
major and chlorite is a minor to accessory mineral com-
ponent in the samples. Some of the samples are charac-
terized by the occurrence of albite, anorthite and calcite in
minor to accessory quantities.

The mineral composition of Vendian (locations #1502,
#1509, #1538, #1515, #1518, #1523, #1525, #1529) and
Upper Riphean (Rj3, locations #1530, #1533, #1568,
#1577, #25/97, #29/97, #47/97, #1604, DHK-1) shales,
slates and phyllite is dominated by quartz, illite and partly
chlorite. Feldspar (albite and/or potassium feldspar) and
chlorite are minor components in shales and slates of both
stratigraphic horizons. With increasing stratigraphic age
(Middle and Lower Riphean, R, and R;) illite is the major

mineral phase in combination with quartz, chlorite. Fine-
grained muscovite only occurs in Middle Riphean slates
of the Yamantau anticlinorium.

Cleavage fabrics overprint the fine-grained sedimen-
tary texture of the slates and phyllites (Table 1, Figs. 4
and 7). The intensity of the macroscopic cleavage in-
creases from West to East. Only one black slate of the
Ala-Tau anticlinorium (location #25/97) shows cleavage
developed. The outcrop is located in the Zilmerdak thrust
system and is characterized by steep isoclinal folds. The
cleavage and the isoclinal folds are related to the thrust
movement along the Zilmerdak thrust. In the western part
of the Inzer synclinorium, no cleavage is developed. First
cleavage planes occur within the Middle Riphean sedi-
mentary units. The cleavage can be followed up to the
Lower Devonian shale-limestone intercalation of the
Timirovo Nappe. A second cleavage is developed in two
locations (locations #1589, #1591) of the Inzer Syncli-
norium and one location (location #1583) in the Ya-
mantau anticlinorium (Fig. 7). At location #1583, a black
slate is crossed by a Precambrian magmatic dike (Alek-
seyev 1984). The sample was taken close to the dike. A
less well-defined cleavage is developed in an outcrop
(location #1585) about 1 km to the west. Black slates of
the next outcrop to the east (location #1580, 4 km apart),
which is located in the hanging wall of the main Avzyan
thrust, shows a well-defined penetrative cleavage. Lower
Silurian black slates of the Palaeozoic autochthon dis-
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Table 1 Sample description. L.-No. location number; S.-No. sam-  R,av; Middle Riphean Lower Avzyan; R,av, Middle Riphean
ple number; Stratigr. stratigraphic position; P Permian; PC Pre-  Lower Avzyan; R,av, Middle Riphean Upper Avzyan; R;in Upper
cambrian; S Silurian; LD Lower Devonian; UD Upper Devonian;  Riphean Inser; S;w Silurian Wenlock; ss bedding; s/ first cleavage;
R;js> Lower Riphean Jusha 2; R;sr, Lower Riphean Suranjak 2; 52 second cleavage; g grey; d.g. dark grey; gr. green; b black; r.
R;sr; Lower Riphean Suranjak 3; R;sr, Lower Riphean Suranjak 4;  red; sh shale; s/ slate; phy phyllite; n.a. not analyzed

R;srs Lower Riphean Suranjak 5; R,mh Middle Riphean Mashak;

