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ABSTRACT

The Irtysh shear zone (ISZ) is an important structure in the framework of the Central Asian Orogenic Belt
(CAOB). It represents the site of final collision of Kazakhstan with Siberia during Hercynian times and
records up to 1000 km of lateral displacement during subsequent reorganization in the CAOB edifice.
We present new zircon U/Pb, apatite fission track and fault kinematic data along the ISZ and consequently
derived its tectonic history with emphasis on its formation and reactivation episodes. Carboniferous
(~340-320 Ma) zircon U/Pb ages were obtained for the syn- and post-collisional Kalba-Narym intrusives,
dating their emplacement in the framework of the Siberia-Kazakhstan collision. During this period, the
ISZ experienced an ‘early brittle’ left-lateral, mainly transtensional stress regime. Late Carboniferous-
Early Permian post-collisional intrusives were emplaced and the stress regime changed to a ‘late brittle’
regime, characterized by more compressional conditions, indicating rheological strengthening as a
response to cessation of ductile shearing and cooling of the ISZ crust.

Apatite fission track data and thermal history modeling reveal Late Cretaceous (~100-70 Ma) cooling
of the ISZ basement rocks as a response to denudation of a bordering Late Mesozoic Altai orogen. After
this denudation event, the tectonic activity ceased during the Late Mesozoic-Early Cenozoic. A final step
of cooling (from ~25 Ma), exhibited by some of the thermal history models, may reflect reactivation of
the ISZ and initiation of Cenozoic Altai mountain building. The Late Plio-Pleistocene phase of mountain
building coincides with a new change in the Palaeostress field, characterized by minor transpressional,
right-lateral shear conditions.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction and geological setting

The NW-trending Irtysh shear zone (ISZ) (also known as Ertix or
Erqis fault) represents a major tectonic boundary between the
Siberian and Kazakhstan palaeo-continents in the framework of
the Central Asian Orogenic Belt (CAOB) (e.g. Jahn, 2004) or Altaid
tectonic collage (Sengor et al., 1993). It can be traced for more than
1000 km from NE Kazakhstan to NW China and might extend even
further southwest into Mongolia (Cunningham et al., 1996; Wind-
ley et al., 2002; Briggs et al., 2007) (Figs. 1 and 2). The Siberian and
Kazakhstan continents converged during the Late Palaeozoic
through oblique subduction of the Ob’-Zaysan ocean floor that ex-
isted between them. The Ob’-Zaysan ocean is also known as Char
or Gobi-Zaysan ocean and represents a part of the Palaeo-Asian
Ocean (PAO) (e.g. Buslov et al., 2001; Windley et al., 2007). The
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Hercynian (late Early Carboniferous) closure of this basin provoked
the final amalgamation of the ancestral CAOB (Sengor et al., 1993;
Chikov and Zinoviev, 1996; Buslov et al., 2001, 2004; Vladimirov
et al., 2003, 2008; Khromykh et al., 2011). This collision occurred
along the Char ophiolitic suture-shear zone (CSZ) (Fig. 1) which fol-
lows a parallel NW-trend with respect to the ISZ. The CSZ separates
the Zharma and Chingiz-Tarbagatai island arcs on one hand from
the Rudny-Altai island arc system on the other. These volcanic arcs
mark the active margins of the Kazakhstan and Siberian continents
respectively. The ISZ separates the Rudny-Altai island arc from the
Kalba-Narym fore-arc turbidite complex at the Hercynian active
margin of Siberia (Fig. 1) (Buslov et al., 2001, 2004; Vladimirov
et al., 2003; Khromykh et al., 2011).

During the Late Carboniferous - Permian, the convergence of
Kazakhstan towards Siberia continued and as a consequence, the
peri-Gondwanan terrane of Altai-Mongolia was transferred along
the edge of Siberia towards the present day Rudny Altai (Fig. 1).
The accompanying tectonic forces of oblique subduction
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Fig. 1. Left panel: Overview of the composing tectonic terranes of the Altai territory and adjacent regions. ISZ = Irtysh shear zone, CTUSs = Charysh Terekta Ulagan Sayan

suture, J. = Junggar basin. The Gorny Altai, Rudny Altai and Kalba Narym tectonic units

represent island-arc systems and accretionary complexes at the southern margin of the

Siberian continent. The Chingiz-Tarbagatai and Zharma-Saur terranes are active margin units of the Kazakhstan continent (after Buslov et al. (2001, 2004). Right panel:

Schematic SW-NE profiles showing the geodynamic setting of the Altai during the

Late Palaeozoic. The Rudny-Altai island arc (IA) and Kalba-Narym fore-arc turbidite

complex formed during oblique subduction of the Ob’-Zaysan ocean floor under the Siberian margin. In the Late Carboniferous - Permian, the collision of Siberia and
Kazakhstan was completed, initiating strike-slip displacements in the ISZ and other parallel shear zones. See text for more details.
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Fig. 2. Simplified geological map of the study area along the Irtysh shear zone. Note that geographical North is at an angle relative to the figure’s top. Intrusive complexes are
indicated and colour-coded with respect to their inferred emplacement age (based on Vladimirov et al. (2008), Wang et al. (2009) and Chen et al. (2010)). Sample locations for
this study are shown by yellow stars on the map. Sample locations from a published apatite fission track study in the Chinese Altai are indicated by green stars (Yuan et al.,

2006).

