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Preambel

This thesis is generally written in American English (AE). However, in
three chapters the according publisher requires British English (BE). The
thesis consists of two papers published in ’Journal of Geophysical Research:
Solid Earth” and "Geophysical Journal International’:

U. Kirscher, A. Zwing, D.V. Alexeiev, H.P. Echtler and V. Bach-
tadse. Paleomagnetism of Paleozoic sedimentary rocks from the Karatau
Range, Southern Kazakhstan: Multiple remagnetization events correlate
with phases of deformation. Journal of Geophysical Research: Solid FEarth,
2013, doi:10.1002/jgrb.50253. (written in AE)

U. Kirscher, D. Bilardello, A. Mikolaichuk and V. Bachtadse. Correcting
for inclination shallowing of early Carboniferous sedimentary rocks from
Kyrgyzstan-indication of stable subtropical position of the North Tianshan
Zone in the mid-late Palaeozoic. Geophysical Journal International, 2014,
doi:10.1093/gji/ggul77. (written in BE)
one paper, which is submitted for publication in 'Gondwana Research’:

U. Kirscher, V. Bachtadse, A. Mikolaichuk, and A. Kroner. Early to
middle Paleozoic evolution and terrane accretion in Central Asia - Paleo-
magnetic confirmation for a collision event in the Ordovician. Gondwana
Research, Manuscript number: GR-D-14-00306. (written in BE)
and a book chapter, which is accepted for publication within the book on
composition and evolution of Central Asian Orogenic Belt:

U. Kirscher and V. Bachtadse. Palaeozoic Palacomagnetism of the
South-Western Segment of the Central Asian Orogenic Belt — A Critical
Review. E. Schweizerbart’sche Verlagsbuchhandlung (Publisher), Kroener,
A.(ed). (written BE)

Additionally, unpublished and preliminary results are presented.
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Abstract

The Central Asian Orogenic Belt (CAOB) is one of the world’s largest ac-
cretionary orogens, which was active during most of the Paleozoic. In recent
years it has again moved into focus of the geological community debating
how the acrreted lithospheric elements were geographical arranged and in-
teracting prior and/or during the final amalgamation of Kazakhstania. In
principal two families of competing models exist. One possible geodynmaic
setting is based on geological evidence that a more or less continuous giant
arc connecting Baltica and Siberia in the early Paleozoic was subsequently
dissected and buckled. Alternatively an archipelago setting, similar to the
present day south west Pacific was proposed.

This thesis collates three studies on the paleogeography of the south
western part of the CAOB from the early Paleozoic until the latest Paleo-
zoic to earliest Mesozoic. It is shown how fragments of Precambrian to early
Paleozoic age are likely to have originated from Gondwana at high southerly
paleolatitudes (~ 500 Ma), which got then accreted during the Ordovician
(~ 460 Ma), before this newly created terrane agglomerate (Kazakhstania)
migrated northwards crossing the paleo-equator. During the Devonian and
the latest Early Carboniferous (~ 330 Ma) Kazakhstania occupied a sta-
ble position at about ~ 30°N. At least since this time the area underwent
several stages of counterclockwise rotational movements accompanying the
final amalgamation of Eurasia (~ 320 — 270 Myr). This overall pattern of
roughly up to 90° counterclockwise bending was replaced by internal rela-
tive rotational movements in the latest Paleozoic, which continued probably
until the early Mesozoic or even the Cenozoic.

In Chapter 2 a comparison of declination data acquired by a remagne-
tization process during folding in the Carboniferous and coeval data from
Baltica and Siberia lead to a documentation and quantification of rotational
movements within the Karatau Mountain Range. Based on this results it
is very likely that the rotational reorganization started in the Carbonifer-
ous and was active until at least the early Mesozoic. Additionally, the data
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ABSTRACT

shows that maximal declination deviation increases going from the Karatau
towards the Tianshan Mountains (i.e. from North to South). This observa-
tion supports models claiming that Ural mountains, Karatau and Tianshan
once formed a straight orogen subsequently bent into a orocline. The hinge
of this orocline is probably hidden under the sediments of the Caspian basin.

In chapter 3 we show that inclination shallowing has affected the red ter-
rigenous sediments of Carboniferous age from the North Tianshan. The
corrected inclination values put this part of the Tianshan in a paleolatitude
of around 30°N during Carboniferous times. These results contradict previ-
ously published paleopositions of the area and suggest a stable latitudinal
position between the Devonian and the Carboniferous.

Chapter 4 presents paleomagnetic data from early Paleozoic rocks from
within the North Tianshan. They imply a second collisional accretion event
of individual terranes in the Ordovician.

To further constrain the dimensions of these early Paleozoic terranes,
chapter 5 presents a compilation of all available paleomagnetic data from
the extended study region of southern Kazakhstan and Kyrgyzstan. Apart
from a broad coherence of paleolatitudes of all studies at least since the
Ordovician and the exclusive occurrence of counterclockwise declination de-
viations, no areas with the same rotational history can be detected. Also
a clear trend caused by oroclinal bending can not be observed. We con-
clude that first order counterclockwise oroclinal bending, shown in chapter
2, resulted in brittle deformation within the mountain belt and local block
rotations.

In order to improve our understanding of intra-continental deformation
a study combining the monitoring of recent deformation (Global Positioning
System, GPS) with a paleomagnetic study of Cenozoic age in the greater
vicinity of the Talas-Ferghana fault has been undertaken in chapter 6. The
major task was to distinguish between continuous versus brittle deformation.
As it turned out the GPS signal indicates rather continuous and consistent
counterclockwise rotational movements of the order of ~ 2° per Myr. This
is in contrast to our paleomagnetic results, where even within fault bounded
areas the error intervals of the rotations do always overlap. This indicates
that a pure block model seems not appropriate even to explain Cenozoic pa-
leomagnetic data. If this means that also Paleozoic rocks have been affected
by complex recent deformation, and that the Paleozoic rotational pattern
has been obscured by this, can not be decided based on the present data
set. It means, however, that interpreting Paleozoic rotational data from this
area has to be done with great caution.
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Introduction

The Central Asian Orogenic Belt (CAOB, Yanshin, 1965) is one of the
world’s largest accretionary orogens. It was active during the Neoprotero-
zoic and the entire Paleozoic until its growth ceased, and the newly formed
continental crust finally became trapped between Siberia, Baltica and the
Tarim and Turan microplates. The region has attracted the interest of many
geological studies, not only concerning paleogeographic reconstructions (e.g.,
Windley et al., 2007, and references therein), but also attempting to deci-
pher the mechanisms controlling the growth of continental crust in general
(e.g. Kromer et al., 2014).

