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Abstract

The Uralides, a linear N—S trending Palacozoic fold belt, reveals an intact, well-preserved orogen with a deep crustal root
within a stable continental interior. In the western fold-and-thrust belt of the southern Uralides, Devonian to Carboniferous
siliciclastic and carbonate rocks overlay Mesoproterozoic to Neoproterozoic sedimentary rocks. Deformation in the Devonian,
Carboniferous and Permian caused thick-skinned tectonic features in the western and central parts of the western fold-and-thrust
belt. A stack of several nappes characterizes the deformation in the eastern part. Along the E—W transect AC-TS’96 that crosses
the western fold-and-thrust belt, apatite fission track data record various stages of the geodynamic evolution of the Uralide
orogeny such as basin evolution during the Palacozoic, synorogenic movements along major thrusts, synorogenic to
postorogenic exhumation and a change in the regional stress field during the Upper Jurassic and Lower Cretaceous. The
Palaeozoic sedimentary cover and the Neoproterozoic basement of the Ala-Tau anticlinorium never exceed the upper limit of
the PAZ since the Devonian. A temperature gradient similar to the recent one (20 °C/km) would account for the FT data.
Reactivation of the Neoproterozoic Zilmerdak thrust was time equivalent to the onset of the Devonian and Carboniferous
collision-related deformation in the east. West-directed movement along the Tashli thrust occurred in the Lower Permian. The
Devonian and Carboniferous exhumation path of the Neoproterozoic siliciclastic units of the Tirlyan synclinorium mirrors the
onset of the Uralian orogeny, the emplacement of the Tirlyan nappe and the continuous west-directed compression. The five
main tectonic segments Inzer Synclinorium, Beloretzk Terrane, Ala-Tau anticlinorium, Yamantau anticlinorium and Zilair
synclinorium were exhumed one after another to a stable position in the crust between 290 and 230 Ma. Each segment has its
own t—T path but the exhumation rate was nearly the same. Final denudation of the western fold-and-thrust belt and
exhumation to the present surface probably began in Late Tertiary. In Jurassic and Cretaceous, south-directed movements along
W-E trending normal faults indicate a change in the tectonic regime in the southern Uralides.
© 2002 Elsevier Science B.V. All rights reserved.
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Caspian Sea (Fig. 1). It resulted from the Palaeozoic
two-stage collision of the East European Craton
(EEC) with the Sibirian/Kazakhstanian continents
and intervening accretion of island arc and micro-
continental 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
Uralide 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 Palaeozoic orogens that
underwent postorogenic collapse and extension, the
Uralide fold belt reveals an intact, well-preserved
orogen with a deep crustal root within a stable con-
tinental 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 compen-
sated 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 postoro-
genic extensional collapse (Giese, 2000; Leech,
2001). Thus, the Uralides are an exceptional example
that allows the study of the synorogenic to postoro-
genic tectonothermal evolution of a Palaeozoic oro-
gen. In the southern Urals, the Mesozoic to Cenozoic
geological history is recorded by widespread sedi-
mentary units in the Pre-Uralian Foredeep (PUF) and
fluvial sediments along the drainage systems in the
western fold-and-thrust belt. Based on the distribution
of the fluvial sediments and the geomorphology,
Borisevich (1992) argue for a Cretaceous uplift that
caused the rise of the ranges and mountains above a
“Pre-Cretaceous peneplain”.

Seward et al. (1997) reported first apatite fission
track data from a pilot project along the W—E transect
URSEIS’95. They concluded very little differential
movement within the footwall of the MUF since the
Jurassic. Apatite FT data by Leech and Stockli (2000)
indicate that the Maksyutov Complex (Fig. 1) was
exhumed and cooled to 110 °C en masse in the Upper
Carboniferous to Lower Permian (300 =25 Ma).

Mesozoic slow cooling or reheating was followed
by the final cooling in Cenozoic, which is interpreted
as erosional degradation of the orogen.

In the frame of this paper, apatite fission track data
are presented that aid constrain on the syndeforma-
tional to postdeformational history of the southern
Uralides west of the MUF.

2. Regional geology

The most prominent feature of the western part of
the southern Uralides is the Bashkirian Mega-anticli-
norium (BMA), a broad NE and SSW plunging
antiformal structure composed of Precambrian sedi-
mentary strata (Figs. 1-3) (Kozlov, 1982). Mesopro-
terozoic 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). 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., 1997, 1999; Glas-
macher et al., 2001; Willner et al., 2001). In the west,
the Tashli thrust separates the gently deformed Dev-
onian to Permian strata (3000 m thickness) of the PUF
from the folded structures of the BMA (Fig. 1).
During the Permian, the PUF formed the western
foreland basin to the Uralian orogeny with barrier
reef complexes developed synchronously to prograd-
ing flysch sedimentation from the east. Lower Per-
mian evaporites controlled the deformation and
resulted in important ridge-like salt diapers.

The fold-and-thrust belt of the BMA is charac-
terized by longitudinal regional-scale synclinal and
anticlinal structures (from West to East: Ala-Tau anti-
clinorium, Inzer synclinorium, Yamantau anticlino-
rium) that are separated by important thrusts (Ala-
Tau Th., Zilmerdak Th. and Avzyan Th.). In the North,
East and South of the Ala-Tau anticlinorium, Vendian
flysch deposits are overlain by Devonian to Carbon-
iferous siliciclastic and carbonate units of about 2500
m thickness.

The Zuratkul Fault, the most prominent tectonic
boundary 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
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Fig. 1. Geological map of the western part of the southern Uralides (ATA: Ala-Tau anticlinorium, BMA: Bashkirian Mega anticlinorium, KC:
Kraka complex, MCB: Metamorphic complex of Beloretzk, MCK: Metamorphic complex of Kurtinsky, MCM: Metamorphic complex of
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Fig. 2. Stratigraphic subdivision of the western fold-and-thrust belt,

SW Uralides (according to Kozlov et al., 1995; Maslov et al., 1997 and

international time scale after Haq and Eysinga van, 1998). Vertical hatching: hiatus, v: volcanic rocks.

structural and metamorphic break. Based on new
structural, metamorphic and chronometric data, Glas-
macher et al. (1999, 2001) reinterpreted the Zuratkul
fault as a major terrane boundary that separates Neo-
proterozoic and Mesoproterozoic sedimentary units of
the EEC from Mesoproterozoic low-grade to high-
grade metamorphic units of the allochthonous Belo-
retzk Terrane.

East and south of the BMA, the Zilair synclinorium
forms a SW-plunging, broad synform of Ordovician to
Devonian siliciclastic and carbonate sedimentary

rocks that unconformable overlie the Beloretzk Ter-
rane (Figs. 1 and 3) (Giese et al., 1999; Glasmacher et
al., 2001). Close to the unconformity at the AC-TS 96
transect, the Ordovician and Silurian sedimentary
rocks are almost undeformed. Towards the east and
along strike towards the south, the deformation
increases. The first major thrust 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 that increase
in thickness towards the south forms the entire core of
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the synclinorium (Brown et al., 1996; Bastida et al.,
1997; Puchkov, 1997). Brown et al. (1998) distin-
guished a Zilair nappe and a basal Timirovo thrust
system (Fig. 3). The Zilair nappe is overthrusted by
the Uzyan nappe, an imbricated unit of Ordovician to
Devonian continental rise sedimentary rocks. Separa-
ted by a basal melange, the Kraka ophiolite complex,
a nappe of unknown age, overlies the Uzyan nappe.
Clay mineral crystallinity, vitrinite reflectance and
conodont colour alteration index were used to deter-
mine the thermal overprint of the Palacozoic and
Precambrian shales, slates and limestones along the
AC-TS’96 and the URSEIS’95 transects (Fig. 4) (Glas-
macher et al., 1997; Matenaar et al., 1999). Diagenetic
to anchizonal grade was reached in the Pre-Uralian
Foredeep, the Ala-Tau anticline, the Inzer synclinorium
and the Zilair synclinorium, with changes related to the

WNW

major thrust faults. In the Zilair synclinorium, the
increase in metamorphic grade is accompanied by an
increase of the intensity of cleavage. The Yamantau
anticlinorium exceeds epizonal conditions.