(Ob’-Zaysan) in the West and collision (Altai-Mongolia) in the East
(present-day co-ordinates) initiated coeval strike-slip movement
along the ISZ and CSZ. Multi-mineral “°Ar/*°Ar ages record two ma-
jor stages of left-lateral deformation in the ISZ at ~285-270 Ma
and ~270-260 Ma (Travin et al., 2001). It is thought that both
the ISZ and CSZ accommodated more than 1000 km sinistral
strike-slip displacement during this period of time (Melnikov
et al., 1997; Burtman et al., 1998; Buslov et al., 2004; Vladimirov
et al., 2008). The Rudny-Altai granitoids (NE of the ISZ) mainly have
Devonian - Early Carboniferous crystallization ages (Fig. 2). They
were emplaced during subduction and closure of the Ob’-Zaisan

ocean and the collision of Siberia with Kazakhstan and Junggar.
South of the ISZ, in the Kalba-Narym terrane, granitoids yield
younger, Late Carboniferous - Permian ages, coinciding with the
timing of major displacement along the ISZ (Fig. 2). Hence, the Kal-
ba-Narym intrusions are thought to be emplaced in a post-colli-
sional setting associated with ISZ activity (Vladimirov et al.,
2001, 2008). The granitoids associated with the ISZ are deformed
and show a ductile mylonitic fabric, indicating that the ISZ re-
mained active after their emplacement (Chikov and Zinoviev,
1996; Melnikov et al., 1997; Buslov et al., 2004; Pirajno, 2010).
Early Mesozoic (Triassic-Jurassic) granitoids are found at both
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sides of the ISZ (Fig. 2) and were emplaced in an intra-plate setting,
possibly related to the supposed Tarim plume activity (Vladimirov
et al.,, 2001; Chikov et al., 2008; Pirajno, 2010).

The present mountainous morphology of the Altai is thought to
have formed during reactivation of inherited structures such as
Late Palaeozoic faults, of which the ISZ is a prime example (Allen
and Vincent, 1997; Yuan et al., 2006; Briggs et al., 2007; Buslov,
2011). As a response to ongoing left-lateral displacements during
the Late Permian-Early Triassic, the Junggar basin opened as a
large intracontinental pull-apart basin along the southern edge of
the ISZ (Allen et al,, 1995). The Zaysan basin in fact forms the
northwestern part of the Junggar basin at the Kazakh-Chinese bor-
der (Figs. 1 and 2) and received up to 6 km of Mesozoic and Ceno-
zoic clastic sediments, derived from the adjacent eroding Altai
orogen (Thomas et al., 2002). Sedimentation in the Zaysan basin
was almost continuous from the Triassic until the Early Neogene,
with a major interruption between the Middle Jurassic and the Late
Cretaceous (Delvaux et al., 1996). During the Late Neogene (Plio-
Pleistocene), tectonic activity increased, giving rise to the Cenozoic
Altai orogen as it appears today. This renewed reactivation phase is
generally interpreted as a far-field effect of the India-Eurasia colli-
sion (De Grave and Van den haute, 2002; De Grave et al., 2007).

Although the general geodynamic evolution of the ISZ and its
bordering terranes is known, absolute radiometric age information
on these tectonic episodes is limited and the fault kinematics of the
ISZ are poorly understood. A comprehensive zircon U/Pb dataset
exists for both the Kazakh and Chinese segments of the ISZ (e.g.
Vladimirov et al., 2001, 2008; Wang et al., 2009 and references
therein; Chen et al., 2010), but such data are lacking for the grani-
toids in the intervening border zone. Furthermore, thermochrono-
logical studies, which date basement cooling as a response to
various tectonic events (e.g. Reiners and Ehlers, 2005), were per-
formed exclusively along the Chinese ISZ segment (Yuan et al.,
2006, 2009) and are non-existent for the Kazakh part (Fig. 2). In
this work, we present new zircon U/Pb and thermochronological
(apatite fission track) data along the Kazakh ISZ, in order to en-
hance our understanding of the tectonic evolution of this key-re-
gion within the CAOB. In addition, the ISZ fault kinematics were
investigated based on palaeostress tensor inversion with special
attention to the timing of tectonic movements. Combining all these
data and with additional support of existing “°Ar/>°Ar ages, we are
now able to reconstruct the thermotectonic history of the ISZ from
the time of its formation until its final reactivation, creating the
present NE Kazakh Rudny-Altai mountains.

2. Sample locations and methodology
2.1. Zircon LA-IC-MS U/Pb dating

Two granitic intrusions in the Kalba-Narym terrane were sam-
pled for zircon U/Pb (ZUPb) analysis. Sample KZ-23 comes from
the main Kalba-Narym batholith at the shores of the Buktharma
artificial lake (a branch of Lake Zaysan), while KZ-36 was sampled
in a small granitic pluton from the Kaldjir plateau, close to the Ka-
zakh-Chinese border (Table 1, Fig. 2). Zircon separates were embed-
ded and polished for LA-ICP-(SF)-MS (Laser Ablation-Inductively
Coupled Plasma-(Sector Field)-Mass Spectrometry) U/Pb (ZUPb)

dating. Using this technique, the zircon crystallization ages (clo-
sure-T ~800-1000 °C) of the sampled intrusives were determined
in order to constrain the timing of pluton emplacement (Cherniak
and Watson, 2003). The U/Pb analyses were carried out at the LA-
ICP-(SF)-MS facility of the Department of Analytical Chemistry at
Ghent University, using identical analytical procedures as those de-
scribed in Glorie et al. (2011b) and De Grave et al. (2011). The inter-
nal structure of the zircon crystals was investigated and mapped by
cathodoluminescence (CL) imaging, using a JEOL JSM-6400 SEM
(Scanning Electron Microscope). Reference zircon GJ-1 (Jackson
et al,, 2004) was used as primary standard and PleSovice zircon
(Slama et al., 2008) for validation purposes (Glorie et al., 2011b).
Data reduction was performed using the PepiAGE-software (Dunkl
etal.,2009)and the age results were plotted on a Wetherill concordia
diagram using the Isoplot program (Ludwig, 2003).