L.-No S.-No. Long. Lat. Stratigraphy Lithology ss sl s2
(east) (north) (°) (°) )
Pre-Uralian foredeep
2/95 2001 53°38.1'N 56°31.8'E P Piay d.g. sh. 240/36 no No
Ala-Tau anticlinorium
1502 2305 53°36.7'N 56°39.8'E PC Vzn g. sh. 278/21 no No
1509 2306 53°35.9'N 56°41.7E PC Vbs b. sh. 274/16 no No
1538 2307 53°36.1'N 56°42.2'E PC Vbs b. sh. 275/15 no No
1515 2308 53°35.8'N 56°43.2'E PC Vbs b. sh. 232/01 no No
1518 2309 53°35.5'N 56°44.3'E PC Vbs gr. sh. 146/07 no No
1523 2310 53°35.8'N 56°46.5'E PC Vbs g. sh. 318/06 no No
1525 2311 53°35.6'N 56°47.5'E PC Vbs g. sh. 312/11 no No
1529 2312 53°35.5'N 56°48.6'E PC Vbs g. sh. 097/22 no No
1530 2313 53°35.4'N 56°48.8'E PC R5zl, g. sh. 117/29 no No
1533 2314 53°35.4'N 56°50.2'E PC R5zl, g. sh. 094/28 no No
1568 2315 53°33.8'N 57°03.8'E PC Rsin g. sh. 078/25 no No
1577 2316 53°33.6'N 57°08.3'E PC Rsin g. sh. 110/37 no No
25/97 2317 53°32.6'N 57°09.4'E PC Rsin g. sl 304/71 090/85 No
Inser synclinorium
29/97 2318 53°32.1I'N 57°10.3'E PC R5zly r. sh. 095/17 no No
1589 2321 53°32.4'N 57°13.7E PC Roavy b. sl. 102/53 yes yes
1591 2323 53°32.7N 57°14.6'E PC Rravy gr. sl. 334/36 099/44 yes
1595 2324 53°33.4'N 57°16.7E PC Rrav, b. sl. 315/54 095/75 No
1587 2349 53°33.3'N 57°17.0E PC Rsav, b. sl. 110/80 110/60 154723
Yamantau anticlinorium
1586 2348 53°33.3'N 57°17.5'E PC Rsav, b. sl. 285/65 yes No
1585 2350 53°32.7'N 57°20.7E PC Ryjso b. sl. 274/16 241/36 No
1584 2351 53°32.2'N 57°22.8'E PC Ryjs, b. sl 040/18 104/53 yes
1583 2352 53°32.1'N 57°23.0'E PC Ryjso b. sl. 047/45 076/66 yes
1580 2353 53°31.0'N 57°25.9'E PC Rsav, b. phy. 092/83 sl=ss No
1579 2354 53°31.1'N 57°26.0'E PC Rrav; b. phy. 273/83 266/89 No
1598 2355 53°30.9'N 57°26.1'E PC Rrav, b. sl. 105/47 112/76 No
1599 2356 53°31.0'N 57°26.5'E PC R,zks b. sl 105/35 Sl=ss No
1600 2357 53°31.0'N 57°27.3'E PC R,zks b. sl. 253/25 Sl=ss No
1601 2358 53°31.2'N 57°28.1'E PC Ryzks b. sl. 128/44 yes No
1602 2359 53°31.0'N 57°29.7E PC Rrav, b. sl 310/60 sl=ss No
1603 2360 53°31.5'N 57°30.5'E PC Rravy b. phy. 161/39 112/35 No
81/97 2339 53°32.7N 57°31.6'E PC Rrav, b. phy. 188/34 90/75 No
79/97 2338 53°31.6'N 57°32.0E PC Roavs gr. phy. 138/55 114/80 No
75197 2337 53°31.3'N 57°33.1'E PC Rrav, gr. phy. 266/63 105/70 No
47/97 2336 53°30.1'N 57°39.4'E PC R;mn gar. sl. 100/45 078/85 No
1604 2361 53°31.0'N 57°40.7E PC Rsin gr. sl. 228/22 287/85 242/34
Palaeozoic autochthon
46/97 2335 53°30.0'N 57°39.4'E S Siw b. sl. 094/38 080/54 No
45/97 2334 53°30.2'N 57°39.8'E S Siw gr. sl. 102/37 092/63 No
1605 2362 53°31.I'N 57°40.6'E S Siw b. sl. 147/40 140/55 075/60
43/97 2332 53°30.2'N 57°40.0'E S Siw gr. sl. 085/58 088/71 No
Timirovo thrust sheet
1606 2363 53°31.1'N 57°40.8'E S Siw b. sl. 108/59 100/78 107/67
1607 2364 53°31.2'N 57°41.1'E S Siw b. sl. 104/63 094/67 No
42/97 2331 53°30.3'N 57°40.1'E S Sq1d gr. sl. 100/36 096/74 No
1608 2365 53°31.2'N 57°41.2'E S S,ld b. sl. 112/45 095/74 No
41/97 2330 53°30.3'N 57°44.2'E S S1d gr. sl. 085/60 090/75 281/78
40/97 2329 53°30.3'N 57°40.3'E S S,ld dg. sl. 090/65 089/82 No
1612 2366 53°31.2'N 57°41.8'E LD Doeyn g. sh. 108/72 no No
21/95 2042 53°31.I'N 57°41.8'E LD Doeyn g. sh. 119/40 no No
Zilair nappe
1621 2367 53°30.7N 57°42.9'E UD Dsfm; b. sl. 272/43 102/28 No
1622 2368 53°30.6'N 57°42.9'E UD Dsfm; b. sl. 128721 112/50 144/54
1623 2369 53°30.5'N 57°43.1'E UD Dsfm; b. sl. 100720 105/40 Yes
1625 2370 53°30.5'N 57°43.4'E UD Dsfm; b. sl. 98/75 112/49 152/35
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L.-No S.-No. Long. Lat. Stratigraphy Lithology ss sl s2
(east) (north) ) ©) )
Uzyan nappe
1626 2046 53°30.6'N 57°43.5'E S Siln b. sh. 128/40 no No
1628 2372 53°29.5'N 57°45.4'E S Siln b. sh. 141/66 no No
1630 2373 53°29.2'N 57°56.0'E S Siw b. sl 112/40 140/40 No
1633 2048 53°29.1'N 57°46.4'E S Siw b. sl 118/31 252/28 No
1637 2374 53°29.1'N 57°46.8'E S ? b. sh. 116/75 yes No
1639 2375 53°29.2'N 57°47.1'E S ? b. sl 246/37 sl=ss 275/30
1641 2049 53°29.2'N 57°47.5'E S ? b. sh. 010/60 Thr: Serp. on Sil.
cherts, Top to W,
094/29, shear fabric
Zilair nappe (east of Kraka nappe)
90/97 2340 53°29.3'N 58°01.3'E UD D,fm; g. sl 258/42 285/65 No
Zilair nappe (Tirlyan synclinorium)
T2 2229 n.m. n.m. UD D,fm; b. sl yes yes n.m.
T3 2230 n.m. n.m. UD Dofm, b. sL yes yes n.m.
Drill hole Kulgunina 1 (second column is depth in m)
DHK-1 1,122 PC R;Z1, r. sh. n.a. No No
DHK-2 2,697 PC R,ZK b. sh. n.a. No No
DHK-3 3,534 PC R»js b. sh. n.a. No No
DHK-4 3,561 PC Ry;s b. sh. n.a. No No
DHK-5 3,631 PC Ry;s b. sh. n.a. No No
DHK-6 3,668 PC Ryjs b. sh n.a. No No
DHK-7 3,721 PC Ryjs b. sh. n.a. No No
DHK-8 3,785 PC Ry;s b. sh. n.a. No No
DHK-9 3,840 PC Ryjs b. sh. n.a. No No
DHK-10 3,896 PC Ry;s b. sh. n.a. No No
DHK-11 4,170 PC Ry;s b. sh. n.a. No No

cordantly overly the Upper Riphean grey slates charac-
terized by two distinct cleavages. Locally, a second
cleavage is also developed in the Lower Silurian black
slates. Two cleavage systems are developed in nearly all
outcrops of the Upper Devonian black slates of the Zilair
nappe. In addition, Silurian slates of the Uzyan nappe are
cleaved. Parts of the samples show two cleavage planes.

Clay mineral composition and Kiibler and Arkai indices

Illite and chlorite are the main mineral phases of the <2-
um-size fractions in all samples. Quartz only occurred as
an accessory constituent. Feldspar was not detected by
XRD analysis in any of the samples (detection limit 3%).
Black to dark grey shales of the PUF (location #2/95), the
Ala-Tau anticlinorium (locations #1568, #1577), the drill
hole Kul 1 (DHK-2) and the Timirovo thrust sheet (lo-
cations #1612, # 21/95) bear various amounts of mixed
layer minerals (I/S), indicating a lower degree of meta-
morphic overprint. The I/S also occurred in Silurian black
slates of the easternmost location of the Uzyan nappe
(location #1641). The latter slate is characterized by a
homogeneous strong shear fabric (top to the west). Re-
crystallization of clay minerals during shear strain does
not generate I/S. Therefore, we assume that the I/S might
be of post-shear-deformation origin. Similarly, the I/S of a
slate (locations #25/97) close to the Zilmerdak thrust,
might also be of post-shear-deformation origin.

The Kiibler indices along the URSEIS’95 transect and
the KUL 1 drill hole range from lower late diagenesis
[CIS-FWHMﬂ]O(nad=O.792 (28) OAZ@CUK(X] in an Up-
per Riphean shale (#2316) of the Ala-Tau anticlinorium
(ATA) to epizonal values [CIS-FWHMinOlad=O.210 (O)
°A20CuKea] in Middle Riphean slates (#2337) of the
Yamantau anticlinorium (YA; Table 3). Further to the
east, lower late diagenetic grade are only indicated by the
Kiibler index of a Lower Devonian shale (#2366) in the
Timirovo thrust sheet. The Arkai indices could only be
determined for 35 of the 71 samples and ranges from
diagenesis [CIS-FWHM_},1002.4=0.400 (12) °A260CuKa]
in Vendian shales of the ATA to epizonal values [CIS-
FWHM _1100224=0.253 (8) °A20CuKea] in Precambrian
slates of the YA. With the exception of samples that bear
I/S, both parameters correlate well (Fig. 8a). Nearly all
Precambrian shales of diagenetic grade as revealed by
CIS-FWHMjjj001aq are characterized by an Arkai index of
anchizonal grade. This discrepancy might either indicate a
detrital origin of chlorite or a strong influence of detrital
chlorite grains.