The interpretations and models published can generally be categorized
into two groups and their derivates. Sengor et al. (1993) propose a giant
arc model, where the individual arc components were subsequently welded
together whereas several authors (e.g., Windley et al., 2007, and references
therein) suggest an archipelago type nucleus for the paleo-Asian domain,
which is comparable to the plate tectonic situation in the present-day South
West Pacific (e.g. Hall, 2009).

The south-western segment of the CAOB, situated mostly in Russia,
Kazakhstan and Kyrgyzstan, is characterized by markedly curved geologic
structures (Sengor et al., 1993). Lithostratigraphic terranes are arcs strik-
ing north-south along the Ural mountains, north/west-south/east along the
Karatau Range and east-west along the Tianshan Mountains at the outer



1 INTRODUCTION

western and southern rims of the CAOB (see figure 6 in Windley et al., 2007).
This suggests a major orocline with the hinge situated under the Caspian
basin. Geological evidence, such as collisional or oriented subduction fea-
tures (e.g., Samygin and Burtman, 2009), seem to support the hypothesis
that the Ural Mountains, the Karatau Range, and the Tianshan Mountains
are structurally linked (Samygin and Burtman, 2009). However, this orocli-
nal bending feature has not been clearly identified by paleomagnetic data
(Van der Voo et al., 2006).

The degrees of freedom in paleogeographic reconstructions reflect patchy
information on a) the early Paleozoic drift history of individual terranes
prior to amalgamation of the Kazakhstan microcontinent, b) motion of the
Kazakhstan microcontinent during the middle and late Paleozoic and the
mechanisms of its incorporation into Eurasia, and c¢) the overall kinematics
of late Palacozoic Kazakhstania and the relative role of rotations, bending,
and wrenching prior to- and during the process of multiple collisions during
the late Carboniferous and Permian.

This thesis presents paleomagnetic results from the Kazakh and Kyrgyzs
parts of the Northern Tianshan and Karatau Mountain Ranges. It adds
constraints to the origin and evolution of potential terranes, which form the
south-western part of the CAOB. Additionally, the paleogeography of Kaza-
khstania during the middle to late Paleozoic and the bending during the final
amalgamation are tackled. Finally, a review of all available paleomagnetic
data for the Paleozoic period from the region and a comparison of active to
recent deformation is presented. The latter outlining future approaches to
better understand the Paleozoic evolution of this complex area where more
or less continuous deformation took place between the late Paleozoic and
the Cenozoic.



Paleomagnetism of Paleozoic
Sedimentary Rocks from the Karatau
Range, Southern Kazakhstan:
Multiple Remagnetization Events
Correlate with Phases of Deformation

by U. Kirscher, A. Zwing, D.V. Alexeiev, H.P. Echtler, and

V. Bachtadse
Published in Journal of Geophysical Research, 2013, 118(B50253)

Abstract

The paleogeography of the Altaids and its kinematic and tectonic evo-
lution during the final collision and amalgamation of Eurasia is still poorly
known. Addressing this problem, a paleomagnetic study has been under-
taken on Paleozoic sedimentary rocks from the Karatau, southern Kaza-
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2 PALEOMAGNETISM OF PALEOZOIC SEDIMENTARY ROCKS
FROM THE KARATAU RANGE, SOUTHERN KAZAKHSTAN:
MULTIPLE REMAGNETIZATION EVENTS CORRELATE WITH
PHASES OF DEFORMATION

khstan. Stepwise thermal demagnetization reveals the presence of a high-
temperature component of magnetization in most samples. Fold tests in-
dicate a syn-folding age of magnetic remanence acquisition at three of the
five areas studied. Directional data of Devonian and Permian rocks yield a
positive fold-test, implying a primary magnetization. Resulting pre-folding
paleolatitudes for Permian and Devonian rocks show the proximity of the
Karatau to Baltica during those periods in time. Syn- and post-folding
magnetzations result in paleolatitudes for Karatau, which intersect the pa-
leolatitude curve based on the Baltica apparent polar wander path (APWP),
at times, which can be correlated to major deformational events at ~ 280Ma,
~ 260Ma and ~ 230Ma, respectively.

We interpret this with a complicated pattern of remagnetization events
accompanying deformation, which can include syn-folding remagnetization
events and areas of primary magnetic signals. Additionally, the differences
between reference declinations based on the APWP for Baltica and observed
declination values suggest successive counterclockwise rotational reorgani-
zation of the Karatau during the late Paleozoic to Early Mesozoic, with
maximal rotation values of ~ 65° with respect to the Baltica APWP. The
remagnetization events are correlated with the latest intracontinental stages
of the orogenic evolution in the Ural mountains and thus the Paleozoic amal-
gamation of the Eurasian continent, and suggest a synchronous and coherent
tectonic evolution in the Urals and Karatau mountains.

2.1 Introduction

The Central Asian Orogenic Belt (CAOB) or Altaids (Fig. 2.1) repre-
sents one of the largest accretionary orogens and one of the places, where
formation of Phanerozoic continental crust was most excessive, on the Earth
(Mossakovsky et al., 1993; Windley et al., 2007). It consists of heterogeneous
domains integrating Precambrian microcontinents, island arcs and oceanic
domains, ophiolite complexes, subduction- and collision-related metamor-
phic complexes, and ancient accretionary wedges, which were welded to-
gether from Neoproterozoic to Permian times. A variety of tectonic mod-
els consider the CAOB as a result of interaction of numerous short-living
arcs separated by diachronous sutures and general reconstructions resemble
present-day setting of the west Pacific- Indonesia region (Zonenshain et al.,
1990; Mossakovsky et al., 1993; Berzin and Dobretsov, 1994; Yakubchuk
et al., 2001; Buslov et al., 2002; Windley et al., 2007; Xiao et al., 2008,

4



2.1. INTRODUCTION
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Figure 2.1: Simplified tectonic map of Eurasia. Thick dashed line shows
Ural-Tianshan belt. TFF - Talas-Ferghana Fault. Outline of figure 2.2 is
marked with black rectangle.