2.2. Apatite fission track thermochronology

In order to reconstruct the post-emplacement thermal history,
four basement apatite samples were analyzed using the apatite fis-
sion track (AFT) method (Wagner and Van den haute, 1992). The
resulting AFT ages are cooling ages that can be linked to move-
ments in the upper crust corresponding to exhumation and denu-
dation of the sampled intrusions (e.g. De Grave and Van den haute,
2002; Glorie et al., 2010; De Grave et al., 2011; Jolivet et al., 2011).
In this study, we followed the analytical procedures described by
De Grave et al. (2011) and Glorie et al. (2011a). KZ-06 and KZ-18
were sampled in sheared granitoids along the ISZ (Table 1,
Fig. 2). KZ-23 and KZ-36 come from the Kalba-Narym batholith
and as mentioned were also analyzed with the ZUPb dating meth-
od. Spontaneous fission tracks in apatite were etched with a 2.5%
HNOs solution for 70 s at 25 °C, induced tracks in mica with 40%
HF for 40 min at 20 °C. Irradiation was carried out in the Belgian
Reactor 1 (BR1) facility of the Belgian Nuclear Research Centre in
Mol (channel X26), with a thermal neutron fluence of
2.17 x 10" cm 2. Both Q-ages (based on the calculated absolute
thermal neutron fluence) and conventional ¢{-ages (calibration fac-
tor based on IRMM 540 dosimeter glass) were calculated.

AFT lengths were measured on horizontal confined fission
tracks using an identical experimental setup as described in Glorie
et al. (2010). Where possible 100 natural confined tracks were
measured to construct an AFT length-frequency distribution, a
number that was not always attained. Subsequent AFT thermal his-
tory modeling was carried out using the HeFTy software (Ketcham,
2005) using identical settings as in Glorie et al. (2010) and Glorie
et al. (2011a). One time-Temperature (tT)-constraint was intro-
duced, reflecting the apparent AFT age of the sample. More geolog-
ical constraints were not available to aid the modeling process. Dy,
(Donelick et al., 1999) values were found to be identical to the ob-
tained values for Durango apatite (~1.5-1.9 um) in our laboratory
conditions and therefore a fixed I, parameter of 15.95 pm was used
for the initial AFT length (Glorie et al., 2010, 2011a).

2.3. Stress inversion of fault-slip data
Fault-slip measurements were performed in several sites along

the ISZ to reconstruct Palaeostress tensors with the program
Win_Tensor (Delvaux, 2011). The same procedure was used as

Table 1

List of sample locations along the ISZ.
Sample Latitude Longitude Alt. (m) Locality Lithology
KZ-06 N49°53'29" E082°37'49” 340 Irtysh SZ, near Ust’-Kamenogorsk Granite-gneiss
Kz-18 N49°06'22" E084°33'34” 1500 Irtysh SZ, near Kok-Terek village Granodiorite
KZ-23 N49°14'29" E084°08'30” 580 Kalba-Narym, near lake Bukhtarma Granite
KZz-36 N48°16'26" E085°01'18” 1100 Kaldjir plateau Granite
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described by Delvaux and Sperner (2003). Stress inversion allows
to reconstruct the four main parameters of the reduced tectonic
stress tensor (Wallace, 1951; Bott, 1959; Angelier, 1989, 1994):
the orientation of the three orthogonal principal stress axes: o,
g, and o3 (with g1 > g, > ¢3) and the stress ratio R= (g, — 03)/
(o1 — g3) which expresses the magnitude of g, relative to ¢; and
a3. These four parameters were determined using an iterative rota-
tional stress tensor optimalization procedure, which jointly mini-
mizes the slip deviation between the observed slip lines and the
resolved shear stress. It furthermore favours slip on the fault
planes by minimizing the resolved normal stress magnitude and
maximizing the resolved shear stress magnitude. Using the four
parameters of the reduced stress tensor, the horizontal principal
stress Symax/SHmin Was computed following the method of Lund
and Townend (2007) and a stress regime index R’ was determined.
The latter forms a continuous scale from 0 (radial extension) to 3
(constriction) and ranges from 0 to 1 for normal faulting regimes,
from 1 to 2 for strike-slip regimes and from 2 to 3 for thrust fault-
ing regimes (Delvaux et al., 1997; Delvaux and Sperner, 2003). The
uncertainties in the determination of the stress axes and stress ra-
tio R were used to determine the 10 standard deviation for Symax/
SHmin and R'.

3. Results
3.1. Zircon LA-ICP-MS U/Pb dating

The obtained ZUPb data are summarized in Table 2, listing the
results for each analyzed zircon crystal (excluding common-Pb

polluted analyses; <10% for both samples). Concordia plots are pre-
sented in Fig. 3 and the resulting ZUPb ages are compared with
published data in Fig. 4 (discussed further in Section 4.1). Sample
KZ-36 yields within error identical (common Pb-corrected)
206ph238y and 2°7Pb/?33U results for all analyzed grains, defining
a U/Pb concordia age of 338 + 5 Ma (Fig. 3). This Early Carbonifer-
ous (Visean) age is interpreted to represent the time of crystalliza-
tion of the Kaldjir granitoids at the northern margins of the Zaysan
basin. For sample KZ-23, 2°5Pb/238U and 2°’Pb/?3°U ages range from
~300 to 1125 Ma, defining a discordia line in the Wetherill concor-
dia diagram. This discordia exhibits an upper intercept of
1187 + 83 Ma and lower intercept of 310 + 36 Ma with the concor-
dia curve. Ten out of seventeen analyses cluster around the lower
intercept, defining a concordia age of 320 + 5 Ma (Fig. 3). This late
Early Carboniferous (Serpukhovian-Bashkirian transition) age is
interpreted to represent the time of the emplacement of the Kal-
ba-Narym intrusion. The older, Meso-Proterozoic ages probably
represent partially retained inherited ZUPb ages (discussed
further).