The Palacozoic geodynamic evolution of the west-
ern fold-and-thrust belt of the southern Uralides can
be envisaged schematically as in Fig. 5 (Giese, 2000).
The Palaeozoic shelf platform of the EEC is underlain
by an outboard high-level metamorphic block, which
finally consolidated during the Neoproterozoic orog-
eny (Fig. 5A) (Glasmacher et al., 1999, 2001).
Towards the interior of the EEC, Palaeozoic shelf
sedimentary rocks overlie a Riphean rift basin con-
taining up to 15,000 m thick sedimentary units (Fig.
2). The onset of Uralian collision-related deformation
is generally accepted to have taken place during
Middle to Late Devonian times (Fig. 5B) (Brown et
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al., 1997, 2000; Brown and Spadea, 1999). This is
based on radiometric ages of about 385—-365 Ma for
the HP metamorphism in the Maksyutovo complex
and the onset of the Zilair flysch sedimentation at the
beginning of the Famennian, i.e. 370 Ma (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
resulted in an accretion complex, which prograded
towards the NW and moved onto the EEC (Fig. 5B).
Continuous NW—SE-directed convergence and con-
tinental subduction resulted in the formation of an
early tectonic wedge at about 340 Ma (Fig. 5C). The
Neoproterozoic metamorphic basement block moved
onto the EEC, exhuming the accretionary complex.
The Zilair synclinorium and the Yamantau anticlino-
rium are formed as hanging wall structures when the
basal detachment cut into the former Mesoproterozoic
to Neoproterozoic basin (Fig. 5D). The main short-
ening of the Uralian deformation occurred during
these first two stages in the Middle to Upper Devon-
ian and Lower Carboniferous. The orogenic evolution
in the SW Uralides ended in the Upper Permian to
Lower Triassic, with a final phase of E—W-directed
shortening (Fig. 5D). The orogenic wedge propagated
further to the west, creating the western fold-and-
thrust belt partly by reactivation and inversion of
Mesoproterozoic to Neoproterozoic normal faults
(Brown et al., 1999; Giese, 2000). Tectonic transport
of the hanging wall was directed towards the west. For
the tectonic wedge, the reconstruction from balanced
sections indicates 15-20% of tectonic shortening,
while for the Pre-Uralian Foredeep 8—10% of tectonic
shortening was estimated (Giese, 2000).

3. Sample description and analytical methods

Along the road from Archangelskoje to Beloretzk
(AC-TS’96 transect), 48 samples were collected from
a variety of stratigraphic levels, including Proterozoic
basement as well as Ordovician to Permian sedimen-
tary rocks (Fig. 4). Eight samples of Mesoproterozoic
to Neoproterozoic dikes and two Ordovician volcanic
rocks were included. Only 32 samples revealed a
sufficient amount of apatite for FT dating (Fig. 4
and Table 1). Apatite grain mounts were obtained

using standard sample preparation techniques (Grist
and Ravenhurst, 1992a,b; Glasmacher et al., 1998).
FT ages were determined using the external detector
method (Wagner and Van den haute, 1992). Samples
were irradiated at the Thetis reactor (channel no. 16),
Gent, in the presence of three glass neutron dosimeter
(CN5) of known uranium content and Fish Canyon,
Durango and Mt. Dromedary apatite age standards.
Apatite was etched in 2.5% HNOj; for 30 s at 23 °C
and detection mica in 40% HF for 20 min at 23 °C.
Area densities (tracks/cm?) of spontaneous and
induced fission tracks were measured using Leica
Aristomat (Heidelberg) optical microscopes with
magnification of 1600 X dry objective. The Merz-
haeuser stage of the Leica microscope is controlled by
the FT STAge System of Trevor Dumitru.

FT pooled and weighted mean ages (£ 1 ¢ error)
were calculated by applying the IUGS recommended
approach of Hurford and Green (1983). The {-value of
341 + 16 a/cm? for CN5 was obtained by using Fish
Canyon, Durango and Mount Dromedary apatite age
standards. Radial plots were calculated and drawn
with the TRACKKEY program of Dr. Istvan Dunkl
(Universitdt Tiibingen). Confined tracks were meas-
ured with a precision of approximately # 0.2 um at
1600 X magnification using a digitising pad inter-
faced with a personal computer.

As described by various authors (Gleadow and
Duddy, 1981; Green, 1996; Glasmacher et al., 1998
and references therein; Carlson et al., 1999), the
chemical composition of apatite has a direct influence
on the annealing kinetics of fission tracks. The chem-
ical composition of apatite grains was determined
using a CAMECA SX51 microprobe of the Minera-
logical Institute (Universitit Heidelberg) with an EDS
and WDS analysing system (Table 2).

Based on the apatite FT and geological data, time—
temperature paths for samples were calculated using
the AFTSolve program. Ketcham et al. (2000)
describe the AFTSolve program in detail. With regard
to the chemical composition of the apatite grains, the
thermal history was modelled using the multikinetic
annealing model of Ketcham et al. (1999). Although
the program attempts to find out of more than 10,000
single t—T paths those ones that best approximate the
measured data (Best Fit), the primary goal of the
program is to define envelopes (merit value of 0.05
and 0.5) in t—T space that contain all paths passing



Table 1

Description of samples for apatite fission track analysis and summary of FT data

Location Sample Elevation Stratigraphy Depositional Lithology U n  Spontaneous Induced VA Agex 1o C.T. Mean length
no. no. of sample age (Ma) (standard) tracks tracks (%) (Ma) (standard)
location (ppm) s N, pi N (m)
(m)

1 2101 340 Perm. (Artinskian) Pa; ~ 265 Conglomerate 12 (12) 24 17.84 1604 1547 1391 20 361 (21) 124 12.7 (1.5)
18 2107 340 Perm. (Artinskian) Pja; ~ 265 Conglomerate 9(7) 30 17.50 1585 13.64 1235 31 407 (24) 90 12.7(1.2)
21 2109 340 Perm. (Artinskian) Pja, ~ 265 Conglomerate 14 (14) 25 21.63 2144 21.16 2097 16  321(18) 108 13.5(1.0)
35%* 2114 400 Vend. (Basa) Vbs Top ~ 580 Sandstone 19 (11) 20 26.85 1543 27.06 1555 99 312 (18) 101 128 (1.5)
35 2117 400 Vend. (Basa) Vbs Mid. ~ 590 Sandstone 21 (17) 21 33.62 2129 33.53 2123 87 315 (18) 109  12.7 (1.1)
37 2119 400 Up. Riph. (Uk) Uk, ~ 690 Sandstone 19 (19) 24 28.46 1443 26.05 1321 14 348 (21) 15 12.5(1.0)
56 2127 400 Vend. (Kukkarauk) Vkk ~ 560 Sandstone 4 (3) 11 542 238 574 252 100 297 (30) - -