2010). An alternative model argues in favor of a primarily continuous sin-
gle arc which was deformed by giant strike-slip faults (Sengor et al., 1993)
though in many cases this model does not explain the diversity of tectonic
environments and the nature of various structural episodes known in differ-
ent parts of the CAOB (Windley et al., 2007).

It was already assumed in the earliest models based on geological ev-
idence that the western part of CAOB within Kazakhstan represents a

5



2 PALEOMAGNETISM OF PALEOZOIC SEDIMENTARY ROCKS
FROM THE KARATAU RANGE, SOUTHERN KAZAKHSTAN:
MULTIPLE REMAGNETIZATION EVENTS CORRELATE WITH
PHASES OF DEFORMATION

major orocline (Zonenshain et al., 1990) in the southern prolongation of
the Uralides. Oroclinal bending was recently confirmed by paleomagnetic
data between North Tianshan and Chingiz Range (Levashova et al., 2007,
Abrajevitch et al., 2007, 2008). Extensive paleomagnetic studies during last
decade had also significantly promoted the understanding of the general pa-
leogeographic evolution of the western CAOB (Bazhenov et al., 1999, 2003;
Alexyutin et al., 2005; Van der Voo et al., 2006; Levashova et al., 2007; Abra-
jevitch et al., 2007, 2008) although a number of questions are still far from
solved. The principal uncertainties are connected with a) the early Paleo-
zoic histories of individual terranes and their travel paths prior to formation
of the Kazakhstan continent, b) the motion of the Kazakhstan continent
during middle and late Paleozoic time and mechanisms of its incorporation
in Eurasia, and c) the overall kinematics of the Late Paleozoic Kazakhstan
and relative role of rotations, bending and wrenching prior to- and during a
process of multiple collisions of Kazakhstan with Siberia, Baltica and Tarim
in the late Carboniferous and Permian, synchronous with the Uralian oro-
gen.

Our current paleomagnetic study is devoted to Devonian, Carboniferous
and Permian sedimentary rocks in Karatau Range of Southern Kazakhstan.
This area is located at a junction of two Paleozoic collisional thrust and fold
belts of the Urals and the pre-Cenozoic Tianshan, which delineate western
and southern boundaries of the CAOB. It provides important hints for a
better understanding of above two belts as well as for a reconstruction of
the entire CAOB, but remains so far significantly less studied in comparison
to adjacent regions. The results of our study reveal major rotations due to
syn-collisional strike slip motions and allow us to establish a link between
remagnetization and tectonic events.

2.2 Geological Setting and Tectonic History

The Karatau ('Black mountains’) of South Kazakhstan is a mountain
range up to a height of 2 km, which trends NW-SE between the Syr-Dar’ya
and Chu-Sarysu basins (Inset in Fig. 2.2) and consists mainly of Neopro-
terozoic and Paleozoic rocks (Fig. 2.2). Structurally it is subdivided into the
Greater (Bolshoi) and Lesser (Malyi) Karatau, separated from each other by
the Main Karatau Fault (MKF), which represents a Northern segment of the
Talas-Ferghana Fault (TFF) (Abdulin et al., 1986; Allen et al., 2001; Rolland
et al., 2013). Tts geological and structural setting has been described by a

6
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Figure 2.2: Geologic map of the Karatau Range (modified after Alexeiev
et al. (2009)). Small: tectonic setting of the Karatau Range. Red dots
indicate sampled areas.

number of authors (Abdulin et al., 1986; Cook et al., 1991, 1995; Allen et al.,
2001; Cook et al., 2002; Alexeiev et al., 2009). After Neoproterozoic rifting
in the Karatau, several carbonate seamounts developed due to thermal sub-
sidence of the newly formed crust. This sedimentation was terminated by
late Ordovician compressional deformation, related to amalgamation of sev-
eral terranes in the Kazakhstan continent. Extensive transgression in the
Middle Devonian was followed by formation of a major passive margin car-
bonate platform during the Famennian to early Pennsylvanian within Bol-
shoi Karatau. During the same time shallow marine epi-continental basins
with mixed carbonate and clastic facies evolved in the NE within the Chu-
Sarysu basin (Cook et al., 2002). Carbonate sedimentation in the Bolshoi
Karatau ceased in middle Bashkirian (early Pennsylvanian) as a result of the
collision of Kazakhstan with Baltica (East European craton) and orogenic
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uplift in the Karatau and Tianshan isolated the Chu-Sarysu basin from the
ocean. Since middle Bashkirian to late Permian this terrane evolved as an
intracontinental basin with fluvial and lacustrine deposits (Abdulin et al.,
1986; Allen et al., 2001).

Recent structural studies in the Karatau have revealed three distinct

D1 event
(Early Pennsylvanian)

i}\\\\:\\\ ' Malyi
~J

Karatau

Bolshoi
Karatau

Figure 2.3: Distribution of characteristic structures and shortening direc-
tions of two principal deformation events. Dark grey - early Pennsylvanian
event at ~ 315 Ma. Light grey - late Pennsylvanian to early Permian event,
around ~ 300 Ma. Solid lines show fold axes, lines with arrows - strike slip
faults (modified after Alexeiev et al. (2009)).

phases of deformation during the Pennsylvanian to early Mesozoic (Alexeiev
et al., 2009). The first episode (D1) in the early Pennsylvanian is character-
ized by NW-trending folds and thrusts with a general direction of motion
towards NE (Fig. 2.3). The second episode (D2), which took place presum-
ably during the late Pennsylvanian to early Permian, reflects shortening in
east-west direction, evidenced by N-S trending folds and NW trending sinis-
tral strike slip faults (Fig. 2.3). The third episode (D3) was dominated by

8



2.3. LOCAL GEOLOGIC SETTING AND SAMPLING

shortening in a N-S direction connected with the initiation of dextral motion
along the Talas Ferghana Fault (Alexeiev et al., 2009). The age of the latter
can be constrained within late Permian to early Mesozoic, based on recent
Ar-Ar age data obtained for Talas-Ferghana fault (Rolland et al., 2013). All
three phases of deformation can be correlated with synchronous orogenic in-
crements in the Uralian belt following amalgamation of Baltica, Siberia and
Kazakhstan paleocontinents in Eurasia (Echtler et al., 1996, 1997; Brown
et al., 2008).