3.2. Apatite fission track dating and thermal history models

AFT results are presented in Table 3. For all samples, within er-
ror identical Late Cretaceous {- and Q-AFT ages were obtained. The
oldest ages fall at the boundary between the Early and Late Creta-
ceous. Interestingly, samples KZ-06 (87 + 6 Ma) and especially KZ-
18 (71 £ 4 Ma) from within the ISZ yield a slightly younger AFT age
than the samples from the bordering Kalba-Narym intrusions (KZ-
23 and KZ-36). The latter samples yield AFT ages of 95 + 5 Ma and

Table 2
Zircon LA-ICP-MS U/Pb (ZUPb) results.
207ppa (P pPbP Th®  2%php  205ppc  +2g5  207pb¢ 425 297Pb®  +2¢  rho? 2%Pb®  +2¢  207Pb® +2¢  Conf
n°  (cps) (ppm) (ppm) U 204pp 238y (%) (%) *%Pb (%) B8y (Ma) U (Ma)
Kz-23 1 6919 370 41 0.79 700 0.1109 838 1.0920 9.6 0.0714 39 092 678 57 749 52 111
2 2007 213 14 0.60 1189 0.0610 2.9 0.4706 46 0.0559 3.6 063 382 11 392 15 103
3 24,469 972 122 0.04 18,809 0.1339 54 1.3034 56 0.0679 23 0.96 810 41 847 33 105
4 4664 601 32 0.75 1692 0.0517 6.6 04224 10.1 0.0593 7.6 0.65 325 21 358 31 110
5 16,863 995 83 0.78 1562 0.0833 8.6 0.8480 109 0.0739 6.7 0.79 515 43 624 52 121
6 7707 1037 58 0.66 2776  0.0507 2.3 0.3813 3.6 0.0546 2.7 0.66 319 7 328 10 103
7 812 96 5 0.53 197 0.0525 4.2 0.4173 94 0.0576 84 045 330 14 354 29 107
8 3358 305 25 0.81 11913 0.0736 4.6 0.6376 5.1 0.0559 34 0.90 458 20 501 20 109
9 14,571 368 76 0.68 1131 0.1827 6.3 2.0229 94 0.0843 64 067 1082 63 1123 66 104
10 12,660 1536 86 0.13 74,402 0.0583 4.7 0.4612 56 0.0574 3.1 0.84 365 17 385 18 105
11 756 102 5 0.37 310 0.0503 3.9 0.3890 10.0 0.0561 9.2 039 316 12 334 29 105
12 1134 162 9 0.34 1500 0.0548 9.2 0.3941 13.1 0.0522 93 0.71 344 31 337 38 98
13 456 71 4 0.49 351 0.0501 3.1 03515 11.1  0.0509 10.7 0.27 315 9 306 30 97
14 836 116 6 0.42 224  0.0522 35 0.3853 9.7 0.0536 9.0 037 328 11 331 28 101
15 586 81 4 0.42 250 0.0482 43 03997 113 0.0601 10.5 0.38 304 13 341 33 112
16 775 118 6 0.56 521 0.0503 29 0.3555 7.1 0.0513 6.5 041 316 9 309 19 98
17 1148 169 10 0.67 335 0.0525 3.2 0.3764 7.9 0.0520 72 041 330 10 324 22 98
KZ-36 1 1730 189 11 0.37 3987 0.0547 3.1 0.3975 84 0.0527 7.8 037 343 11 340 25 99
2 1553 166 9 0.34 2416 0.0523 3.5 0.4082 9.2 0.0566 8.5 038 329 11 348 28 106
3 2963 345 18 0.27 53,761 0.0540 6.1 0.4268 109 0.0573 9.0 0.56 339 20 361 34 106
4 3670 420 25 0.51 865 0.0565 4.4 0.4320 6.7 0.0554 5.0 0.66 355 15 365 21 103
5 4156 486 28 0.59 1131 0.0545 32 0.3904 4.8 0.0520 35 0.67 342 11 335 14 98
6 10,545 1330 73 0.36 9832 0.0536 5.6 0.4014 7.1 0.0543 44 0.79 337 18 343 21 102
7 4837 580 34 0.46 2402 0.0564 3.5 0.4060 4.7  0.0522 32 074 354 12 346 14 98
8 3320 391 23 0.49 6241 0.0555 29 0.4045 4.5 0.0529 35 0.63 348 10 345 13 99
9 4706 584 30 0.37 1339 0.0515 3.0 0.3851 53 0.0542 43 057 324 10 331 15 102
10 9113 1149 64 0.47 6174 0.0536 3.7 0.3941 5.1 0.0534 35 073 336 12 337 15 100
11 910 116 6 0.32 435 0.0523 33 0.3754 93 0.0520 87 035 329 10 324 26 98
12 984 120 6 0.27 654 0.0532 3.1 0.4085 7.2  0.0557 6.5 043 334 10 348 21 104
@ Within-run, background-corrected mean 2°’Pb signal.
b U and Pb content and Th/U ratio were calculated relative to the GJ-1 zircon standard.
¢ Corrected for: background, within-run Pb/U fractionation (2°°Pb/?*8U), common Pb and normalised to GJ-1 reference standard.
4 Rho is the error correlation defined as err?°Pb/?*8U/err?%’Pb/?*>U.
e

" U/Pb ages were calculated with Isoplot (Ludwig, 2003).
 Degree of concordance = age?°°Pb/?33U/age?°’Pb/?°°Pb x 100.
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in the Kazakh Altai (Vladimirov et al., 2001; Kuibida et al., 2009; Dokukina et al., 2010; Pirajno, 2010), squares to ZUPb studies in the Chinese Altai (Yuan et al., 2007; Wang
et al., 2009; Chen et al., 2010 and references therein).