58 2170 480 Vend. (Zigan) ~ 550 Sandstone 16 (14) 20 2236 1240 23.73 1316 99 297 (18) 58 12.8(1.2)
60 2131 500 Vend. (Zigan) ~ 550 Sandstone 15(12) 21 21.52 1497 22.72 1580 81 298 (18) 69 12.8 (1.0)
103 2176 520 L. Dev. Emsian ~ 390 Sandstone 9 (16) 19 14.11 824 13.73 802 Failed 288 (16) - -

108 2134 - L. Dev. Emsian ~ 390 Sandstone 23 (19) 30 37.71 2158 8.74 500 Failed 265 (23) 70 10.8 (1.8)
69 2135 580 U. Riph. (Zilmerdak) R3Zl; ~ 1000 Conglomerate 15 (16) 20 20.17 1517 20.51 543 99 309 (18) 110 12.8 (1.3)
72 2138 620 U. Riph. (Zilmerdak) R3Zl; ~ 1000 Conglomerate 24 (10) 4 36.17 248 35.01 240 80 329 (34) - -

82 2146 660 U. Riph. (Zilmerdak) R3Zl, ~ 1000 Sandstone 29 (22) 20 31.00 983 44.82 1421 100 219 (14) 25 13.1(1.3)
84 2147 660 U. Riph. (Zilmerdak) R3Zl; ~ 1000 Conglomerate 16 (10) 5 17.92 320 2291 409 99  247(22) 16 124 (1.9)
85 2148 650 U. Riph. (Zilmerdak) R3Zl, ~ 1000 Sandstone 21 (14) 21 2442 1632 31.75 2122 100 243 (14) 83 12.7 (1.1)
309 2160 400 U. Riph. (Zilmerdak) R3Zl; ~ 1000 Sandstone 14 (10) 10 1525 480 20.18 635 99 239 (18) 12 12,6 (1.2)
606 2167 520 U. Riph. (Avzyan) Av,? ~ 1100 Sandstone 26 (31) 10 1245 214 9.89 170 96 111 (12) 9 122(1.2)
631 2211 580 L. Riph. (Suran 3) Rysr;  ~ 1400 Sandstone 30 (25 16 1401 558 11.62 463 96 106 (8) 7 129(1.5)
625 2208 600 L. Riph. (Yusha 2) Ryjs, ~ 1400 Sandstone 60 (25) 20 61.96 1823 24.61 724 99 219 (14) 95 124 (1.5)
623 2204 620 L. Riph. (Yusha 2) Ryjs; ~ 1400 Sandstone 12 (15) 7 633 128 2.67 54 100 199 (33) 7 12.8 (1.3)
622 2202 640 L. Riph. (Suran 3) R;sr3 ~ 1400 Sandstone 15 (16) 20 1091 373 544 186 100 175 (18) - -

617 2198 600 L. Riph. (Suran 4) R;sry ~ 1400 Sandstone 25 (21) 20 12.60 400 8.60 273 100 123 (11) 47 123 (1.8)
616 2225 650 Precambrian uk. Andesite dike 5Q2) 20 592 307 222 115 100 232 (28) 22 12,6 (1.5)
214 2194 600 Precambrian uk. Diabase dike 3(1) 30 292 311 3.70 394 100 251 (22) - -

109 2188 480 Precambrian uk. Diabase dike 3(1) 25 2.81 208 3.66 271 100 244 (25) - -

154 2174 450 Mid. Devonian ~ 380 Sandstone 11 (7) 14 1090 321 442 130 100 207 (24) 16 12.0 (1.4)
351 2172 450 Carboniferous uk. Metagreywacke 18 (17) 21 19.12 1084 7.72 438 100 216 (16) 103 12.5(1.4)
360 2182 450 Carboniferous uk. Sandstone 3(1) 15 260 130 1.08 54 100 202 (34) 3 12919
189 2183 500 Ordovician uk. Volcanic rocks 2 (1) 6 1.89 43 0.75 17 99 220 (64) - -

T4 2232 560 Vendian uk. Sandstone 16 (12) 20 1993 1286 5.80 374 100 286 (21) 76 12.1 (1.7)
T5 2233 560 Ordovician uk. Sandstone 16 (6) 4 2660 238 749 67 97 307 (45) 4 13.6(1.6)

Sample locations are given by location numbers. n =number of counted apatite grains, p,= density of spontaneous tracks ( % 10%/cm?), N, =number of spontaneous tracks, p; = density

of induced tracks ( X 10%cm?), N;=number of induced tracks, Nd = 30,000 tracks counted on CN5, u.k.=unknown, C.T. = confined tracks. 3> (%) probability of greater values. Ages
[361 (21)] are calculated as pooled ages using a {-value of 341 + 16 a/cm®. Ages of two samples, which failed ” test, were calculated as weighted mean ages. Samples with more than
50 measured confined tracks were used for thermal modelling.
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Table 2

Microprobe analyses of apatite grains from different sample locations and stratigraphic positions described as average with standard deviation
Sample no. 2101 2107 2109 2114 2117 2119 2127 2170 2131 2176

n 25 28 25 19 18 30 8 17 20 15
Stratigraphy Perm. Perm. Perm. Vend. Vend. Vend. Vend. Vend. Vend. Dev.

P,0s 41.31 (79) 41.63 (61) 41.18 (49) 41.62 (36) 41.99 (60) 41.43 (54) 41.47 (44) 42.06 (55) 41.42 (1.74) 41.83 (26)
SiO, 0.24 (22) 0.18 (13) 0.16(9) 0.23 (17) 0.14 (10) 0.11 (6) 0.24 (5) 022 (25 0.08 (11) 0.06 (7)
FeO 0.14(8) 0.13(8) 01509 0.10(8) 0.08(9)  0.04 (3) 0.16 (8)  0.09 (6)  0.05(5) 0.09 (10)
CaO 55.65 (61) 55.64 (42) 55.77 (77) 55.86 (44) 55.39 (49) 56.04 (39) 55.63 (41) 55.50 (55) 56.05 (46)  55.65 (38)
MnO 011 (4) 0.11(5 013(7) 0.11(7) 0.07 (4)  0.06 (3) 0.04 (1) 0.11(6) 0.10(7) 0.03 (2)
SrO 0.28 (41) 0.13(17) 0.13(12) 0.08 (6) 0.22 (40) 0.05 (4) 0.36 (26) 0.07 (14) 0.05 (3) 0.31 (41)
Na,O 0.14 (10) 0.10(5) 0.10(7) 0.07(4) 0.08(7) 0.04 (3) 0.04(2) 0.07(6) 0.05(4) 0.06 (4)
H,O 0.61 (16) 0.77 (21) 0.58 (17) 0.44 (16) 0.38 (17) 0.26 (18) 0.35(32) 047 (34) 038(17) 0.25 (17)
F 227 (35) 1.90 (50) 2.17(53) 2.57 (46) 2.79 (49) 3.10 (47) 3.00 (68) 2.67 (76) 2.94 (38) 3.15 (1)
Cl 0.35(22) 0.45(35) 0.63(56) 0.47 (43) 0.32(46) 0.18 (23) 0.02(2) 023(22) 004 0.15 (28)
Sum 101.09 (67) 101.04 (68) 101.01 (72) 101.56 (18) 101.47 (58) 101.32 (52) 101.31 (29) 101.48 (37) 101.15 (1.58) 101.58 (7)
Sample no. 2134 2135 2146 2147 2148 2160 2167 2211 2208 2204