2.3 Local Geologic Setting and Sampling

During the field campaign 434 oriented samples were drilled from 71 sites
in six areas within Malyi and Bolshoi Karatau (Fig. 2.2) covering Devonian,
Carboniferous and Permian sedimentary rocks. Orientation of samples and
bedding planes were measured using a standard magnetic compass as well
as sun compass techniques. All samples were treated with thermal demag-
netization techniques using a Schoenstedt oven with peak temperatures of
~ T700°C. Magnetization directions were measured with a 2-G squid magne-
tometer in three components in a magnetically shielded room. Sample mean
directions were calculated using at least four consecutive demagnetization
steps applying the least squares method proposed by Kirschvink (1980) on
linear portions of the demagnetization paths. Rock magnetic parameters of
representative samples were obtained using a variable field translation bal-
ance (VFTB, Krasa et al. (2007)) and the Lowrie method (Lowrie, 1990), to
get information about the magnetic carriers of the remanent magnetization
of the sampled material.

2.3.1 Bolshoi Karatau

Along the Zhankurgan river in the SW Bolshoi Karatau (Fig. 2.2) one
of the most complete sections in the area with rocks ranging in age from
Middle Devonian (Givetian) to Pennsylvanian, early Bashkirian (Abdulin
et al., 1986; Cook et al., 2002) is exposed. Here, Devonian and Carbonifer-
ous rocks are folded in major NW- trending synclines and anticlines, which
were formed during the main deformation episode (D1) in the early Pennsyl-
vanian (Allen et al., 2001; Alexeiev et al., 2009). In the Zhankurgan valley
(section TUR) 133 drill cores were obtained at 22 sites, covering Upper De-
vonian (Frasnian) red sandstones and Uppermost Devonian (Frasnian and

9
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Famennian) to lower Carboniferous (Tournaisian and Visean) carbonates,
(see Cook et al. (2002) for detailed stratigraphic descriptions).

2.3.2 Malyi Karatau

Five spatially separated locations were studied in the Malyi Karatau
(Fig. 2.2) including four sections of Devonian and Carboniferous rocks (T'SA,
USH, SUL1 and SUL2) and one section with Permian rocks (AKO).
Devonian rocks sampled in the Ushbas area (section USH) in the NW Ma-
lyi Karatau (Fig. 2.2) are part of the same sedimentary formations as in
the adjacent Bolshoi Karatau including Givetian and Frasnian red beds and
Famennian limestones. Similar structural patterns in both the Zhankurgan
and Ushbas areas suggest that the rocks were deformed during the same
episode and thus a late Carboniferous age of deformation can be inferred in
the Ushbas area as well. In the southern part of the Ushbas syncline 11 sites
with 67 samples were studied in middle and Upper Devonian red sandstones
of the Tyul’kubash formation.

The section TSA is located on the road between Zhanatas and Baikadam
(Fig. 2.2) at the SW edge of Chu-Sarysu basin. The rocks comprise upper-
most Devonian to lower Carboniferous red sandstones and conglomerates of
the Suleimansay formation, which are deformed in a narrow NW- trending
syncline (Abdulin et al., 1986). Two sites, each with 6 samples, were col-
lected in fine-grained red sandstones from both limbs of the fold.

Two sections were also studied in the SE Malyi Karatau on the SW flank
of the Chu-Sarysu basin. In total 14 sites with 84 samples were drilled from
the section SUL-1 near the Suleimansay mine (Fig. 2.2) from the same for-
mation as at TSA. The sequence is dominated by brown sandstones with in-
terlayers of light dolomites and grey limestones. The latter contain rare bra-
chiopoda and foraminifera fossils, which constrain the age of the Suleimansay
formation and the overlying sediments as latest Devonian to earliest Car-
boniferous (Abdulin et al., 1986; Cook et al., 2002). At this location 14 sites
with a total of 84 samples were drilled.

Section SUL-2 is exposed along the river Koktal and includes Visean,
Serpukhovian, and lower Pennsylvanian rocks. The lower Carboniferous se-
quence is generally dominated by light-colored shallow marine limestones
and fossiliferous limestones, which contain subordinate evaporites in the
lower Visean, argillaceous limestones and marls in the middle Visean and
sandy limestones and limy sandstones in the upper Visean and Serpukho-
vian. The lower Bashkirian consists mainly of shallow marine carbonate

10



2.4. ROCKMAGNETIC RESULTS

sandstones and sandy limestones with conglomerate layers. They are over-
lain with erosional contact by fluvial conglomerates and sandstones of the
Kyzylkanat Formation, which has a Pennsylvanian age. Lower and upper
Carboniferous rocks from the SUL-2 section are deformed in relatively low-
angle linear folds, trending NW-SE (Abdulin et al., 1986; Allen et al., 2001;
Cook et al., 2002). 14 sites were investigated along the Koktal river with a
total of 91 samples.

The section AKO includes several sites within Permian sedimentary suc-
cession, which were sampled in the area around the town of Akkol (Fig. 2.2)
in the very east of Malyi Karatau, within in southwestern part of the Chu-
Sarysu basin. Permian rocks are represented by lacustrine facies and consist
of red and grey fine-grained sandstones and siltstones with subordinate in-
terlayers of carbonates and evaporites (Abdulin et al., 1986; Bazhenov et al.,
1995). Eight localities have been sampled with a total of 47 samples.

(a) Mag [Am?/kg]
1
IRM/IRM, 5, 0.001
0.8 '
200 -100 Field [mT]
100 200
Field [T] -0.001

0.5 1.0 1.5 20 25

(b)

Figure 2.4: Exemplary plot of measured hysteresis loop (left) of a represen-

tative sample and acquisition curve (right) of isothermal remanent magne-
tization (IRM).