Local misfits of both parameters can be seen in the
absolute values, the CIS-FWHM 00244 Values of slates
and phyllites frequently indicating lower and higher meta-
morphic grades. As discussed by Merriman and Peacor
(1999), chlorite crystals growing under high strain rates
are commonly characterized by subgrain boundaries and
dislocations and, consequently, by a reduced crystallite
thickness. In comparison to white mica, significant dif-
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Table 2 Mineral composition of <63 m-size fraction. XX major =>20%; X minor =<20%; ac accessory =<5%; - not detected; An anorthite;
w-M white mica with the exception of illite

L.-No. S.-No. Strat. Qtz K-Fsp Alb An w-M 1 Chl Cal Hem
Pre-Uralian foredeep

2/95 2001 Pya,; XX - X - - X X XX -
Ala-Tau anticlinorium

1502 2305 Vzn XX - X - - X X - -
1509 2306 Vbs XX - X - - X X - -
1538 2307 Vbs XX - X - - X X - -
1515 2308 Vbs XX - - - - XX XX - -
1518 2309 Vbs XX - - - - XX X - -
1523 2310 Vbs X - - - - XX XX - ac
1525 2311 Vbs XX - - - - XX X - -
1529 2312 Vbs XX - X - - XX X - ac
1530 2313 R5zl, XX - X - - X X - ac
1533 2314 R5zl, XX X X - - X ac - ac
1568 2315 Riin XX - X - - X X - -
1577 2316 Rsin XX - - - - XX - - -
25/97 2317 Rsin XX - X - - X ac - -
Inser synclinorium

29/97 2318 R5zly XX X - - - XX ac - X
1589 2321 Rsavy XX - - - - X X - -
1591 2323 Rjravy XX - - - - X X - -
1595 2324 Rrav, XX - X - - XX X - -
1587 2349 Rjav, XX ac ac - - XX X ac -
Yamantau anticlinorium

1586 2348 Rsav, XX ac - - - XX - - -
1585 2350 Ryjso XX ac X - - XX X - -
1583 2352 Ryjs» XX ac X - - XX ac - -
1580 2353 Rrav, XX ac ac - XX - - - -
1579 2354 Rjav, XX X ac - XX - - -
1598 2355 Rjav, XX - - - - X - X -
1599 2356 R,zks XX X ac - - XX - - -
1600 2357 R,zks XX - ac - - X X - -
1601 2358 Ryzk; XX - ac - - XX X - -
1602 2359 Rsavy XX - ac - X X - - -
1603 2360 Rjavy XX - ac - XX - ac - -
81/97 2339 Rrav, XX ac ac - X - X ac -
79/97 2338 Rsavs XX - X - XX - ac ac -
75197 2337 Rjav, XX - X - XX - X - -
47/97 2336 R;mn XX - - - - X X - -
1604 2361 Rsin XX - - - - X X - -
Palaeozoic autochthon

46/97 2335 Siw XX - ac - - XX X X -
45/97 2334 Siw XX - - - - XX X - -
1605 2362 Siw

43/97 2332 Siw XX - - ac - XX X - -
Timirovo thrust sheet

1606 2363 Siw

1607 2364 Siw

42/97 2331 So1d XX - - ac - XX X - -
1608 2365 So1d XX - ac - - XX X - -
41/97 2330 Sold XX - - - - XX X - -
40/97 2329 S,1d XX - - - - XX X - -
1612 2366 Doeyn

21/95 2042 Doey, XX - - - - X X - -
Zilair nappe (west of Kraka nappe)

1621 2367 D;fm; XX - ac - - X XX - -
1622 2368 Dsfm; XX - ac - - X XX - -
1623 2369 Dsfm; XX - ac - - X XX - -
1625 2370 Dsfm; XX - ac - - X XX - -
Uzyan nappe

1626 2046 SiIn XX - - X - XX - - -
1628 2372 SiIn

1630 2373 Sw XX - - - - XX ac - -
1633 2048 Siw XX - - X - XX - - -
1637 2374 S

1639 2375 XX - - - - XX X - -

S.
1641 2049 S
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L.-No. S.-No. Strat. Qtz K-Fsp Alb An w-M 1 Chl Cal Hem
Zilair nappe (east of Kraka nappe)
90/97 2340 D,fm XX - X - X - XX - -
Zilair nappe (Tirlyan synclinorium)

D,fm; XX - X - - X XX - -
T3 2230 D,fm; XX - X - - X XX - -
Drill hole Kulgunina 1 (second column is depth in m)
DHK-1 1,122 R;s7Z1, XX X X - - X - - X
DHK-2 2,697 R,ZK XX X - - - X - - -
DHK-3 3,534 Ryjs XX - ac - - X X - -
DHK-4 3,561 Ryjs XX - ac - - X X - -
DHK-5 3,631 Ryjs XX - ac - - X X - -
DHK-6 3,668 Ryjs XX - ac - - X XX - -
DHK-7 3,721 Ryjs X - - - - X XX - -
DHK-8 3,785 Ry;s XX - ac - - X XX - -
DHK-9 3,840 Ryjs XX - - - - X XX - -
DHK-10 3,896 Rojs XX - - - - X XX - -
DHK-11 4,170 Ry;s XX - ac - - X XX - -

ferences in index values result in better Kiibler than Arkai
indices where low-grade metamorphism is associated
with the development of tectonic fabrics. However, Wang
et al. (1996) described enhanced Arkai indices relative to
the Kiibler indices in deformed pelitic rocks. Nearly all
slates and phyllites of the URSEIS’95 and KUL 1 drill
hole are characterized by enhanced Kiibler indices. The
internal deformation indicated by the presence of a cle-
avage does lead to decrease in Arkai indices.

In order to qualitatively describe the I/S, air-dried
samples were glycolated and the Kiibler and Arkai indices
determined again (Figs. 8b, c). Lower late diagenetic
shales are characterized by a noticeable content of ex-
pandable mineral phases. Towards the diagenesis—an-
chizone boundary, the amount of I/S decreases (Fig. 8b,
¢). Samples with CIS-FWHMygp1.q values lower than
0.42 [°A20CuKa] and CIS-FWHMcy00244 Values lower
than 0.33 [°PA20CuKa] show negligible variations after
glycolation.