n 28 17 19 5 20 7 10 10 19 5
Stratigraphy Dev. Up. Riph. Up. Riph. Up. Riph. Up. Riph. Up. Riph. Up. Riph. L. Riph. L. Riph. L. Riph.
P,0s 42.18 (40) 41.73 (28) 41.52 (57) 41.77 (12) 41.81 (53) 41.15(67) 42.12 (46) 41.92 (31) 41.93 (32) 42.25 (45)
SiO, 0.14 (14) 0.19(8)  0.20(14) 0.07(2) 0.17(21) 0.19 (12) 0.12 (12) 0.13 (10) 0.26 (14) 0.06 (5)
FeO 0.04(5) 0.17(13) 004(3) 002(1) 004(4) 0.03(1) 0.08 (13) 0.05(3)  0.03 (2) 0.02 (2)
CaO 55.66 (28) 55.70 (29) 55.87 (27) 56.07 (15) 55.93 (44) 56.12 (40)  55.74 (48) 55.83 (27) 55.70 (32)  55.54 (15)
MnO 0.06 (4) 007(4) 006(3) 0.05(2) 0.04(1) 0.04(1) 0.03(2) 0.06(3) 0.06(3) 0.08 (8)
SrO 0.02(2) 0.04(3) 007(7) 0.033) 0033 0.02() 0.07 (15) 0.05(5)  0.03(2) 0.04 (3)
Na,O 0.05(4) 005(4) 003(3) 0.04(2) 0.03(3) 0.03(3) 0.02(2) 0.02(2) 0.03(3) 0.06 (5)
H,0 0.42 (19) 021 (15) 0.29 (21) 023 (11) 0.34(14) 0.34 (18) 0.41 (28) 0.20 (19) 0.20 (5) 0.21 (24)
F 2.81 (44) 324 (33) 3.05(54) 3.23(27) 2.98(29) 3.00 (36) 290 (57) 3.34(39) 3.33(12) 3.33 (49)
Cl 0.15(16) 0.15(12) 0.18 (26) 0.08(9) 0.12(8) 0.04 (4 0.02(3) 0.02(1) 0.04(3) 0.02 (1)
Sum 101.54 (27) 101.55 (7) 101.31 (52) 101.58 (6) 101.49 (59) 100.96 (1.01) 101.52 (37) 101.61 (3) 101.61 (1)  101.61 (4)
Sample no. 2202 2198 2225 2174 2172 2182 2183 2232

n 19 8 14 10 21 8 5 20
Stratigraphy L. Riph. L. Riph. Precamb. Dev. Carb. Carb. Ord. Vend.

P,0s 42.28 (26) 41.99 (72) 41.39 37) 4223 37) 42.15 (47) 42.76 (54) 41.95 (39) 41.96 (56)
SiO, 0.10 (11) 0.55 (1.72) 0.68 (82) 0.08 (8) 0.24 (14) 0.13 (12) 0.09 (19) 0.23 (49)
FeO 0.03 (3) 0.05 (3) 0.30 (10) 0.03 (2) 0.16 (9) 0.28 (67) 0.03 (2) 0.03 (2)
CaO 55.55 (27) 55.17 (1.11) 55.05 (59) 55.57 (28) 55.03 (50) 54.95 (65) 56.19 (28) 55.53 (51)
MnO 0.04 (6) 0.06 (3) 0.07 (2) 0.09 (5) 0.09 (5) 0.05 (3) 0.05 (6) 0.05 (4)
SrO 0.04 (2) 0.04 (3) 0.13 (2) 0.06 (10) 0.17 (18) 0.06 (5) 0.04 (3) 0.11 (14)
Na,O 0.03 (3) 0.02 (3) 0.03 (3) 0.07 (3) 0.12 (6) 0.05 (3) 0.06 (6) 0.05 (12)
H,O 0.21 (17) 0.06 (5) 0.03 (2) 0.34 (21) 0.39 (11) 0.40 (45) 0.58 (19) 0.17 (7)
F 3.31 (35) 3.64 (11) 3.67 (6) 3.01 (46) 2.84 (25) 2.96 (92) 2.55 (40) 3.40 (14)
Cl 0.03 (1) 0.03 (2) 0.06 (1) 0.11 (10) 0.22 (14) 0.00 0.01 0.02 (3)
Sum 101.61 (2) 101.59 (1) 101.40 (21)  101.58 (25)  101.41 (50)  101.64 (6) 101.55 (22)  101.55 (21)

Operating parameters: 10 um beam size, 15 kV acceleration voltage, 20 nA current. Fluor: 20 s counting time. Detection limit: major elements
0.1 wt.%, trace elements 0.01 wt.%. Standards are Durango apatite (P + F), wollastonite (Si+ Ca), hematite (Fe), rhodonite (Mn), periclase (Mg),
albite (Na), coelestine (Sr) and scapolite (Cl). Calculation of OH content by F+ Cl+OH=2.
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baseline statistical criteria and being conform to user-
entered geological constraints.

4. Results
4.1. Fission track age

In general, the apatite fission track pooled age
pattern of the western fold-and-thrust belt along the
AC-TS’96 transect is very variable. Ages range from
106 & 8 to 407 & 24 Ma (Table 1 and Fig. 4). With the
exception of the samples of the Pre-Uralian Foredeep,
all ages are significantly younger than the sedimenta-
tion or intrusion age. Applying the known tectonic
subdivisions of the western fold-and-thrust belt as
described by Giese et al. (1999), the data are organ-
ized in the following manner.

Three Lower Permian conglomerates (flysch
deposit nos. 1, 18 and 21) of the Pre-Uralian Foredeep
revealed pooled fission track ages ranging between
321 £ 18 and 407 = 24 Ma that are older than the
sedimentation age of about 265 Ma (Table 1 and Fig.
4). The old ages and the single grain age distribution
(Fig. 6) indicate that the Lower Permian at the eastern
rim of the Pre-Uralian Foredeep was never heated
above 120 °C after deposition.

Vendian and Upper Riphean siliciclastic units (nos.
35%, 35, 37, 56, 58, 60, 69 and 72) of the Ala-Tau
anticlinorium and the western part of the Inzer syn-
clinorium are characterized by fission track ages
between 297 £ 18 and 315+ 18 Ma. One slightly
older age (348 £ 21 Ma) was revealed in the hanging
wall of the Ala-Tau thrust (Figs. 4 and 7). West of the
Zilmerdak thrust, fission track ages of two Lower
Devonian sandstones (nos. 103 and 108), which
discordantly overlie Vendian flysch deposits, failed
the ;* test. Single apatite grains show a wide spread in
age (Fig. 6). The oldest single grain ages with the
lowest 1 ¢ error are in the range of about 550 Ma. The
weighted mean ages of the two Lower Devonian
samples are 288 + 16 and 265 £ 23 Ma, respectively.
This young weighted mean age clearly indicates that
more grains have younger ages with smaller error. The
Lower Devonian sample (no. 103, Fig. 4) that was
taken along the AC-TS’96 transect revealed a similar
age than the underlying Vendian sandstones and
conglomerates.

In the eastern Inzer synclinorium, east of an
unnamed fault, the pooled fission track ages of Upper
Riphean sandstones (nos. 82, 84, 85 and 309) are
significantly younger and range from 219 & 14 to
247 £ 22 Ma (Figs. 3, 4 and 7). Similar ages (from
232 +£28 to 251 +£22 Ma) were revealed from an
andesite dike (no. 616) and two diabase dikes (nos.
214 and 109) in the Beloretzk Terrane. These dikes
are interpreted to be of Precambrian intrusion age
(Alekseyev, 1984).