2.4 Rockmagnetic Results

In order to obtain information on the magnetic inventory, representa-
tive samples from all different areas were studied rockmagnetically using a

11
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Variable Field Translation Balance (VFTB, Krasa et al. (2007)) to obtain
magnetic hysteresis data, isothermal remanent magnetization (IRM), ther-
momagnetic curves and thermal demagnetization of a 3-axis composite IRM.
In general, none of the samples subjected to IRM experiments saturates at
2.5 T and the IRM acquisition curves indicate the presence of at least two
magnetic phases with different coercivity spectra (Fig. 2.4a). Furthermore,
hysteresis loops are either characterized by pot-bellied or wasp-waisted shape
(Tauxe et al., 1996), which is also an argument for the existence of more
than one prominent magnetic mineral (or a mixture of different grain sizes)
in these rocks (Fig. 2.4b).

Additional information was acquired using thermal demagnetization of
composite 3-axis IRMs (Lowrie, 1990) in combination with in-field (~ 100
mT) thermomagnetic curves in (insets in figure 2.5). The orthogonal IRMs
were imparted sequentially using d.c. fields of 2.5, 0.4 and 0.12 T.

The Permian red sandstones (AKO) are characterized by unblocking tem-
peratures of the natural remanent magnetization (NRM) of ~ 680 — 700°C.
Furthermore, there are indications for additional magnetic phases, which
is on one hand a low temperature phase up to ~ 200°C, visible both in
thermomagnetic curves and when demagnetizing the low coercivity IRM.
Additionally, the IRM demagnetization shows distinct unblocking temper-
atures of ~ 580°C and ~ 680°C for all rocks, independent of coercivity
(Fig. 2.5).

Rocks from Suleimansay (SUL-1 and SUL-2) and Zhankurgan (TUR)
show prominent unblocking temperatures at ~ 550 — 580°C in thermomag-
netic curves and in the low coercivity IRM (Fig. 2.5). SUL-1 shows an
additional high temperature phase at the (in-field) thermomagnetic curve,
which drops to zero at ~ 680°C.

Samples from Ushbas and Zhanatas indicate two unblocking tempera-
tures at ~ 580°C and ~ 680°C, respectively, at both thermomagnetic curves
and at demagnetization of orthogonal IRMs (Fig. 2.5).

In conclusion, these results suggest the predominance of magnetite to-
gether with differing amounts of hematite within all the samples. In con-
clusion, the magnetomineralogy of all sampled lithologies is dominated by
magnetite. The magnetic properties of samples from AKO, USH, TSA and
- to a lesser degree - from SUL1 show a significant contribution of hematite.
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2.5 Demagnetization Results

In accord with our rockmagnetic results, detailed thermal demagnetiza-
tion experiments reveal the presence of at least two magnetic components,
with different paleomagnetic directions. An initial low temperature compo-
nent (LTC) was identified during thermal stepwise demagnetization between
100°C and up to 300°C. LTC is broadly pointing to the North and down
and yields an overall mean direction which is consistent with the present
day magnetic field in the sampling area. Only in samples from Ushbas the
LTC is present up to ~ 600°C.

A high temperature component (HTC) of reversed polarity in tilt cor-
rected coordinates was identified as linear segments from ~ 300 — 350°C
up to ~ 600 — 680°C. The samples with unblocking temperatures larger
than 600°C carry two high temperature components, which are, however,
not distinguishable within error limits (Fig. 6.2, (a,d)).

2.5.1 Bolshoi Karatau

Table 2.1: Site mean directions for Zhankurgan section (Givetian - Visean).

Site Bed. N In situ Bedding-corrected

D[] 1] k ags [°] D[] 1] k ags [7]
Zhankurgan (TUR)
Tur-1* 210/42 6/6 224.0 -33.6 3.1 45.7 246.5 -72.3 3.1 45.7
Tur-2* 233/30 6/6 181.3 -11.0 6.4 28.9 172.4 -25.8 6.4 28.9
Tur-3* 213/40 /7 197.8 -5.3 4.5 35.8 190.4 -42.2 4.5 35.8
Tur-4 223/44 6/6 200.1 -15.5 21.8 14.9 181.4 -51.6 21.8 14.9
Tur-5 233/45 6/5 203.4 -28.5 140.8 6.5 167.3 -58.1 140.8 6.5
Tur-6 230/47 6/6 206.2 -29.8 302.2 3.9 165.3 -63.5 302.2 3.9
Tur-7 244/45 6/6 211.8 -26.4 135.6 5.3 178.3 -55.0 135.6 5.3
Tur-8* 201/39 /7 55.9 -53.6 3.0 42.3 44.1 -17.6 3.0 42.3
Tur-9* 227/43 6/5 14.4 49.7 49.3 11.0 301.8 65.1 49.3 11.0
Tur-10 245/20 6/5 199.1 -34.0 77.4 8.8 186.8 -43.6 7.7 8.7
Tur-11 004/07 6/3 195.3 -39.2 68.2 15.0 194.8 -32.2 68.2 15.0
Tur-12 225/55 6/4 206.9 -7.3 35.9 15.5 187.0 -54.9 35.4 15.7
Tur-13 233/49 6/6 212.8 -11.6 15.6 18.1 193.8 -53.2 15.6 18.1
Tur-14 243/50 6/6 205.6 -9.6 146.6 5.6 187.2 -42.0 160.5 5.3
Tur-15 223/43 6/6 196.7 -34.1 57.4 9.1 155.5 -63.2 57.4 9.1
Tur-16 047/54 6/6 153.4 -56.9 67.7 8.3 196.2 -23.9 67.7 8.3
Tur-17 214/66 6/4 204.4 11.6 167.3 7.1 195.5 -51.6 167.3 7.1
Tur-18 215/25 5/5 200.9 -18.8 67.6 9.4 195.3 -42.1 67.6 9.4
Tur-19 215/75 5/5 202.1 12.0 120.3 7.0 185.7 -57.7 120.3 7.0
Tur-20 052/37 7/6 187.4 -34.2 181.9 5.0 197.9 -9.2 181.3 5.0
Tur-21 205/48 6/6 204.8 -10.5 129.9 5.9 200.3 -58.3 131.7 5.9
Tur-22 196/42 6/5 201.0 -5.5 176.9 5.8 209.1 -47.5 176.9 5.8
MEAN 22/18%F 201.1 -20.2 15.6 9.3 188.4 -48.2 24.5 7.3

Site: sampling site, Bed.: bedding orientation, dip direction/plunge (ss), N: number of measured samples/number of
samples used for calculating site mean directions. Declination (D) and Inclination (I) in degrees, Fisher radius (ags) of
95% confidence, Fisher precision parameter k (Fisher, 1953), in geographic (in situ) and bedding corrected coordinates,
respectively.