Table 3
Apatite fission track (AFT) results.

Sample n*  p,(+lo) N pi (10)° N pd (t16)° Ng pslpi PO (0 H(Q)* I nf a'

Apatite fission track (AFT) results

Kz-06 60 2.431 (0.096) 636 1.546 (0.076) 409 4.272( ) 1640 1.589+0.101 1.00 874+6.0 87661 - - -
Kz-18 25 12.846(0.374) 1183 10.050 (0.332) 918 4.269(0.105) 1639 1.299+0.057 0.61 714+37 716+37 134 76 1.1
Kz-23 30 13.128 (0.276) 2263 7.647 (0.211) 1318 4.268 ( ) 1639 1.722+0.060 0.98 945+42 947+42 135 100 1.3
Kz-36 40 5.800 (0.162) 1276 3.248 (0.121) 716 4.265 ( ) 1638 1.813+0.085 0.99 994+54 996+54 134 100 14

¢ n is the number of analyzed grains.

b ps, pi, and pq are the density of spontaneous, induced tracks and induced tracks in an external detector (ED) irradiated against a dosimeter glass (IRMM-540).ps, p; and pq
are expressed as 10° tracks/cm?.

€ Ns, N;, and Ny are the number of counted spontaneous, induced tracks and induced tracks in the ED (Ny is an interpolated value).

4 P(?) is the chi-squared probability that the dated grains have a constant p/p;-ratio.

€ t(¢) and t(Q) give the resulting ages, expressed in Ma.

f AFT length data are reported as a mean track length (I,,) with standard deviation ¢ (in um), obtained from the measurement of a number (n;) of natural, horizontal
confined tracks. See text for more details.
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Fig. 5. Resulting thermal history models based on the AFT (apatite fission track) age and length data. Time-temperature box constraints were placed at the AFT age only. AFT
length frequency distributions are shown in each plot: I, = the mean AFT length with its 1¢ standard deviation, n;= number of measured horizontal confined tracks. The
models for samples KZ-23 and KZ-36 record fast cooling at ~110-95 Ma to ~80-60 °C, followed by slow cooling from ~100-85 Ma to ambient temperatures. The thermal
history model for KZ-18 exhibits a 3-step cooling curve, with fast cooling at ~85-75 Ma to ~60 °C, followed by slow cooling until ~40 °C and apparent increased cooling from

~25 Ma onwards.

100 £ 4 Ma, respectively (Table 3). For three samples, a sufficient
number of confined fission tracks could be measured to obtain rel-
evant AFT length frequency distributions. These distributions exhi-
bit a mean track length of 13.4-13.5 pm, are relatively narrow
(0 =1.1-1.4 um) and slightly negatively skewed (Fig. 5).

Subsequent modeling of the AFT data reveals a similar thermal
history model for samples KZ-23 and KZ-36, showing (1) fast cool-
ing at ~110-95 Ma to ~80-60 °C followed by (2) slow cooling from
~100-85 Ma to ambient temperatures. The thermal history model
for KZ-18 exhibits a slightly different, 3-step cooling curve, with (1)
fast cooling at ~85-75 Ma to ~60 °C followed by (2) slow cooling
until ~40 °C and (3) a final phase of fast cooling from ~25 Ma on-
wards (Fig. 5).

3.3. Fault kinematics and stress inversion results

The ductile and brittle kinematic data have been measured at
11 sites or site-groups near Ust-Kamenogorsk (sites KZ-01-10 in
the ISZ and KZ-11 in the Kalba-Narym granitoids), around the Buk-
htarma artifical lake (sites KZ-13-16 and KZ-21-22 in the Kalba-
Narym granitoids) and in the Narym range (sites KZ-17-20 in Rud-
ny-Altai island arc associated rocks) (Table 4, Fig. 6). The ductile
shear fabric of the ISZ is characterized by a WNW-trending subver-
tical mylonitic foliation, including subhorizontal mineral lineations
and sheath fold axes. Furthermore, consistent indicators for left-
lateral displacement were recognized (Figs. 7 and 8). The Bukhtar-
ma granitoids are often massive, but may contain subvertical tec-
tonic and/or magmatic NW-trending foliation (Fig. 7, KZ-13-23).
Mylonitic foliation with shear sense indicators are not observed
along the shore of the artificial lake, but it may be present along
the central part of the shear zone.

Most of the brittle fault-slip data seem to be related to the ISZ,
and are attributed to the brittle-ductile transition zone or later
movements. The brittle faults that affect the ductile fabric of the
ISZ are related to later brittle movements that crosscut the mylon-
itic foliation obliquely (Sites KZ-01-09). The Kalba-Narym grani-
toids contain numerous and well-expressed fracture planes, often
affected by chlorite-epidote alteration. They can occur as large con-
jugated fracture systems (Sites KZ-11, -13, -14), or in tectonic brec-
cias which are cemented by quartz and chlorite-epidote (Sites KZ-
21-22). In the Narym range and in two sites along the Bukhtarma
lake (Sites KZ-14, 21) (Fig. 6), faults with a markedly different as-
pect of unconsolidated breccias were detected, which were in
some cases coated with iron oxide. These faults reflect a younger

right-lateral reactivation of the ISZ along the Bukhtarma lake,
and correspond to thrust movements in the Narym range.

The stress tensors were separated into three palaeostress stages
(Figs. 7 and 8), based on the field settings, crosscutting relation-
ships and fault-rock characteristics as summarized above. The first
stage (four tensors, 86 fractures, 49 slip lines) corresponds to an
average E-W Synmax in a strike-slip regime (R’ = 1.4), with three ten-
sors showing transtension and one transpression. The second stage
(eight stress tensors, 154 fractures, 125 slip lines) exhibits a ENE-
WSW Sumax in an average strike-slip to transpressional context
(R =1.73) with individual transtensional to pure compressional
stress regimes. The third stage yields a more compressional (aver-
age R =2.03) signature with a nearly N-S Symax.