In the Yamantau anticlinorium, east of an unnamed
thrust, fission track ages of Lower Riphean siliciclas-
tic units (nos. 625, 623 and 622) are getting younger
from west to east (from 219 + 14 to 175 + 18 Ma)
(Figs. 3 and 4). These samples are bracketed by two
faults, the east-dipping thrust in the west and the west-
dipping Zuratkul fault in the east. Therefore, the
change in age might be related to differential tectonic
movement of the crustal block.

Further to the east, pooled fission track ages of
Palaeozoic siliciclastic units (nos. 360, 154, 351 and
189) of the Zilair synclinorium are similar (from
202 +34 to 216 £ 16 Ma) to those of the eastern
Yamantau anticlinorium (Fig. 4). Both areas might
have experienced a similar tectonothermal evolution.
Furthermore, the same ages of samples from different
tectonic units in the Zilair synclinorium indicate that
the Timirovo thrust sheet, the Zilair nappe and the
Uzyan nappe were exhumed at the same time (Figs. 3
and 4). Pooled fission track ages of a Vendian (no. T4,
286 £ 21 Ma) and an Ordovician sandstone (no. T5,
307 £ 45 Ma) from the Tirlyan synclinorium north of
the Zilair synclinorium are significantly older but
similar in age as those of the Ala-Tau anticlinorium
in the west. These ages indicate that the Tirlyan
synclinorium was exhumed earlier than the Zilair
synclinorium.

The youngest pooled fission track ages (nos. 606,
617 and 631) are in the range between 106 = 8 and
123 £ 11 Ma. They are all located in the Yamantau
anticlinorium or the western part of the Beloretzk
Terrane close to W—E trending normal faults and
NW-SE trending thrusts (Figs. 3 and 4). The NE—
SW trending thrusts belong to the regional thrust
system of the western fold-and-thrust belt. Those
thrusts that dip to the east are related to the Uralian
deformation, whereas those that dip to the west are
related to the Neoproterozoic orogen. The W—E
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Fig. 6. Radial plots displaying apatite FT single grain ages of Permian conglomerates and samples that failed the ? test.

trending normal faults are of unknown age. They
occur throughout the whole Bashkirian Mega-anticli-
norium. The stratigraphic age of the lithologies on
both sides of the faults indicate that the northern
blocks were uplifted relative to the southern blocks.
The young fission track ages occurring on the north-
ern side of those normal faults can be explained by an
uplifted northern side.

4.2. Chemical composition

To test the dependency of the single grain age
distribution on the chemical variation, the chemical
composition of dated apatite grains were determined
for nearly all samples (Table 2). Apatite grains of
Permian and Vendian sandstones and conglomerates
are in general high in chlorine content of up to



0
r = Hanging wall (B, 309£18) 1 +

5 ATA-Central] 315+18 5 b el i) . |1se| 24314 G YA | 218214 . BT |232£28 5 TS | 286421
£ 40t o 40 g w0 40 © a0 < 40
Mt g ¢ L o g
2 s} -E 80, 28 @0 % 80 2 8
@ < © a o ]
=% =% a a e
E12) E 1201 | | Foowanazsesimor | 6 120 5120 g A /—, Z5216+16
e = s Zilmerdak Thrust 2 = 2 =

160 - - 160" . 160 160 160 . - 160

400 200 200 100 0 400 300 200 100 [ 400 300 200 100 0 400 300 200 100 O 400 300 200 100 O 400 300 200 160 0
Time (Ma}) Time (Ma) Time (Ma) Time (Ma) Time (Ma) Time (Ma)
A

NW 4 SE

Pre-Uralian Foredeel‘a\ Ala-Tau Anticlinorium /  Inzer Synclinorium Yamantau Anticlinorium Zilair Synclinorium
\ I
\ 1
1
\ 348 288 219 111 106

| i
! 1
! 1
! 1
! 219 199 E
| :
l :

E

A
Pre-Uralian Foredeep ‘Yamantau Anticlinorium Zilair Synclinorium Y Ural Tau
\

\ 1
. Ala-Tau Anticlinorium ‘.‘ Inzer Synclinorium [.'
' i 149 183
b /
1
§:

212 262 180 184

N

1

1

1

1

i
\'F

[~ Permian U. Riphean R, Kraka Nappe =~ @ Tashli Th. g i_”r_a“‘”' ';h

’ ; imirovo Th.

Ordov. - Carb. (undiv.) M. Riphean R, Uzyan Nappe @ Alatau Th. O ziairTh

: Vendian L. Riphean R, Zilair Nappe ® Zilmerdak Th. Uzyan Th.
Neoprot. Basem. Timirovo Th. Sh. @ AvzyanTh.Zone  (® Kraka Th
undiv. Sl Y : raka Th.

361  pooled apatite fission track age 149  central apatite fission track age
Fig. 7. Generalised WNW —ESE structural cross-section along the AC-TS’96 and URSEIS’95 transect (for location, see Figs. 1 and 3) (Giese et al., 1999). Apatite FT central ages at
the URSEIS’95 transect are taken from Seward et al. (1997). Apatite FT pooled ages and time—temperature paths are described in this paper. Included are modelling results for one
hanging wall sample (no. 69) and one footwall sample (no. 60) of the Zilmerdak thrust.

8457 (2007) pS€ sarsdydouoyday / v ja 42yovusvlD) "y ()

LE



38 U.A. Glasmacher et al. / Tectonophysics 354 (2002) 25—48

0.63 + 0.56 wt.% (Table 2). The chlorine concentra-
tion is low in apatite from the Riphean sandstones and
Precambrian dikes. All grains are characterized by
variable iron, manganese and sodium concentrations.
The strontium values show a similar distribution to
those of chlorine. No correlation was found between
the single grain ages and the fluorine and chlorine
variation. The chlorine values were used in the mod-
elling of the time—temperature path of the samples
applying the Ketcham et al. (1999) multikinetic
annealing model.

4.3. Track length distribution

Comparing only those samples with more than 50
confined tracks, the mean length distributions in most
of the samples are very homogenous and range from
12.1 £1.7t0 12.8 £ 1.5 pm (Table 1 and Figs. 8—10).
One Permian sample (no. 21) is characterized by a
longer average track length of 13.5 £ 1.0 um. The
Lower Devonian sandstone (no. 108) that failed the %>
test exhibits a short average track length of 10.8 £ 1.8
pm.

All distributions are unimodal with a negative
skewness and a leptokurtic shape. According to
Gleadow et al. (1986), a confined track length dis-
tribution of similar shape, mean length and standard
deviation is typical for a slow cooling history.

4.4. Modelling the thermal history

The confined track length distribution together
with the fission track age of samples with more than
50 confined tracks was taken to model the individual
thermal history (Table 1). Those t—T paths revealed
by modelling samples (nos. 82, 617 and 616) with less
than 50 confined tracks must be treated very cau-
tiously. For the modelling procedure, independent
geological information about the respective region
was converted into t—T constraints using the time
scales of Haq and Eysinga van (1998). Little t—T

information is available for the western part of the
southern Urals. Therefore, the forward modelling
procedure of the program was used to establish those
segments of the t—T path where monotonic cooling
and monotonic heating change. Such constraints were
included in the inverse modelling part of the program.
For most of the samples, the t—T constraints are left
very wide open.