Diagenetic grades are typical for the Early Permian
shales of the Pre-Uralian Foredeep (Fig. 9). East of the
Tashli thrust, which separates the Pre-Uralian Foredeep
from the Ala-Tau anticlinorium, the Kiibler indices indi-
cates middle anchizonal grades [CIS-FWHM;jjg91aq 0.347
(41) °A20CuKe]. With increasing distance, the Kiibler
indices of the Vendian shales decrease to the anchizonal/
diagenesis boundary. The Kiibler indices do not show
variation with stratigraphic age of the Vendian shales.
The Arkai indices indicate, for nearly all samples be-
tween Tashli thrust and Alatau thrust, a finite metamor-
phic grade at the anchizone/diagenesis boundary. East of
the Alatau thrust, the Kiibler indices of Upper Riphean
shales (Zilmerdak unit: 950 Ma; Semikhatov et al. 1991)
decrease to late diagenetic grades. Furthermore, Upper
Riphean shales (Inzer unit: 850 Ma; Semikhatov et al.
1991) in the eastern part of the Ala-Tau anticlinorium,
close to the Zilmerdak thrust, are characterized by lower
late diagenetic grades. In the central part of the Ala-Tau
anticlinorium, the 5,142-m-deep drill hole Kul 1 pene-

trated Upper and Middle Riphean sedimentary units
(Fig. 6). Because numerous diabase and syenite dikes
occur in the middle part of the drill hole, samples were
taken mostly in the lower part of the drill core (3,140-
4,696 m). The Kiibler index values vary strongly in the
diagenetic field, but a general tendency of decreasing
values occurred from about 3,000 to 4,500 m. Only two
samples reached anchizonal/diagenesis boundary grades.
The Arkai indices indicates anchizonal grades. The minor
variability of the Arkai indices in relation to the Kiibler
indices might be indicative for a partly or complete de-
trital origin of the chlorite grains.

In the Inzer synclinorium, east of the east dipping
Zilmerdak thrust and west of the westernmost thrust of the
east dipping Avzyan thrust zone, the Kiibler indices in-
crease from late diagenetic grades to middle anchizonal
values (Fig. 10). The increase in finite metamorphic grade
is accompanied by the occurrence of the first cleavage
(s1). Upper Riphean slates of the Inzer synclinorium show
consistently increasing Kiibler indices into stratigraphical
older rocks (Table 3, Fig. 10).

In the western part of the Yamantau anticlinorium,
the Kiibler index values keep nearly constant at the an-
chizone/diagenesis boundary in Lower Riphean sedimen-
tary rocks (Fig. 10). One exceptional value at the an-
chizone/epizone boundary was revealed from a black slate
in the wall rock of a thick Precambrian diabase dike
(Alekseyev 1984) and might, therefore, be of Precambrian
age. Entering the Middle to Lower Riphean strata of the
Yamantau anticline by passing the main Avzyan thrust
(Figs. 10 and 11), the value of CIS-FWHMjjgg1aq di-
minishes from 0.450 (53) °A20CuKa (upper diagenesis)
to 0.244 (0) °A20CuKa (epizone). A slight increase in the
Kiibler index value occurs in the hanging wall of the
easternmost thrust of the Avzyan thrust system. Arkai et
al. (1997) describe, in the hanging wall of the Glarus
thrust plane in the Swiss Helvetic Alps, a decrease in illite
crystallite size. They suggest that strain-induced reduction
in illite crystallite size resulted from intracrystal slip and
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Table 3 Kiibler and Arkai in-

dices of the <2-m-size fraction.

ICad CIS—FWHMI“()Olad=
Kiibler index air dried; /Cgly
CIS—FWHMHIOOIgly:Kijbler
index glycolated; ChCad
CIS-FWHMCh]OOZadZAI'kai
index air dried; ChCgly CIS-
FWHMCh]002g1y=Arkai index
glycolated; std. standard devia-
tion is related to repeated mea-
surement of the same sample

Location  Sa. Strat. ICad (1std) ICgly (1std) ChCad (1std) ChCgly (1std)
No. No. Pos. [°A20CuKa]  [°A20CuKa]  [°A20CuKa] [°A20CuKa]
Pre-Uralian Foredeep

2/95 2001  Pa, 0.753 (71) 0.627 (83) - -

Ala-Tau Anticlinorium

1502 2305 Vzn 0.347 (41) 0.347 (16) 0.400 (12) 0.389 (14)
1509 2306  Vbs 0.347 (27) 0.381 (16) 0.336 (13) 0.349 (15)
1538 2307  Vbs 0.416 (17) 0.381 (31) 0.325 (22) 0.317 (13)
1515 2308  Vbs 0.381 (31) 0.381 (16) 0.325 (0) 0.309 (7)
1518 2309  Vbs 0.416 (34) 0.347 (16) 0.333 (19) 0.325 (11)
1523 2310  Vbs 0.381 (16) n.a. 0.333 (13) n.a.

1525 2311  Vbs 0.416 (28) 0.416 (16) 0.357 (24) 0.341 (17)
1529 2312 Vbs 0.416 (35) 0.450 (31) 0.301 (23) 0.325 (40)
1530 2313 Rszl, 0.484 (25) 0.450 (41) 0.317 (16) 0.309 (14)
1533 2314 Rszl, 0.484 (95) 0.484 (30) - -

1568 2315 Rsin 0.621 (21) 0.484 (17) 0.373 (18) 0.325 (15)
1577 2316  Rsin 0.792 (28) 0.724 (40) - -

25/97 2317  Rsin 0.621 (61) 0.553 (37) - -

Inser synclinorium

29/97 2318  Rszly 0.473 21) 0.484 (31) - -

1589 2321  Rjavy 0.450 (17) 0.416 (23) - -

1591 2323 Rjavy 0.416 (27) 0.347 (0) 0.277 (18) 0.285 (9)
1595 2324 Rjav, 0.381 (27) 0.381 (16) 0.330 (36) 0.290 (24)
1587 2349  Rsav, 0.347 (27) 0.347 (16) 0.317 (20) 0.317 (13)
Yamantau anticlinorium

1586 2348  Rsav, 0.416 (26) 0.416 (27) - -

1585 2350  Ryjsz 0.450 (16) 0.450 (16) - -

1584 2351  Ryjs 0.450 (53) 0.416 (28) - -

1583 2352 Ryjss 0.279 (0) 0.279 (0) - -

1580 2353  Rsav, 0.244 (0) 0.244 (0) - -

1579 2354 Rjav, 0.244 (0) 0.244 (0) - -

1598 2355  Rsav, 0.261 (16) 0.279 (0) - -

1599 2356 Ryzk; 0.279 (16) 0.279 (0) - -

1600 2357  Ryzks 0.279 (31) 0.279 (0) - -

1601 2358  Ryzks 0.279 (10) 0.279 (0) - -

1602 2359  Rjavy 0.278 (16) 0.244 (0) - -

1603 2360  Rjavy 0.244 (0) 0.244 (0) - -

81/97 2339  Rjav; 0.244 (0) 0.244 (0) 0.267 (7) 0.261 (7)
79/97 2338  Rravy 0.244 (0) 0.244 (0) - -

75197 2337  Rsav, 0.210 (0) n.a. 0.253 (8) n.a.