4. Interpretation and discussion

4.1. Ob’-Zaysan closure and Irtysh shear zone formation: Late
Palaeozoic granitoids

A compilation of published zircon U/Pb ages for intrusives in the
terranes bordering the ISZ (in both the Kazakh and Chinese seg-
ments) is presented in Fig. 4. Ob’-Zaysan subduction related intru-
sives are found in the NE of the ISZ (in the Rudny Altai and
southern Altai-Mongolia terrane), yielding Devonian - Early Car-
boniferous emplacement ages (~410-330 Ma) with the oldest in
the East (in the Chinese segment) (Vladimirov et al., 2001; Wang
et al., 2009 and references therein). This observation is in agree-
ment with the oblique subduction model of Ob’-Zaysan oceanic
crust under the Kazakhstan continent from the SE to the NW (pres-
ent-day co-ordintates) (e.g. Buslov et al., 2001; Yuan et al., 2007;
Vladimirov et al., 2008). South of the ISZ, the intrusives in the Kal-
ba-Narym terrane and in the Chinese Saur mountains have consis-
tent Late Carboniferous—Early Permian ages (~330-275 Ma) and
are interpreted as post-collisional plutons (Vladimirov et al.,
2001; Chen et al., 2010 and references therein). Our ZUPb samples
were taken in the Kalba Narym terrane and yield emplacement
ages of ~338 Ma and ~320 Ma. These late Early Carboniferous ages
are not unexpected, given their location close to the junction zone
between the magmatic domains north and south of the ISZ. There-
fore we interpret our ZUPb results in the context of the final colli-
sion of Siberia and Kazakhstan. As mentioned earlier, the initiation
of ISZ shear is dated to the Late Palaeozoic (~285-260 Ma) by mul-
ti-mineral “°Ar/*°Ar data (Travin et al., 2001).
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Table 4

Stress inversion results. N: number of fault and fracture data used for the stress tensor calculation, Nt: total number of measured data in the original set, a4, g5, g3: stress axis (pl: plunge angle, az: azimuth), R: stress ratio (g, — ag3)/

(o1 — a3), Sk: horizontal principal stress directions with Symax for compression, Symin for extension and 1o standard deviation. Stress Regime with stress regime index R’ (0-1 for normal faulting, 1-2 for strike-slip faulting and 2-3 for
thrust-faulting regimes), 1o standard deviation for R’ and regime qualification as in the World Stress Map (UF: oblique faulting, SS: strike-slip, TF: thrust faulting), QR: quality rank estimation according to the World Stress Map (A:

excellent, B: good, C: medium, D: poor).

Qual.
Reg QR

Regime
R

Sh

g1 () g3

Data

Fault-rock

Location

Site ID
Ref.

1o

Min 1o
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pl az pl az pl az
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Host rock Structure

Name

Lat
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051

218 07 320 035

30 054 59

29

Faults and fractures
Mylonitic foliation

Brittle faults

Granitic gneiss
lense in ISZ

82.264 50.254 Ust-Kamenogorsk

Kz-09

SS

1.18 0.45
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076
1
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B
B
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1.78 0.28
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Brittle faults

D
C
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10 064 49 322

8
14
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KZ-16
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94 233
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06
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C
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090
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The origin of the older zircons in sample KZ-23, at the junction
zone between the Kazakhstan and Siberian active margin terranes,
is debatable. Their lower intercept age coincides with the concor-
dant age for the other zircons, suggesting that the inherited zircons
were partially reset during the Kalba-Narym granitoid magma
generation. Given the observation that the inherited zircons define
a single Meso-Proterozoic upper intercept with the concordia
curve, we argue that this upper intercept age may represent the
original age of an igneous protolith. An alternative theory could
be that the older zircons represent exotic zircons which were
incorporated in the granitoid magma during its ascent in the crust.
It is however less likely that the (metasedimentary) country rock
zircons yield a homogeneous U/Pb age population. Additional pet-
rological and/or geochemical data are however necessary to deter-
mine more precisely the origin of the older zircons.

Meso-Proterozoic ages were found at the Altai-Mongolia mar-
gin in the Charysh-Terekta-Ulagan-Sayan suture-shear zone
(CTUSs; Fig. 1) and are thought to be related to ancient events in
the context of the Palaeo-Kazakhstan assembly (Glorie et al.,
2011b). They also appear in other microcontinental terranes within
the Palaeo-Kazakhstan edifice: e.g. the Tuva-Mongolia and South-
ern Gobi microcontinents (Kozakov et al., 1999; Demoux et al.,
2009). North of the CTUSs, in Gorny Altai, no Meso-Proterozoic
ages are found at all (Glorie et al., 2011b), which indicates that
the older zircons are probably related to the Kazakhstan continent,
rather than to the Siberian continent.

Vladimirov et al. (2001, 2008) discussed four intrusion phases
in the Kalba-Narym batholith with ZUPb ages of 307-299 Ma for
the Kunush plagiogranite complex, 295-274 Ma for the Early Kalba
complex, 253-245 Ma for the Late Kalba complex and 231-225 Ma
for the Monastyr complex. Our results for sample KZ-23 (~320 Ma)
indicate that Kalba—-Narym magmatism may have started already
earlier. The youngest Late Permian-Early Mesozoic crystallization
ages occur throughout the entire study area and are also found fur-
ther north in Gorny Altai and in the basement underneath the West
Siberian basin (Vladimirov et al., 2001; Wang et al., 2009; Pirajno,
2010; Glorie et al., 2011b). These emplacement ages are inter-
preted to reflect intraplate magmatism, possibly related to the
Siberian and/or Tarim plume activity (e.g. Vladimirov et al.,
2008; Pirajno, 2010). This plume activity hypothesis however re-
mains controversial. Alternatively, a model of slab break-off was
proposed for the origin of the Late Permian - Triassic granitoids,
suggesting that they are derived from mantle wedges that were
metasomatised by earlier subducting crust and magmatic arcs in
the CAOB framework (e.g. Yuan et al., 2010; Glorie et al., 2011b).