The AFTSolve® program did not find a good
solution if the temperature constraints at about 30
Ma was kept below 60 °C. According to Green
(1996), the model overestimates the annealing at
low temperatures. Therefore, an increase in temper-
ature at young ages is probably an artefact of the
annealing model.

Vendian and Riphean samples (nos. 35%*, 35, 58
and 60) of the Ala-Tau anticlinorium that show similar
FT ages reveal similar t—T “best fit” paths (Figs. 7
and 8). A fast to intermediate increase of temperature
during most of the Devonian and Carboniferous is
indicated by all samples between Tashli and Zilmer-
dak thrusts. From west to east (nos. 35 * —60), the
maximum temperature that was reached in Upper
Carboniferous decreases from about 110 to 60 °C.
Despite a similar Ft age of the Upper Riphean sample
(no. 69), east of the Zilmerdak thrust, the t—T path is
significantly different (Fig. 9). The sample was above
120 °C until about 360 Ma. The temperature
decreased in less than 10 my to 90 °C. A second
decrease in temperature between 340 and 300 Ma
reached a temperature of about 60 °C that kept stable
until the Neogene. West of the Zilmerdak thrust, all t—
T paths show a decrease in temperature to a more or
less stable temperature of about 60 °C between 300
and 260 Ma. With the exception of one Vendian
sample (no. 58), the temperature kept stable during
the Mesozoic and most of the Cenozoic.

In the eastern Inzer synclinorium, very close to an
unnamed fault, the Upper Riphean sample no. 82
revealed a slightly younger age (219 £ 14 Ma) than
the other samples further to the east. The t—T path is

Fig. 8. Results of the thermal modeling with AFTSolve®, displayed in a time—temperature diagram (left) and frequency distribution (right) of
measured confined track length data overlain by a calculated probability density function (best fit) of samples from the Ala-Tau anticlinorium.
Modelled results in the t—T diagram are indicated by three different reliability levels (light grey envelope: all t—T paths with a merit function
value of at least 0.05, middle grey envelope: all t—T paths with a merit function value of at least 0.5, black line: best fit) (Ketcham et al., 2000).
Independent geological constrains are indicated by vertical brackets. Model: modelled FT age and modelled mean track length, Data: measured
weighted mean FT ages and track length, Num.: number of single grains and measured track length, G.O.F.: goodness of fit. Sample is given by

sample number and age of deposition.
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Fig. 9. Results of the thermal modelling with AFTSolve®, displayed in a time—temperature diagram (left) and frequency distribution (right) of
measured confined track length data overlain by a calculated probability density function (best fit) of samples from the Inzer synclinorium and
Yamantau anticlinorium. For explanation and legend, see Fig. 8.
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Fig. 10. Results of the thermal modelling with AFTSolve®, displayed in a time—temperature diagram (left) and frequency distribution (right) of
measured confined track length data overlain by a calculated probability density function (best fit) of samples from the Beloretzk Terrane, the
Tirlyan synclinorium and the Zilair synclinorium. For explanation and legend, see Fig. 8.



42 U.A. Glasmacher et al. / Tectonophysics 354 (2002) 25—48

also different, indicating a cooling of 60 °C between
210 and 160 Ma (Fig. 9). Deformation of Early
Jurassic age is known from the eastern slope of the
Urals in the Chelyabinsk—Kartaly fault zone but is not
recorded from the western slope. Until the Neogene,
the rocks kept close to the lower limit of the PAZ. The
t—T path is of very low confidence due to the few
measured confined tracks. Four kilometers further to
the east, the next Upper Riphean sample (no. 85,
243 + 14 Ma) revealed a t—T path, which indicates a
fast cooling by 50 °C between 300 and 280 Ma.
During the Mesozoic and in Early Cenozoic, the
sample remained stable at about 80 °C. The temper-
ature of the rock decreased since the Neogene to
surface temperature. The sample of the Beloretzk
Terrane (no. 616) with a similar fission track age
cooled by 70 °C between 280 and 260 Ma ago (Fig.
10). The Mesozoic path is similar and the model
predicted that the sample remained at a temperature
of about 70 °C. The t—T path is also of very low
confidence due to the few measured confined tracks.

The eastern part of the Yamantau anticlinorium
reveals decreasing fission track ages from west to east.
The “best fit” t—T path of the Lower Riphean sample
(no. 625) with the oldest age of 219 & 14 Ma indicates
a fast cooling from above 120 to about 80 °C at about
260 Ma (Fig. 9). Until the Neogene, the sample stayed
nearly at the same temperature. The final decrease of
temperature began at about 10 Ma ago.

An analogous t—T path is indicated for a Carbon-
iferous metagreywacke (no. 351) of the Zilair syncli-
norium, which shows a similar pooled age of 216 + 16
Ma (Fig. 10). The metagreywacke reached the upper
limit of the PAZ at about 270 Ma, reached 60 °C at 220
Ma and kept at that temperature until about 30 Ma.
Surface temperature was reached in the Quaternary.

In comparison, a Vendian sandstone (no. T4) of the
Tirlyan synclinorium, the northern extension of the
Zilair synclinorium, cooled from above 120 °C at 370
Ma, kept at about 120 °C until 330 Ma and cooled to
about 70 °C at about 260 Ma ago (Fig. 10). Stable
temperature conditions of about 70 °C during the
Mesozoic and Lower Cenozoic were followed by a
second cooling event in Neogene and Quaternary.

The time—temperature path of one of the young
samples (no. 617) in the Beloretzk Terrane indicates
cooling by 40 °C between 150 and 110 Ma ago (Fig.
10). During the Mesozoic, the temperature kept at

about 80 °C. The final cooling to surface temperatures
occurred in the Neogene.

5. Interpretation and discussion

The fission track data and the modelled t—T paths
are best organized in relation to the tectonic subdivi-
sion of the western fold-and-thrust belt of the southern
Uralides (Fig. 7). They constrain four thermotectonic
episodes for the low-temperature evolution west of the
MUF. Calculation of the exhumation rates considered
the recent heat flow data in the Western Ural Folded
zone (28—50 mWm ~?) and the Central Ural Uplift
(24—43 mWm ~?) as described by Kukkonen et al.
(1997). The Western Ural Folded zone extends from
the Tashli thrust in the west to the Zilmerdak thrust in
the east and is nearly identical with the Ala-Tau
anticlinorium. The region between the Zilmerdak
thrust and the Main Uralian Fault is named Central
Ural Uplift and summarizes the Inzer synclinorium,
the Yamantau anticlinorium, the Beloretzk Terrane,
the Zilair synclinorium and the Ural-Tau. Kukkonen et
al. (1997) calculated a thermal model along the
Troitsk DSS transect, considering hydrological and
palaeoclimatic effects as well as the radiogenetic heat
production. The Troitsk DSS transect extends from
west to east parallel to the URSEIS’95 transect. The
thermal model indicates an average recent temperature
gradient of 20 °C/km for the Ala-Tau anticlinorium
and an average recent temperature gradient of 14 °C/
km between Zilmerdak thrust and Main Uralian Fault.
The palacotemperature gradient might be different
from the recent temperature gradient. Therefore, the
exhumation rates must be treated very cautiously.