(*) site mean direction not included in calculating area mean direction, because of ags values larger than 20°. ® rejected
site because of proximity of in situ direction to present day field. ** For area mean directions: N: number of obtained
site mean directions/number of used site mean directions for calculating area mean.

Zhankurgan The LTC of Zhankurgan area (TUR) yields a mean direction
of D =19° I = 61.7°, k = 31.5 and ags = 2.6° (in situ) based on 92
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Figure 2.6: Results of thermal demagnetization experiments plotted as or-
thogonal vector diagrams (Zijderveld, 1967) in stratigraphic coordinates.
Solid and open dots represent vector endpoints projected onto the horizon-
tal and vertical planes, respectively. Positive values represent projection
in north, east and up direction, respectively. Temperature steps in °C are

indicated.
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Figure 2.7: Stereographic projections of site mean directions for all sampled
areas, loacted in the Bolshoi and Malyi Karatau. IS refers to in situ data,
and TC refers to tilt-corrected data. The stars indicate the area mean direc-
tion with 95% confidence circles. Solid and open dots represent projection
on the upper and lower hemispheres, respectively. Central plot shows mean
directions after % of unfolding for maximal k value (Watson and Enkin,
1993). USH: overprinted component of representative samples is also shown
in in situ coordinates.

samples. Furthermore a high temperature component (HTC) is identified in
91% (121 specimens) of all treated specimens with unblocking temperatures
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of up to ~ 600°C. Based on sample mean directions of the HTC site mean
directions were calculated (Tab. 2.1). Five of the 22 site mean directions
are rejected because of ags values higher than 20° for further analysis. The
remaining 17 site mean directions were subjected to the fold test of Watson
and Enkin (1993). Stepwise unfolding results in a maximum k-value at
~ 58% untilting with a confidence interval of 5.2° (Fig. 2.8), indicating an
acquisition age of the characteristic remanence during folding. The resulting
syn-folding area mean direction is D = 196.9°, [ = 37.0°, £ = 60.4 and
Qg = 4.6° (Flg 27)

2.5.2 Malyi Karatau

Table 2.2: Site mean directions for Zhanatas (Famennian) and Akkol (Per-

mian) sections.
Site Bed. N In situ Bedding-corrected

D[] 1] k ags [°] D[] IT°] k ags [°]
Zhanatas (TSA)
Tsa-1 064/28 6/4 173.3 -67.1 612.2 3.7 212.9 -50.9 612.2 3.7
Tsa-2 196/55 6/4 203.9 10.0 36.7 15.4 203.9 -45.0 36.7 15.4
MEAN — 2/2%F 195.3 -29.7 3.6 34.1 208.2 -47.7 66.3 6.9
Akkol (AKO)
Ako-1 258/25 6/6 218.5 -19.5 28.1 12.9 208.4 -35.9 28.1 12.9
Ako-2 055/05 5/5 200.9 -38.1 270.1 4.7 203.1 -34.1 270.1 4.7
Ako-3* 030/04 6/6 149.0 -71.0 3.9 39.0 158.1 -68.8 3.9 39.0
Ako-4 300/05 6/6 203.0 -38.1 152.1 5.4 199.2 -37.3 152.1 5.4
Ako-5 025/15 6/4 206.9 -52.7 65.8 11. 206.7 -37.7 61.7 11.8
Ako-6 025/15 /7 237.5 -53.7 28.4 11.5 230.9 -40.0 28.4 11.5
Ako-7 025/15 5/3 219.0 -42.8 71.4 14.7 216.9 -28.1 65.8 15.3
Ako-8 035/12 6/6 206.5 -44.0 1193.2 1.9 207.9 -32.1 1156.3 2.0
MEAN 8/T 212.6 -41.9 31.1 11.0 210.4 -35.3 74.9 7.0

(*) site mean direction not included in calculating area mean direction, because of large ags values. See Tabel 2.1 for
more information.

Zhanatas A LTC is identified in 11 samples from Zhanatas area and yield
a mean direction of D = 14.4°, [ = 58.1°, k = 34.7 and ag; = 7.9° in
in situ coordinates. Averaging the HTC from twelve samples of the two
sites results in D = 190.8°, I = —39.5°, k£ = 3.6 and ag5; = 30.0 before
and D = 207.1°, I = —48.0°, k = 11.9 and ag; = 14.6 after tilt correction
(Fig. 2.7, Tab. 4.3). Stepwise unfolding indicates a maximum k-value at
100% unfolding (Fig. 2.8), which suggests a pre-folding age of this magneti-
zation. Calculating mean directions and performing fold-tests on only two
site mean directions would not yield statistically sufficient results. Therefore
all statistic procedures where carried out on sample level. All treatments are
conducted with sample mean directions. Unfortunately, outcrop conditions
in this area have not allowed a more detailed sampling.
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Figure 2.8: Plots of precision parameter k for stepwise unfolding of site mean
directions for every area. Dotted lines indicate 100% and 0% unfolding,
respectively. Black line shows maximum k-value with error limit, which
is obtained from 1000 parametric simulations Watson and Enkin (1993).
The results of these simulations are shown in grey histograms. Area USH
shows k-values for stepwise unfolding including remagnetization great circles
(McFadden and McElhinny, 1990).

Suleimansay Thermal demagnetization experiments of samples from area
SUL-1 indicate a LTC component below 300°C (Fig. 6.2) which yields a
sample mean direction of D = 9.1°, I = 59.8°, k = 34.9 and ag5 = 3.0° (in
situ) based on 66 samples. Above 300°C, a high temperature component
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Table 2.3: Site mean directions for Suleimansay-1 section (Famennian -

Visean).