47/97 2336 Rs;mn 0.279 (16) 0.279 (16) 0.357 (15) 0.325 (25)
1604 2361  Rsin 0.279 (0) 0.279 (0) 0.277 (11) 0.285 (8)
Palaeozoic autochthons

46/97 2335  Syw 0.518 (24) 0.553 (31) - -

45/97 2334 Sw 0.518 (16) 0.484 (39) - -

1605 2362  S;w 0.484 (16) 0.450 (16) 0.373 (8) 0.355 (27)
43/97 2332 Sw 0.450 (16) 0.416 (39) - -
Timirovo thrust sheet

1606 2363  Syw 0.381 (16) 0.381 (14) 0.341 (12) 0.355 (14)
1607 2364  Sw 0.381 (16) 0.347 (0) 0.357 (20) 0.341 (22)
42/97 2331  S.ld 0.381 (28) 0.381 (16) - -

1608 2365  S,ld 0.381 (14) 0.381 (0) - -

41/97 2330  S,ld 0.450 (31) 0.416 (31) - -

40/97 2329  S,ld 0.450 (16) 0.450 (16) - -

1612 2366  Dsey, 0.724 (29) 0.598 (58) - -

21/95 2042 Dsey, 0.556 (30) 0.386 (110) - -

Zilair nappe (west of Kraka nappe)

1621 2367  Dsfm, 0.416 (0) 0.381 (16) - -

1622 2368  Dsfm; 0.279 (16) 0.313 (16) 0.277 (7) 0.277 (7)
1623 2369  Dsfm; 0.313 (16) 0.347 (16) 0.285 (15) 0.285 (8)
1625 2370  Dsfm, 0.313 (17) 0.347 (16) 0.293 (0) 0.293 (0)
Uzyan nappe

1626 2046 Siln 0.391 (14) 0.360 (15) - -

1628 2372 Siln 0.450 (21) 0.450 (41) - -

1630 2373 Sw 0.416 (17) 0.416 (16) - -

1633 2048  Sw 0.548 (52) 0.579 (52) - -

1637 2374 S. 0.244 (0) 0.244 (0) - -

1639 2375 S. 0.450 (27) 0.450 (12) - -

1641 2049  S. 0.642 (55) 0.548 (34) - -
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Table 3 (continued)

Location  Sa. Strat. ICad (1std) ICgly (1std) ChCad (1std) ChCgly (1std)
No. No. Pos. [PA20CuKea]  [°A20CuKo]  [°A20CuKa] [°A20CuKa]
Zilair nappe (east of Kraka nappe)

90/97 2340  Dsfm, 0.244 (0) 0.244 (0) 0.261 (7) 0.261 (0)
Zilair nappe (east of Kraka nappe)
T2 2229  Dsfm, 0.278 (16) 0.243 (0) 0.244 (0) 0.260 (0)
T3 2230  Dsfmy, 0.278 (0) 0.278 (16) 0.260 (0) 0.260 (7)
Drill hole Kulgunina 1 (second column is depth in m)
DHK-1 1,122 RsZl, 0.621 (20) 0.636 (45) - -
DHK-2 2,697 R,yZK 0.747 (34) 0.668 (33) - -
DHK-3 3,534 Ryjs 0.563 (21) 0.542 (33) 0.340 (11) 0.340 (11)
DHK-4 3,561  Ryjs 0.518 (14) 0.553 (37) 0.340 (11) 0.340 (11)
DHK-5 3,631 Ryjs 0.690 (20) 0.690 (27) 0.308 (22) 0.324 (17)
DHK-6 3,668  Rys 0.518 (28) 0.484 (48) 0.308 (6) 0.292 (0)
DHK-7 3,721 Ryjs 0.450 (24) 0.381 (47) 0.308 (7) 0.308 (0)
DHK-8 3,785  Rys 0.450 (49) 0.398 (16) 0.292 (13) 0.300 (8)
DHK-9 3,840 Ryjs 0.551 (15) 0.508 (25) 0.308 (8) 0.284 (13)
DHK-10 3,896 Ry 0.416 (34) 0.381 (44) 0.300 (8) 0.308 (7)
DHK-11 4,170  Rys 0.518 (27) 0.450 (35) 0.292 (0) 0.300 (8)

subgrain formation. Therefore, the value in the hanging
wall of the eastern most Avzyan thrust of the Avzyan
thrust system is unlikely to represent a metamorphic
grade. Close to the discordance of the Palaeozoic autoch-
thonous sedimentary units the Kiibler indices decrease to
upper anchizonal values [CIS-FWHMjj0012a4 0.279 (16)
°A20CuKea] in Upper Riphean slates. These slates are
characterized by two generations of cleavage fabric.

The western limb of the Zilair synclinorium consists
of Lower Palaeozoic siliciclastic and carbonate rocks
that unconformably overlap the Precambrian basement
of the Bashkirian Mega-anticlinorium. The autochthonous
Palaeo-zoic units are overlain by a stack of thrust sheet
and nappes (Fig. 10). The Kiibler indices drastically de-
crease from upper anchizonal values of the Upper Riph-
ean slates to middle diagenetic values of the autochtho-
nous Silurian slates. Within the autochthonous Palacozoic
cover, the Kiibler indices increase from upper diagenesis
[CIS-FWHMill()()]ad 0.518 (24) °A2@CuKa] to the an-
chizone/diagenesis boundary in the vicinity of the Timi-
rovo thrust.

The Timirovo thrust separates the Palaeozoic autoch-
thonous cover and the Silurian to Lower Devonian sedi-
ments of the Timirovo thrust sheet. The Kiibler in-
dices consistently decrease from lower anchizonal [CIS-
FWHMij001aa 0.381 (16) °A20CuKo] to lower late dia-
genetic [CIS-FWHMjjp01aa 0.724 (29) °A20CuKea] val-
ues into stratigraphical younger rocks (Fig. 10).

An increase of the Kiibler indices towards anchizonal
values occurred in the Zilair nappe, the next nappe to the
east. The Upper Devonian black slates of the Zilair nappe
are dominated by CIS-FWHM;jj o914 Values of the upper
anchizone [0.313 (16) °A20CuKea]. Only one slate re-
vealed a Kiibler index value close to the anchizone/dia-
genesis boundary. This sample is the black slate with only
one cleavage.