5.1. Devonian to carboniferous (370—295 Ma)

Siliciclastic sedimentary rocks of Lower Devonian
age overlie Upper Vendian flysch deposits in the Ala-
Tau anticlinorium between the Tashli and the Zilmer-
dak thrusts. The Ala-Tau anticlinorium is character-
ized by a central core of Upper Riphean sedimentary
rocks and flanks of Upper Vendian flysch deposits
(Fig. 7). The similarity in FT ages and t—T paths of
Vendian siliciclastic units across the Ala-Tau anticli-
norium indicates that the Ala-Tau region was
deformed before the deposition of the Palacozoic
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sedimentary cover, which might have been caused by
the Neoproterozoic orogeny (Glasmacher et al., 2001;
Willner et al., 2001).

Two samples (nos. 108 and 103) of the Lower
Devonian sandstone horizon revealed a wide spread in
fission track single grain ages, with oldest ages of
about 550 Ma. The ages indicate that those samples
were only partly annealed after deposition. According
to Puchkov (2000) and Kozlov et al. (1995), the
Devonian to Carboniferous sequence reached a thick-
ness of about 2500 m. Furthermore, *’Ar/*°Ar spectra
of microcline and orthoclase grains separated from
two-mica granite pebbles of two Upper Vendian con-
glomerates (same location as FT sample nos. 56 and
58) indicate that the Vendian conglomerates were not
heated sufficiently to reset the “’Ar/*°Ar system in
Palacozoic time (Glasmacher et al., 1999, 2001).
Depending on the domain size, the closure temper-
ature of microcline can be as low as 140 °C (Lovera et
al., 1991). Further to the south along the URSEIS’95
transect, Seward et al. (1997) describe that fission
tracks in apatite of two Devonian samples from the
western limp of the Ala-Tau anticlinorium were only
partially annealed during Devonian and Carbonifer-
ous. According to Seward et al. (1997), a Vendian
sample from the Ala-Tau anticline at the URSEIS’95
transects (Fig. 6) was buried during Devonian and
Carboniferous to temperatures greater than 120 °C. In
comparison to the FT data of the AC-TS’96, part of
the Ala-Tau anticlinorium of the URSEIS’95 transect
was exhumed to a greater depth.

After deposition of the Lower Palaeozoic siliciclas-
tic units, the Ala-Tau region at the AC-TS’96 was
affected by varying degrees of subsidence (Figs. 8
and 11). Whereas the t—T path of the western most
Upper Vendian sample (no. 35*) reached about 110 °C
for a short time interval at about 290 Ma, the t—T path
of Upper Vendian samples (nos. 35, 58 and 60) further
to the east are only slightly affected by temperatures of
about 70 °C at about 280 Ma. The stronger increase in
temperature close to the Tashli fault might be related to
thicker Palaeozoic cover. Puchkov (2000) discussed
the possibility of Lower Permian siliciclastic sedimen-
tary rocks overlying the Carboniferous carbonate
sequence in the western part of the Ala-Tau anticlino-
rium. If a temperature gradient of 20 °C/km is applied,
about 5500 m of sedimentary cover would be necessary
in the west and about 3500 m in the east. A sedimentary
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cover of more than 5000 m is not known from the
region. The Devonian, Carboniferous and lowermost
part of the Lower Permian sedimentary sequence
reaches an overall thickness of 4000 m. Therefore, it
is assumed that the palaeotemperature gradient was
about 27 °C/km around the Tashli fault. It cannot be
excluded that the increased heat flow might be local,
has a hydrothermal thermal component and is related to
the Tashli thrust. The “°Ar/*°Ar spectra of microcline
from an Upper Vendian conglomerate close to the
Tashli fault (same location as FT sample no. 35%)
indicate that the Vendian conglomerate was heated
sufficiently to partly reset the “’Ar/°Ar system in
Palaeozoic time (Glasmacher et al., 2001).

East of the Zilmerdak thrust, a Neoproterozoic
structure, the Upper Riphean (no. 69) was above
120 °C until about 360 Ma (Figs. 7 and 12). The
temperature decrease of 50 °C in less than 10 my
(360-350 Ma) might be related to west-directed
thrust movement along the reactivated Zilmerdak
thrust that led to the exhumation of the western part
of the Inzer synclinorium. In the footwall of the
Zilmerdak thrust, Upper Devonian (about 370 Ma)
thin bedded limestones are characterized by open,
west-vergent to WNW-vergent flexural slip folding
without any cleavage formation (Giese et al., 1999).
The movement along the Zilmerdak thrust happened
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shortly after the onset of the Uralian orogeny in the
east (Fig. 5) and indicates the first west-directed
movement along a major thrust in the west. Assuming
a temperature gradient of about 20 °C/km, movement
along the Zilmerdak thrust was more than 2500 m.

A second less pronounced decrease of temperature
(30 °C) between 340 and 300 Ma might indicate
further exhumation of the western part of the Inzer
synclinorium due to west-directed movement along
the Zilmerdak thrust (Fig. 12).

At about 360 Ma, first cooling of the Vendian
siliciclastic units (no. T4) of the Tirlyan synclinorium
to about 120 °C might indicate the onset of the
Uralian orogeny (Figs. 11 and 12). At that time, the
Maksyutov complex underwent its high temperature
exhumation (Leech and Stockli, 2000). The stable
temperature between about 360 and 330 Ma might
be related to the nappe emplacement of the Tirlyan
nappe. Brown et al. (1998), Giese et al. (1999), Brown
and Spadea (1999) and Giese (2000) argue that in this
time range the accretionary complex in the east was
west-directed tectonic transported onto the East Euro-

pean Craton (Fig. 5). K/Ar ages of about 340 Ma of
sericite (<2 pm grain size) from slates at the base of
the Zilair nappe and in the Melange below the Kraka
and Tirlyan nappe are interpreted as the age of final
emplacement of these nappes (Glasmacher et al.,
2000). Tectonic transport of the nappes was west
directed onto the autochthonous Palacozoic units that
discordantly overlie the high-grade to medium-grade
metamorphic rocks of the Beloretzk Terrane. Further
cooling by 30 to about 90 °C between 320 and 295
Ma might indicate the main exhumation of the Tirlyan
synclinorium. Applying a temperature gradient of 14
°C/km, an exhumation rate of 0.008 mm/year can be
considered. All other surrounding tectonic elements
(Beloretzk Terrane and Zilair synclinorium) were
above the apatite PAZ. For the same episode, Leech
and Stockli (2000) describe cooling through to about
90 °C of the Maksyutov complex in the east.

5.2. Permian to Triassic (295—-210 Ma)

During the Permian, the Pre-Uralian Foredeep was
the main area of sedimentation in the western part of
the southern Uralides. In the eastern part of the Pre-
Uralian Foredeep, fission tracks in apatite grains from
Lower Permian siliciclastic sedimentary units were
partly annealed after deposition.

All tectonic units further to the east are character-
ized by more or less fast cooling from above 120 to
about 70 °C. The Inzer synclinorium is the first
tectonic unit that was exhumed at a rate of 0.03
mm/year between 290 and 280 Ma. Exhumation
(0.02 mm/year) of the Beloretzk Terrane followed
between 270 and 250 Ma. Shortly after (from 250 to
about 240 Ma), the Yamantau anticlinorium cooled to
80 °C. The last main tectonic unit that exhumed at a
rate of 0.03 mm/year between about 240 and about
230 Ma was the Zilair synclinorium. Furthermore, the
same ages of samples from different tectonic units in
the Zilair synclinorium indicate that the Timirovo
thrust sheet, the Zilair nappe and the Uzyan nappe
were exhumed simultaneously.