Site Bed. N In situ Bedding-corrected

D[] 7 k ags [°] D[] 1] k ags [7]
Suleimansay-1 (SUL-1)
Sul-1 022/50 4/3 173.4 -77.3 191.2 8.9 199.2 -29.1 180.4 9.2
Sul-2* 025/45 4/4 10.0 -75.8 8.2 34.2 219.1 -58.0 8.2 34.2
Sul-3 026/45 6/6 196.5 -69.8 285.2 4.0 205.5 -25.3 285.2 4.0
Sul-4 025/55 6/6 180.6 -75.5 179.7 5.0 202.4 -22.1 179.7 5.0
Sul-5 030/52 6/6 198.2 -63.1 477.7 3.1 207.3 -12.0 477.7 3.1
Sul-6 022/47 6/6 197.9 -68.6 399.8 3.4 203.4 -21.8 399.8 3.4
Sul-7 040/37 5/4 182.9 -70.4 686.2 3.5 208.6 -37.0 686.3 3.5
Sul-8 200/75 215/75 6/5 202.3 -38.5 54.3 10.5 47.3 -65.9 26.3 15.2
Sul-9 033/74 8/7 194.0 -65.2 38.3 9.9 215.0 -6.1 38.3 9.9
Sul-10 055/55 6/5 171.8 -78.5 357.3 4.1 218.7 -20.4 357.3 4.1
Sul-11 040/45 8/8 186.7 -76.3 137.5 4.7 217.5 -34.2 136.4 4.8
Sul-12 010/45 6/6 167.4 -71.7 19.1 18.0 185.5 -28.3 19.1 18.0
Sul-13 010/45 6/6 210.6 -67.2 96.0 6.9 201.5 -22.8 96.0 6.9
Sul-14 010/45 77 184.4 -78.4 22.1 13.1 192.5 -33.5 22.1 13.1
MEAN — 14/13%F 191.3 -72.2 151.3 3.7 205.70 -24.0 51.3 6.4

See Tabel 2.1 for more information.

(HTC) is observed up to ~ 680°C (Fig. 6.2, Tab. 4.2). Stepwise unfolding
of these site mean directions results in a maximum k value after ~ 25%
unfolding (Fig. 2.8). Performing the fold test of Watson and Enkin (1993)
leads to a maximum k-value at 25.4% with an error of +8.1%. The syn-
folding direction with the maximum k-value is D = 198.5°, I = —60.4°,
k = 134.5 and ags = 3.6° (Fig. 2.7).

Table 2.4: Site mean directions for Suleimansay-2 section (Serpukhovian -

Moscovian).

Site Bed. N In situ Bedding-corrected

DT T F a5 Tl DT ITT ka5 [
Suleimansay-2 (SUL-2)
Sul-15 030/26 6/6 203.7 -55.6 181.4 5.0 206.6 -28.8 181.4 5.0
Sul-16 215/55 )7 214.3 -39.6 37.1 10.7 81.7 -83.7 37.1 10.7
Sul-18 038/68 6/6 208.9 -57.6 701.9 2.5 215.5 9.3 701.9 2.5
Sul-19 060/24 5/5 203.0 -56.8 149.2 6.3 217.8 -36.8 149.2 6.3
Sul-20 355/15 6/4 247.2 -51.0 125.7 8.7 233.0 -43.4 125.7 8.7
Sul-21* 227/48 6/5 214.3 -54.8 11.7 20.7 91.7 -68.5 11.7 20.7
Sul-22 253/02 6/6 191.1 -27.3 63.4 8.5 190.1 -28.0 63.4 8.5
Sul-23 210/35 8/8 212.7 -42.2 211.1 3.8 207.3 -77.1 211.1 3.8
Sul-24 040/02 6/6 210.9 -63.4 172.8 5.1 211.8 -61.4 172.8 5.1
Sul-25 015/80 5/5 195.4 -81.7 29.9 14.2 199.3 -1.7 29.9 14.2
Sul-26 015/80 6/5 201.0 -62.3 150.2 6.3 200.5 17.7 150.2 6.3
Sul-27 015/80 7/6 196.7 -66.2 163.7 5.3 198.6 13.8 163.7 5.3
Sul-28 010/05 9/8 205.8 -54.2 109.1 5.3 204.7 -49.3 109.1 5.3
Sul-29 013/02 8/8 205.9 -44.4 183.9 4.1 205.7 -42.4 183.3 4.1
MEAN — 14/13** 208.1 -54.8 26.1 8.3 206.2 -32.8 19.7 5.4

See Tabel 2.1 for more information.

At SUL-2 85 of the 91 samples show stable demagnetization behavior,
revealing the presence of both a LTC and a HT'C. Stepwise heating up to
~ 300°C completely removes the LTC. The sample mean direction for LTC is
D =2.6° 1=61.6° k= 82.8 and ag; = 1.9° based on 85 samples. Between
~ 300°C and ~ 600°C a HTC is present. Site mean directions of 14 sites yield
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a mean directions of D = 208.1°, I = —54.8°, k = 26.1 and ag; = 8.3 in-situ
and D = 206.2°, I = —32.8°, k = 5.4 and ags = 19.7° after tilt correction
(Fig. 2.7, Tab. 4.4). We note, however, that a maximum k-value is reached at
~ 23% unfolding (Fig. 2.8), which indicates a syn-folding age of remanence
acquisition and results in a mean direction of D = 207.5°, I = —49.8°,
k = 43.6 and ags = 6.4° (Fig. 2.7). The statistical fold test of Watson and
Enkin (1993) yields a narrow interval of unfolding percentages (£3.5%).
This confirms a robust syn-folding age of the magnetization acquisition.

Ushbas The LTC of Ushbas area (USH) results in a mean direction of
D =5.5° 1=66.0°, k=14 and ag5 = 4.0 based on 67 samples. The HTC
shows ambiguous behavior. Above 300°C and up to 700°C stepwise demag-
netization experiments yield curved demagnetization trajectories, failing to
reach the origin of the projection. Using the McFadden and McElhinny
(1988a) algorithm to analyze great circle data, including at least six sta-
ble endpoints, with mean directions of six exceptional high quality samples
(Fig. 2.7) yield a characteristic mean direction of D = 176.8°, [ = —55.4°,
k =19.0 and ag; = 6.5 in wn situ coordinates and D = 170.6°, [ = —28.3°,
k =19.9 and ag; = 6.3 after tilt correction. Stepwise unfolding of combined
directional and great circle data (McFadden and McElhinny, 1990) results in
a maximum of the Fisher (1953) k value at ~ 50% unfolding (Fig. 2.8) sug-
gesting that the resulting mean direction D = 173.0°, [ = —41.5°, k = 23.5
and g5 of 5.8 is of syn-folding age.