4.2. Meso-Cenozoic reactivation

The Late Cretaceous AFT cooling ages, obtained in this study
confirm earlier reported results in the Altai territory (De Grave
and Van den haute, 2002; Yuan et al., 2006; Jolivet et al., 2007;
Vassallo et al., 2007; De Grave et al., 2008, 2009). While Yuan
et al. (2006) published ~30 AFT ages for the Chinese Altai, just
North of the ISZ (Fig. 2), we report the first AFT data obtained for
the Kazakh (Rudny) Altai. Our AFT ages range between ~100 and
70 Ma, which corroborates the Chinese Altai AFT data very well.
The thermal history models show that these ages do not represent
mixing ages between younger and older events, but give evidence
of an episode of fast cooling in the (early) Late Cretaceous. We
interpret this cooling event as the result of increased uplift and
denudation of a Mesozoic Altai orogen. Various signs of Cretaceous
regional compression and fault reactivation in the Junggar basin
bear witness to tectonic deformation of the Cental Asian crust at
that time (Allen and Vincent, 1997; Vincent and Allen, 2001; Chi-
kov et al., 2008). The AFT signal also coincides with a major strati-
graphic hiatus between the Middle Jurassic and the Late
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Fig. 6. Digital terrain model with indication of our obtained stress tensor data along the ISZ. Map key as in Fig. 4 and stress tensor diagrams as in Fig. 7 (oriented according to

the inclined geographical north on the map).

Cretaceous strata in the Zaysan basin (Delvaux et al., 1996). The
driving forces that established this deformation regime are not
well understood. Closure of the Mongol-Okhotsk ocean and the
ensuing Mongol-Okhotsk orogeny (~140-110Ma) (Kravchinsky
et al., 2002; Cogné et al., 2005) to the East of our study area may
have reactivated old fault systems and consequently induced
Mesozoic intracontinental deformation in the Altai crust (Novikov,
2002; De Grave et al., 2009). Alternatively, the Cretaceous defor-
mation in Altai can be a far-field response to Cimmerian collisions
at the Mesozoic southern Eurasian margin (De Grave et al., 2007).

The thermal history models show that cooling slowed down
from about ~90 Ma onwards in the Kalba-Narym terrane (Fig. 5).
The ensuing slow cooling of basement rocks corresponds to a Late
Mesozoic-Early Cenozoic period of tectonic quiescence and pene-
planation in large swaths of the entire CAOB (Dobretsov et al.,
1996; Cunningham, 2001). During this time, the intrusives re-
mained approximately at the depth that they had reached after
Mesozoic denudation or they slowly cooled further to ambient
temperatures at their outcrop position.

The thermal history model for sample KZ-18 seems to exhibit a
third, subsequent Neogene fast cooling step (from ~25 Ma on-
wards). Although the significance of this accelerated cooling step
is debatable (Ketcham et al., 1999), it is not observed in other ther-
mal history models and might indicate a renewed period of reacti-
vation along the ISZ. Cenozoic Altai uplift is first recorded in the
Eocene (South Altai phase, 40-35Ma) with increased tectonic
activity in the middle Oligocene (Narym phase, 30-25 Ma) and in
the late Miocene-Pliocene (Tarbagatai phase, 6-4 Ma) as a re-
sponse to subsidence of the Zaysan basin (Borisov, 1963; Zykin,
1996). In the intramontane basins of the Mongolian Altai, an Oligo-
cene unconformity marks the onset of deformation (Cunningham,
2001). In the Northern Junggar basin, accelerated subsidence and
sediment accumulation is recorded during the Eocene-Oligocene
and from the Pleistocene onwards (Chen et al., 2011). These obser-
vations testify that a Late Cenozoic Altai orogen was initially built
during the Oligocene, which corresponds to the timing of the in-
crease in cooling rate, exhibited by the thermal history model for
sample KZ-18. As mentioned earlier (sample descriptions), samples
KZ-06 and KZ-18 were taken from clearly sheared granites along
the ISZ, while sample KZ-23 and KZ-36 were sampled in the

Kalba-Narym batholith, further south of the shear zone, where
no shear textures were observed. This observation might explain
why only the model for sample KZ-18 exhibits increased cooling
in the Late Cenozoic. Hence, the cooling signal might be a result
of differential movements during a Late Cenozoic period of inten-
sified shear.

The driving forces that triggered the Cenozoic NW-migration of
the Junggar microplate and the subsequent subsidence of the Jung-
gar basin are again open to debate but they can be related to India-
Eurasia convergence at the southern Eurasian margin (De Grave
et al., 2007) and block reorganization within the CAOB edifice.