At the Uzyan thrust that separates the Upper Devonian
siliciclastic units of the Zilair nappe from the Silurian
units of the Uzyan nappe, the Kiibler indices change from

upper anchizonal values of the Upper Devonian slates to
values at the anchizone/diagenesis boundary of the Sil-
urian shales. Within the Uzyan nappe the Kiibler index,
values vary between lower anchizone and lower late di-
agenesis. East of the Kraka nappe, the Kiibler indices of
black slates indicate epizonal grades.

The Arkai indices show general congruence with CIS-
FWHM;j1001.q measurements for the high- and low-grade
regions of the URSEIS’9S5 transect. In areas of higher
metamorphic grade like the Yamantau anticline and Zilair
nappe, the Arkai indices yield results similar to the Kiibler
indices reflecting upper anchi- to epizonal grades. As
described by Arkai et al. (1995) “the ChC method is less
sensitive for identifying differences in metamorphic grade
than the IC method” for regions of very low metamorphic
grade. Our experiences in the ATA, the Kul 1 drill hole
and the Inzer synclinorium clearly confirm this statement.

Discussion

Discussion and interpretation of the Kiibler and Arkai
indices have to consider their spatial distribution and the
textural evolution of the samples. Including the diagenetic
to incipient metamorphic data of the AC-TS 96 transect
(Matenaar et al. 1999), the study of the western fold-and-
thrust belt of the southern Urals outlines a general in-
crease of metamorphic grade and intensity of cleavage
from west to east (Fig. 11).

Pre-Uralian Foredeep

In the Pre-Uralian foredeep, the Kiibler and Arkai indices
and vitrinite reflectance values (AC-TS’96, Matenaar et
al. 1999) indicate a lower late diagenetic stage. According
to Merriman and Frey (1999) such a diagenetic stage
would account for more than 100 °C temperature. Apatite
fission-track data of Early Permian sandstones and con-
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Fig. 6 SEM images of selected  [4
slates and phyllites from vari- :
ous locations along the UR-
SEIS’95 transect. The images
display various degrees of
cleavage development. All im-
ages are taken with the same
magnification. See text for fur-
ther explanation. /585 Sample
number; R/js2 stratigraphic
position; ED early diagenesis;
LD late diagenesis; LA lower
anchizone; UA upper an-
chizone; E epizone

glomerates, presented by Glasmacher et al. (2002), indi-
cate that detrital fission-track ages were only partly reset.
Partial resetting of fission-track ages occur at tempera-
tures below about 110 °C. These contradicting results
indicate that the Kiibler and Arkai indices and the vitrinite
reflectance values reflect a mixture of grains and particles
evolved during diagenesis and of detrital origin.

Ala-Tau Anticlinorium

At the Tashli thrust, the metamorphic grade increase to
the middle anchizone. This increase could be attributed to
the significant change of stratigraphic age (Upper Ven-
dian) and would, therefore, indicate a pre-deformational
origin. Further to the east, between Tashli and Alatau
thrust, the metamorphic grade decreases continuously
with final values reaching the diagenesis/anchizone
boundary. The stronger increase in temperature close to
the Tashli fault might be related to a thick Palaeozoic
cover. Puchkov (2000) discussed the possibility of Early
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Permian siliciclastic sedimentary rocks overlying the
Devonian to Carboniferous carbonate sequence in the
western part of the Ala-Tau anticlinorium. This sedi-
mentary sequence reaches a total thickness of about
4,000 m. Based on apatite fission-track data along the
AC-TS’96 transect, Glasmacher et al. (2002) assumed a
palaco-temperature gradient of about 27 °C/km in Per-
mian time around the Tashli fault. It cannot be excluded
that the heat flow might be local, has a hydrothermal
component and is related to the Tashli fault. In addition,
the “°Ar/*®Ar spectra of microcline from an Upper Ven-
dian conglomerate close to the Tashli fault at the AC-
TS’96 indicates that the Vendian conglomerate was
heated sufficiently (>140 °C) to partly reset the “°Ar/*° Ar-
system of microcline in Palaeozoic time (Glasmacher et
al. 2001).

Along the URSEIS’95 transect, the apatite fission-
track data of Lower Devonian and Vendian sandstones are
completely reset east of the Tashli fault (Fig. 3; Seward et
al. 1997). To completely reset the detrital fission-track
signature of apatite grains, a temperature of more than
110 °C at the geological time scale is needed. The middle
anchizonal grades of the Upper Vendian shales in the
western part of the Ala-Tau anticlinorium indicate a
temperature of more than 200 °C. The fission-track age
[401(71)] of zircon from an Upper Vendian sandstone
(~600 Ma) suggests a partial annealing of the fission-
tracks (Seward et al. 1997). As shown by Kasuya and
Naeser (1988), annealing of fission-tracks in zircon is a
function of temperature, time and a-radiation damage.
The amount of a-radiation damage increases with time
and with uranium and thorium concentration in zircon.
Tagami and Shimada (1996), from studying a zircon fis-
sion-track system around a granitic pluton, envisaged a
zircon partial annealing zone (ZPAZ) of between ~230
and 320 °C for a heating duration of about 10° years.
Fission-tracks in zircon grains from Miocene to Pleis-
tocene sandstones and Miocene to Pliocene rhyolites of
two drill holes in a sedimentary basin in Japan give in-
dications for a temperature above 200 °C as the lower
limit of the ZPAZ for temperature stability of about 1 Ma
(Hasebe et al. 2003). Furthermore, results of laboratory
annealing experiments point towards a similar tempera-
ture range of the ZPAZ (Yamada et al. 1995; Tagami et
al. 1998). Fission-tracks in zircon grains with high o-
radiation damage start to anneal at temperatures of be-
tween 150 and 200 °C (Graver 2001; Riley 2002). The
temperature range of the ZPAZ adequately covers the
anchi- to epizone. Based on the above described tem-
perature range for the ZPAZ, the partially reset fission-
track age of zircon [401(71)] from an Upper Vendian
sandstone further supports a middle anchizonal incipient
metamorphic grade for the western Ala-Tau anticlinori-
um. Applying a palaeo-temperature gradient of about
27 °C/km as assumed for the northern transect by Glas-
macher et al. (2002), a thickness of more than 7,000 m
would be necessary to account for the anchizonal grade.
The Devonian, Carboniferous and lowermost part of the
Early Permian sedimentary sequence along the UR-
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SEIS’95 transect reaches an overall thickness of about
5,000 m. Therefore, it has to be considered that either a
significant amount of Upper Vendian strata is needed to
account for the missing thickness, or the palaeo-temper-
ature gradient was more than 30 °C/km.