Between about 280 and 260 Ma, the western part
of the Ala-Tau anticlinorium cooled from about 110 to
70 °C (Fig. 12). The cooling path might be related to
the westward movement of the Ala-Tau anticlinorium
at the Tashli thrust and therefore reflects exhumation
of the western part of the Ala-Tau anticlinorium. In
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the central part of the Ala-Tau anticlinorium, the
temperature change due to cooling was only minor
and reached a stable temperature of about 60 °C.
Brown et al. (1999), Giese et al. (1999) and Giese
(2000) describe a final phase of E—W-directed short-
ening for this episode that might have caused this
cooling phase by exhumation of the different tectonic
units. The exhumation rate of the different tectonic
units is very similar and about 0.03 mm/year.

Along the URSEIS’95 transect, Devonian samples
reached 110—120 °C in Middle Permian and cooled
afterwards (Seward et al., 1997). In addition, the
Vendian sample cooled during Permian and Lower
Jurassic.

Leech and Stockli (2000) relate the slower mono-
tonic cooling of the Maksyutov Complex to the post-
collisional erosional degradation of the mountain belt.

5.3. Jurassic to Neogene (210—15 Ma)

Most T—t paths of the tectonic units indicate a
stable thermal regime for the western fold-and-thrust
belt of the southern Uralides between about 210 and
about 15 Ma (Fig. 11). These results are consistent
with a Mesozoic peneplain that was described by
Shul’ts (1968) and Borisevich (1992). The temper-
ature of about 70 °C given for that period is very close
to the lower boundary of the partial annealing zone of
60 °C. Only the t—T paths of part of the Ala-Tau
anticlinorium and the Zilair synclinorium indicate a
period of increasing temperature in the Cretaceous,
Palacocene and Eocene (Figs. 8 and 10). No geo-
logical constraints are known from the central part of
the southern Uralides that might support an increase in
heat flow or a renewed subsidence of the western most
part of the southern Uralides. Thin Cretaceous, Palae-
ocene and Eocene sedimentary deposits (<200 m) are
known from the southernmost part of the southern
Uralides. Borisevich (1992) describes various terrace
levels with fluvial sediments of those ages for the
western slope of the southern Uralides.

The cooling path east but close to an unnamed
thrust in the Inzer synclinorium indicates exhumation
between 210 and 200 Ma from above 120 to 80 °C
and down to 60 °C at about 160 Ma (Fig. 12). Only 8
km further to the east, the t—T path of an Upper
Riphean sample (no. 85) does not show any move-
ment at all. Therefore, it seems to be possible that the

exhumation was related to local movement along the
unnamed thrust. The number of confined track lengths
does not justify a detailed t—T path.

The young FT ages, which occur on the northern
side of W—E trending normal faults, indicate move-
ment along these faults before about 100 Ma ago (Fig.
12). The t—T path indicates cooling of the northern
side between about 150 and 120 Ma ago. Such
movements would indicate a change in the tectonic
regime in the southern Uralides during the Jurassic
and the Cretaceous.

The t—T path of Devonian indicates a very small
temperature increase from about 210 to 110 Ma and
Vendian samples along the URSEIS’95 transect (Sew-
ard et al., 1997). They interpret these data as the
response to burial possibly caused by Late Jurassic
and Cretaceous sedimentation. Similarly, Leech and
Stockli (2000) describe a small temperature increase
during the Jurassic and Cretaceous for the Maksyutov
Complex and related this change in t—T path to
accumulation of sediments.

5.4. Neogene to Quaternary (~ 15 Ma to present)

Final denudation of the western fold-and-thrust belt
and exhumation to the present surface probably began
in the Late Tertiary (Figs. 11 and 12). However, the
exact nature of this part of the t—T evolution is only
poorly constrained, because the samples were already
below or very close to the lower limit of the PAZ for
apatite fission tracks.

6. Conclusion

The apatite fission track data of the western fold-
and-thrust belt of the southern Uralides record various
stages of the geodynamic evolution of the Uralide
orogeny such as basin evolution during the Palae-
ozoic, synorogenic movements along major thrusts
and synorogenic to postorogenic exhumation. In addi-
tion, during the Upper Jurassic and Lower Cretaceous,
a change in the regional stress field is indicated.

6.1. Evolution of the Palaeozoic basin

The Palaeozoic sedimentary cover and the Vendian
as well as Upper Riphean sedimentary units of the
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Ala-Tau anticlinorium never exceed 70 °C in the east
and 110 °C in the west. Thickness of the Palacozoic
sedimentary cover increased from east to west and a
temperature gradient similar to the recent one (20 °C/
km) would account for the FT data in the Ala-Tau
anticlinorium. The Ala-Tau anticlinorium was formed
during the Neoproterozoic orogeny. In the eastern part
of the Pre-Uralian Foredeep, Lower Permian silici-
clastic rocks never reached temperatures to com-
pletely reset the fission track age signature of the
source area.

6.2. Movements along major thrusts

Between 360 and 350 Ma, more than 2500 m west-
directed thrusting along the Zilmerdak thrust is
recorded by the FT data. Reactivation of the Neo-
proterozoic Zilmerdak thrust is time equivalent to the
onset of Uralian collision-related deformation in the
east. Between 340 and 300 Ma, the second distinct
movement is nearly time equivalent to the emplace-
ment of the major nappes west of the MUF.

At the eastern rim of the Pre-Uralian Foredeep, the
west-directed movement along the Tashli thrust
occurred between 280 and 260 Ma.

6.3. Synorogenic to postorogenic exhumation

The expected east—west trend of exhumation
caused by west-directed tectonic movement could
not be verified by the fission track data.

First exhumation of the Vendian siliciclastic units
of the Tirlyan synclinorium at about 360 Ma indicates
the onset of the Uralian orogeny. At that time, the
Maksyutov complex in the east underwent its high
temperature exhumation. After emplacement of the
Tirlyan nappe between about 360 and 330 Ma, the
main exhumation (0.008 mm/year) of the Tirlyan
synclinorium followed until about 295 Ma.

Exhumation of the Inzer synclinorium between 290
and 280 Ma was followed by the exhumation of the
Beloretzk Terrane between 270 and 250 Ma. At nearly
the same time, the western part of the Ala-Tau anti-
clinorium slowly exhumed (0.008 mm/year).

Shortly after, the Yamantau anticlinorium exhumed
and reached a stable crustal position at about 240 Ma.
The last main tectonic unit that reached a stable
crustal position at 230 Ma was the Zilair synclino-

rium. The same ages of samples from different tec-
tonic units in the Zilair synclinorium indicate that the
Timirovo thrust sheet, the Zilair nappe and the Uzyan
nappe were exhumed simultaneously. The exhumation
rate of 0.03 mm/year was nearly the same in all main
tectonic units.

Most of the tectonic units kept stable in the crust
until the Neogene. Final denudation of the western
fold-and-thrust belt and exhumation to the present
surface probably began in the Late Tertiary. However,
the exact nature of this exhumation is only poorly
constrained, because the samples were already below
or very close to the lower limit of the PAZ for apatite
fission tracks system.

6.4. Mesozoic regional stress field

In the hanging wall of an unnamed thrust in the
Inzer synclinorium, the apatite fission track system
records an exhumation of the northeastern block
between 210 and 160 Ma that is related to south-
west-directed movement along the unnamed thrust.
This deformation might be related to time-equivalent
deformation known from the eastern slope of the
Urals in the Chelyabinsk—Kartaly fault zone.

During the Upper Jurassic and the Cretaceous,
south-directed movements along W—E trending nor-
mal faults indicate a change in the tectonic regime in
the southern Uralides.
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