4.3. Fault kinematics and tectonic stress reconstructions

The obtained stress inversion results constrain a three-step
kinematic evolution for the ISZ fault (Figs. 7 and 8). The ductile fab-
ric of the ISZ is indicative of a marked crustal-scale subvertical het-
erogeneity, with an ENE-WSW orientation. The first brittle
palaeostress stage is observed in granitoids associated with the
ISZ in the form of fault planes and tectonic breccias which are often
affected by chlorite-epidote metasomatism. This specific type of
fault-rock interaction is known to develop as a result of intense
brittle shearing, brecciation, high fluid flow and water-rock hydro-
thermal alteration at temperatures between ~200 and ~400 °C
(Axen, 1992; Tomita et al., 2002). These brittle stage structures
can be related to detachment faulting connected to deeper mylon-
itic zones (Axen, 1992). They can also appear as exhumed seismo-
genic zones (Fujimoto et al., 2002) or even occur in fossil oceanic
high-temperature fault-hosted hydrothermal vents (Barker et al.,
2010). In this case, we favour the hypothesis that the ‘early brittle’
stage reflects deep brittle conditions in the granitoids that may
even be contemporaneous with the ductile shear displacements
along the ISZ itself.

Fractures associated with the ‘late brittle’ stage are well pre-
served in the Kalba-Narym granitoids and also affect the ductile
fabric of the ISZ. We propose that these were produced by a similar
type of stress field as those related to the early brittle stage. The
Sumax orientation for the late brittle stage is however rotated anti-
clockwise to an orthogonal direction relative to the fabric of the ISZ
and indicates a slightly more compressional regime. This could cor-
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respond to late transcurrent displacements along the ISZ, after the
cessation of ductile shearing. The reorientation of the Syma.x tensor
at a higher angle to the ISZ and the change towards a more com-
pressional regime probably reflects rheological strengthening.
The resulting more rigid lithosphere along the ISZ is not surprising,
given the cessation of ductile shearing, intensive granitoid
emplacement and subsequent cooling of the crust at that time.
As shown in an extensional context by Morley (2010), Symax trajec-
tories effectively tend to deflect towards parallelism with a rela-
tively weak vertical rock body and they align perpendicular to
zones of relatively rigid material. For continental transforms at
their early stage of evolution, displacement is commonly distrib-
uted over a wide zone (Platt et al., 2008). In the case of the Irtysh
shear zone, the large size of the central ductile shear zone and its
close association with the granitoids bears witness that if formed
within a locally hot crust.

In a later stage, the crust cooled down and deformation became
more brittle, focusing on narrow zones that were kept weak due to
the presence of fluids. The frequent observation of chlorite-epidote
metasomatism along the brittle fault planes, the presence of large
base-metal mineralized bodies along the Irtysh shear zone and the
widespread magmatic intrusions are clear indicators for high fluid
flow in the principal displacement zone. Hence, as for the present-
day lithospheric stress along the San-Andreas fault system (Zoback
et al., 1987), the horizontal principal compression could have been
re-oriented at a high-angle to fault zones that are characterized by
very low shear strength. This could explain the apparent anticlock-
wise rotation of the Sy,ax Orientations with time, at the vicinity of

the shear zone (near-field stress). In addition, a change in regional
far-field stress as a response to a slightly more convergent relative
movement between the two fault planes could have happened.
This can however not be demonstrated with the data presented
here.

The final brittle stage that was observed postdates ISZ related
displacements and is compatible with the main (Late Plio-Pleisto-
cene) phase of mountain building in the Altai (De Grave et al.,
2009; Chen et al., 2011). The faults observed in the Narym range
correspond to Late Cenozoic northward thrusting along the south-
ern Altai belt. Along the ISZ however, a discrete and focused dextral
strike-slip reactivation was observed which took place under shal-
low brittle conditions (unconsolidated breccias, iron-oxide coat-
ing). The transpressional regime and NNW-SSE to N-S direction
of Symax correspond to existing palaeostress results for the Chuya
depression (Delvaux et al., 1995) and Lake Teletskoye (Dehandsch-
utter et al., 2002) further north in the Siberian Altai.

5. Conclusions

Based on the chronology and palaeostress data-sets, presented
in this work, the following conclusions can be drawn regarding
the tectonic history of the ISZ with emphasis on its formation
and reactivation episodes:

(1) Carboniferous (~338 Ma and ~320 Ma) zircon U/Pb ages,
obtained for the syn- and post-collisional Kalba-Narym
intrusives along the edge of the ISZ were interpreted in the
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framework of the final collision of Siberia with Kazakhstan.
The occurrence of older, discordant zircons indicate a limited
recycling of Meso-Proterozoic Kazakhstan microcontinental
basement during the granitoid emplacement. During or
shortly after this period, the ISZ experienced an ‘early brittle’
left-lateral, mainly transtensional stress regime, reflecting
shear conditions with deep lithospheric roots towards the
ductile-brittle transition zone.

(2) In several locations along the ISZ, a ‘late-brittle’, more com-
pressional palaeostress regime was recognized. This change
in fault kinematics probably indicates that the ISZ crust
underwent rheological strengthening as a response to cessa-
tion of ductile shearing, intensive granitoid emplacement
and subsequent cooling of the crust. These conditions reflect
the geodynamic environment of the ISZ during the Late Pal-
aeozoic-Early Mesozoic.

(3) Late Cretaceous (~100-70 Ma) apatite fission track ages and
thermal history modeling results record fast cooling of the
ISZ basement as a response to increased denudation of a
Mesozoic intracontinental Altai orogen. This mountainous
topography was built on the pre-existing structural fabric
and is possibly a far-field effect of the Mongol-Okhotsk
orogeny.

(4) After a Late Mesozoic-Early Cenozoic period of tectonic qui-
escence and peneplanation, a renewed cooling signal could
be recognized in the thermal history modeling results for
the sheared granite sample KZ-18. This signal can be inter-
preted as a response to increased tectonic activity from the
Late Oligocene (~25 Ma) onwards, initiating the present
Altai orogeny. A minor transpressional, right-lateral palaeo-
stress stage was observed which is compatible to the main
(Late Plio-Pleistocene) phase of mountain building in the
Altai along the ISZ. This stage was observed as discrete and
focused dextral strike-slip reactivation which took place
under shallow brittle conditions.
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