Along the URSEIS’95 transects the eastern part of the
Ala-Tau anticlinorium that consists mainly of Upper
Riphean sediments is characterized by a lower late to
upper late diagenetic grade. Such a low grade does not
allow a thick sedimentary cover of Vendian and Palaeo-
zoic age. According to Puchkov (2000) and Kozlov et al
(1995), the Devonian to Carboniferous sequence reached
a thickness of about 2,500 m. The increase of metamor-
phic grade with depth in the Kul 1 drill hole close to the
URSEIS’95 transect reached grades at the diagenesis/
anchizonal boundary (about 200 °C, Merriman and Frey
1999) at a depth of about 3,900 m (Lower Riphean Yusha
formation). Considering a thickness of about 2,500 m for
the Devonian and Carboniferous sedimentary units and
about 2,100 m for the missing part of the Vendian and
Upper Riphean sedimentary units (Fig. 2), a total of

@ Tashli Th.
@ AlatauTh.
®  Zilmerdak Th.

[ ] U. RipheanR,

M. Riphean R,
L. Riphean R,

Vendian

8,500 m might have overlain the middle part of the Lower
Riphean Yusha formation in the Ala-Tau anticlinorium at
the end of the Carboniferous. Such a thick sedimentary
sequence would lead to a palaeo-temperature gradient of
about 23 °C/km at the end of the Carboniferous or Early
Permian. This thermal gradient is in accordance with
those revealed by apatite fission-track data of Glasmacher
et al. (2002) in the Ala-Tau region at the AC-TS 96
transect. Therefore, we suggest that the finite metamor-
phic grade of the shales in the central and eastern Ala-Tau
anticlinorium was reached during Late Carboniferous to
Early Permian times.

Inzer synclinorium

In the central part of the AC-TS’96 and URSEIS’95
transects (Ala-Tau to Yamantau Anticlinorium), the sig-
nificant rapid increase of the diagenetic and incipient
metamorphic grades is related to the Zilmerdak thrust and
the main Avzyan thrust (Fig. 10). Upper Riphean shales in
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the footwall of the Zilmerdak thrust (western Inzer syn-
clinorium) show an early diagenesis grade, whereas in the
hanging wall, slates of the same stratigraphic age are
characterized by a late diagenesis grade. Similarly, at
the main Avzyan thrust (eastern Yamantau anticlinori-
um), slates and phyllites of the same stratigraphic age are
of anchizonal grade in the footwall and epizonal (lower
greenschist) grade in the hanging wall. Therefore, the age
of the metamorphic grade must be older than thrusting. In
the Inzer synclinorium, the Kiibler index of Middle
Riphean slates consistently increases (late diagenesis to
middle anchizone) into stratigraphically older rocks. Ac-
cording to Merriman and Frey (1999), the anchizone

diabase/syenite

E limestone

dike
) Middle Riphean
E dolomite 2 icrofossils
Lower Riphean
% marl ®  icrofossils

covers the temperatures between about 200 and 300 °C.
The incipient metamorphic grade cannot be explained
solely by the thickness (2,500 m, Puchkov 2000) of over-
laying Devonian to Carboniferous sediments. If assumed
that prior to the deposition of the Palaeozoic sediments,
the Precambrian strata were not eroded, about 7,500 m of
Upper Riphean and Vendian sedimentary rocks have to be
considered. The total amount of about 10,000 m would
lead to a palaeo-temperature gradient of about 25 °C/km
in Late Carboniferous to Early Permian times, which
would be in accordance with a similar palaeo-temperature
gradient in the Ala-Tau anticlinorium. Fission-track data
of zircon from Middle Riphean sandstone close to the first
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Avzyan thrust in the eastern Inzer Synclinorium indicate
an age of 604 (100) Ma (Fig. 3; Seward et al. 1997).
Kiibler index values of surrounding Middle Riphean
slates indicate a middle anchizonal grade. As discussed
earlier, a temperature of the middle anchizone at geo-
logical time scale (~10°-10’ years) can partially anneal
fission tracks in zircon. Complete annealing of fission-
tracks in zircon would need temperatures above 320 °C
(Tagami and Shimada 1996; Tagami et al. 1998; Rahn
2001; Brix et al. 2002). Depending on the original detrital
age, which must be older than 1,000 Ma, the anchizonal
condition could have been reached in Late Carboniferous
to Early Permian time.

Yamantau anticlinorium

Lower Riphean slates in the western part of the Yamantau
anticlinorium (between the first and third thrust of the

Avzyan thrust zone) are characterized by a metamorphic
grade at the diagenesis/anchizonal boundary (~200 °C). If
the incipient metamorphic grade was reached in Late
Carboniferous or Early Permian times, a total thickness of
about 16,000 m of Middle Riphean to Late Carboniferous
sedimentary rocks have to be considered and would lead
to an exceptional low Late Carboniferous or Early Per-
mian palaeo-temperature gradient of about 12 °C/km.
Assuming a similar Late Carboniferous or Early Permian
palaco-temperature gradient as the one in the Inzer syn-
clinorium (~25 °C/km), the total thickness would be about
8,000 m. Considering a similar thickness for the Devonian
and Carboniferous sedimentary rocks of 2,500 m (Puch-
kov 2000), about 5,500 m of sedimentary rocks would be
of Middle Riphean to Vendian age. The missing thickness
of the Middle Riphean to Vendian strata could have been
eroded during Lower Palaecozoic denudation that followed
the Neoproterozoic orogeny. Nevertheless, it cannot be
excluded that the Vendian strata were never deposited in
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the western part of the Yamantau anticlinorium and that
the denudation already started in Vendian time.

In the hanging wall of the third thrust of the Avzyan
thrust zone, the Kiibler index values of Middle Riphean
black slates indicate metamorphic conditions above the
epizonal boundary. A zircon fission-track age of 288
(42) Ma from Middle Riphean sandstone indicates move-
ment along the Avzyan thrust in the Early Permian
(Seward et al. 1997; Fig. 3). Prior to the Early Permian,
the Middle Riphean units must have been at a tempera-
ture of more than 320 °C, which is in accordance with
the lower greenschist facies metamorphic grade of the
Middle Riphean black slates. Green et al. (1996), Tagami
et al. (1998), Rahn (2001) and Brix et al. (2002) stated
that, for natural zircon samples from various environ-
ments, total annealing would be achieved in a reasonable
time above about 320 °C. In all geological cases, the
duration of the thermal event was in the range of 1-
10 Ma. Similarly, as in the western part of the Yamantau
anticlinorium, it cannot be excluded that the lower green-
schist metamorphic grade was reached in Precambrian
time, whereas the final exhumation below about 200 °C
occurred in Permian time.

Autochthonous Palaeozoic units and stack
of Palaeozoic nappes

Stacking of Palaeozoic siliciclastic and carbonate units
along the eastern margin of the BMA, caused by WNW-
directed folding and thrusting during the Uralian orogeny
(Brown et al. 1996, 1998; Bastida et al. 1997; Puchkov
1997), leads to strong variations of the finite metamorphic
grade in shales and slates of the autochthonous Palaeozoic
units, the par-autochthonous thrust sheet and the various
nappes. The improvement of Kiibler index from lower
late to upper late diagenetic values in Silurian shales and
slates of the autochthonous Palaeozoic units (footwall of
E-dipping Timirovo thrust) is W-E directed. In addition,
the degree of cleavage increases towards the Timirovo
thrust. Therefore, it is very likely that the improvement is
partly caused by tectonic strain and not solely related to
temperature. Bons (1988) noted that muscovite rarely
shows evidence of intracrystalline slip (polygonization)
and appears to deform by plastic and elastic processes
causing rapid defect migration and crystal growth. Simi-
larly, Merriman et al. (1995) found that white mica rarely
shows strain microtextures and appears to have a greater
capacity than chlorite to store strain energy, enabling it to
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recover from subgrain development by grain boundary
migration, i.e. dislocation creep. As a consequence, white
mica developed thicker crystallites than chlorite in re-
sponse to variable strain rates. Furthermore, a relationship
between metamorphic grade and tectonic strain was pre-
viously described by various authors (Nyk 1985; Roberts
and Merriman 1985; Fernandez-Caliani and Galan 1992).
Within the Timirovo thrust sheet, the metamorphic grade
decreases from lower anchizone to lower late diagenesis
with stratigraphic age (Lower Silurian to Lower Devo-
nian) and, therefore, might have been developed prior
to the emplacement of the nappes. The upper anchizonal
metamorphic grade of the Upper Devonian slates of the
Zilair nappe is related to the occurrence of two cleavage
planes and might be related to the deformation process
during nappe emplacement and not solely to temperature.

Conclusion

The Kiibler and Arkai indices, as well as earlier published
vitrinite reflectance and conodont alteration values
(Matenaar et al. 1999), in the western fold-and-thrust belt
of the southern Uralides, record various degrees of ther-
mal evolution of the crustal segments prior to the Upper
Permo/Triassic and Neoproterozoic orogeny. In the Ala-
Tau anticlinorium, the Inzer synclinorium and the western
Yamantau anticlinorium, the palaco-thermal gradient was
about 23 to 25 °C in the Late Carboniferous or Early
Permian. The increase of diagenetic and incipient meta-
morphic grade in the hanging wall of all major thrusts
indicates a pre-Upper Permo/Triassic deformational ori-
gin of nearly all grades. The diagenetic to incipient meta-
morphic grade displayed in the stack of nappes is mainly
related to the emplacement deformation during the Lower
Carboniferous.

Pre-Uralian foredeep

Shales of the Pre-Uralian foredeep are characterized by
lower, late diagenetic grades. However, apatite fission-
track data indicate that the diagenetic grade averages a
grade of detrital grains and a grade of in situ formed
grains.

Ala-Tau anticlinorium

The incipient metamorphic grade in the western part of
the Ala-Tau anticlinorium decreases from the Tashli
thrust (middle anchizone) towards the Alatau thrust (di-
agenesis), and increases from the AC-TS’96 transect in
the north to the URSEIS’95 transect in the south. Whereas
in the north a palaeo-temperature gradient of about 27 °C/
km can account for the incipient metamorphic grade
around the Tashli thrust, a palaco-temperature gradient of
more than 30 °C/km is necessary to reach the anchizonal
grade in the south. Fission-track data of apatite and zircon

indicate that the finite metamorphic grade was reached in
Upper Palaeozoic or Permian time.

In the central and eastern part of the Ala-Tau anticli-
norium, Upper Riphean sediments are characterized by a
lower late to upper late diagenetic grade. The increase of
finite metamorphic grade with depth in the Kul 1 drill
hole at the URSEIS’95 transect reached diagenesis/an-
chizonal boundary conditions for the Lower Riphean
Yusha formation. The inferred palaco-temperature gradi-
ent of about 23 °C/km at the end of the Carboniferous or
Early Permian is in accordance with those revealed by
apatite fission-track data in the Ala-Tau region at the AC-
TS’96 transect. Therefore, it is very likely that the dia-
genetic grade in the central and eastern Ala-Tau anticli-
norium was reached during Late Carboniferous to Early
Permian time.

Inzer synclinorium

In the Inzer synclinorium, the metamorphic grade con-
sistently increases (late diagenesis to middle anchizone)
into stratigraphically older rocks. A zircon fission-track
age supports middle anchizonal conditions for the Upper
Riphean units. A total amount of about 10,000 m of Upper
Riphean to Late Carboniferous sedimentary rocks would
lead to a palaeo-temperature gradient of about 25 °C/km
in Late Carboniferous or Early Permian.

Yamantau anticlinorium

The incipient metamorphic grade in the western part of
the Yamantau anticlinorium does not exceed the diagen-
esis/anchizonal boundary. If the metamorphic grade was
reached in the Late Carboniferous or Early Permian, an
exceptional low palaeo-temperature gradient of about
12 °C/km would be necessary. Assuming a Late Car-
boniferous or Early Permian palaeo-temperature gradient
of ~25 °C/km, the related total thickness would indicate
an Upper Vendian and/or Lower Palacozoic denudation
history that followed the Neoproterozoic orogeny.

In the eastern part of the Yamantau anticlinorium,
the metamorphic grade is nearly constant in the epizone.
Based on a zircon fission-track age this part of the
Yamantau anticlinorium was exhumed along the main
Avzyan thrust below about 200 °C in the Early Permian.
Similarly as in the western part of the Yamantau anticli-
norium it cannot be excluded that the highest metamor-
phic grade was reached in Precambrian time.

Palaeozoic autochthonous and stack of Palaeozoic nappes

The diagenetic grade increases toward the stack of Palaeo-
zoic nappes. It cannot be excluded that the increase of
diagenetic grade is partly caused by deformational process
due to the emplacement of the Palacozoic nappes. Stack-
ing of Palaeozoic siliciclastic and carbonate units along



the eastern margin of the BMA, caused by WNW-directed
folding and thrusting during the Uralian orogeny, leads to
strong variations of the finite metamorphic grade. Within
the Timirovo thrust sheet, the decrease of metamorphic
grade with stratigraphic age might have been developed
prior to the emplacement of the nappes. The upper an-
chizonal metamorphic grade of the Upper Devonian slates
of the Zilair nappe are related to the occurrence of two
cleavage planes and, therefore, is partly caused by the
deformation process during nappe emplacement and not
solely to temperature.
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