Since a large number of samples from all sites at Ushbas show only LTCs
during demagnetization, no site mean directions for HT'C could be obtained
here. Our procedure of computing an area mean direction out of samples
from different sites certainly enlarges the error, which is not sufficiently rep-
resented by the aygs value.

Akkol The LTC holds a mean direction of D = 358.1°, [ = 64.2°, k = 31.5
and ags = 4.2° in in situ coordinates, using data of 38 samples. Between
300°C and ~ 700°C there is a HTC present. Based on mean directions of
individual sites, an area mean direction is calculated. The other seven sites
yield a mean direction of D = 212.6°, I = —41.9°, k = 31.1 and ag; = 11.0°
before and D = 210.4°, I = —35.3°, k = 74.9 and ag5 = 7.0° after tilt
correction (Fig. 2.7, Tab. 4.3). Stepwise unfolding shows a maximum k-
value at 100% unfolding (Fig. 2.8), which suggests a pre-folding age of the
magnetization acquisition.
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2.5.3 Folding Symmetry

Fold tests using stepwise unfolding techniques are usually based on the
assumption, that the rotation of bedding planes occurred about an horizon-
tal axis (fold axis). In cases, were deformation occurred by rotation about
inclined or multiple axes, the true direction of syntectonic (or even pretec-
tonic) magnetizations cannot be restored by these algorithms. In order to
control these effects, the geological structures of all sampled areas were in-
vestigated in more detail.

The deformation pattern in sections Akkol (AKO), Suleimansay 1+2
(SUL1+4-2), Zhanatas (TSA) and Zhankurgan is characterized by upright
symmetrical folds with NW-SE trending horizontal fold axes and vertical
axial planes as shown by stereoplots of normal vectors to bedding planes
(Fig. 2.9). This is taken as a strong argument, that fold formation took place
in a symmetrical way. Consequently, we infer, that for these sections the
directions of remagnetization acquired during deformation can be correctly
restored by symmetrical stepwise unfolding as applied by the fold tests used
in this study (McFadden and McElhinny, 1990; Watson and Enkin, 1993).
At Ushbas, the axial planes of folds are equally vertical, however the fold
axes dip with ~ 30° towards SE (Fig. 2.9). This indicates, that at Ushbas
area, which is located in the vicinity of the TTF, deformation was more
complex and challenges the reliability of the results of the fold test analysis.

2.5.4 Data Summary

Table 2.5: Area mean directions after refolding procedure at maximal k
values with resulting paleopoles.

Area N D [°] 1[°] k ags [%] unf. A[°] Plat Plon dp dm Inf. Age of

[°] Magn.
SUL-1 13 198.5 -60.4 134.5 3.6 25.4 + 8.1 41.4 -76.2 341.8 5.5 4.2 ~190-215
SUL-2 13 207.5 -49.8 43.6 6.4 22.8+ 3.5 30.6 -64.8 1.5 8.5 5.7 255-260
TSA 12 207.1 -48.0 11.9 14.6 100 29.0 -64.0 4.5 19.1 12.5 355-360°
AKO 7 210.4 -35.3 74.9 7.0 100 19.5 -55.1 14.4 4.7 8.1 ~255-290°
TUR 18 196.9 -37.0 60.4 4.6 58.4 + 5.2 20.6 -63.0 31.5 3.2 5.4 275-280
USH 22,6™ 173.0 -41.5 23.5 5.8 51 23.9 — — — — —

N: number of mean directions, used for performing fold-tests (McFadden and McElhinny, 1990; Watson and Enkin,
1993) and calculating area mean directions, mean Declination (D), mean Inclination (I) and Fisher (Fisher, 1953) radius
of 95% confidence (ags) after [%] unfolding of the directional data. Ap degrees north latitude of paleopole. Error
limits of unfolding degree is obtained using monte carlo simulations (Watson and Enkin, 1993). X is the paleolatitude.
Resulting paleopole (pole latitude (Plat) and longitude (Plong)) with error ellipse dp and dm. * at Ushbas (USH) 22
demagnetization great circles were combined with linear segments of 6 samples (McFadden and McElhinny, 1988a) to
get a regional mean direction. Inf. Age of Magn.: Inferred age of acquisition of the magnetization (primary (®) or due
to remagnetization).

After removal of a LTC, which is generally aligned with the present day
field, a HTC is identified in most of the thermally demagnetized material
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SULT+ * ¢

Figure 2.9: Stereographic projection of normal vectors of all bedding planes
for respective areas. Dotted line indicate fitted great circle. Solid dots rep-
resent projection on the upper hemisphere. Grey square indicate resulting
fold axis, arrow shows supposed direction of correction for tilted fold axis.
Bedding planes of TSA and AKO are indicated as diamonds.

from Bolshoi- and Malyi-Karatau (Tabs.2.1,4.3,4.2,4.4). Site mean direc-
tions with ags; greater than (20°) were rejected and not used for further
analysis. The HTC directions isolated in the sections at SUL-1, SUL-2,
TUR and USH (Fig. 2.742.8) indicate a syn-folding age of acquisition of
the magnetic signal (Tab. 2.5), which suggests, that the magnetization was
acquired during a process of folding (Bachtadse et al., 1987; McFadden and
McElhinny, 1990). Two area mean directions show a maximum k (Fisher,
1953) (AKO: 43.8 and TSA: 62.7) after tilt correction (Fig. 2.8), indicating
a pre-folding age of magnetization.
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2.6. AGE OF MAGNETIZATION

The area of Ushbas (USH) shows a plunging fold axis (Fig. 2.9). The
result of the syn-tilt direction is therefore questionable, and might be biased
by unknown amounts of rotation about inclined axes. Because of this, and
also due to the poor quality of the demagnetization results we omit this area
from further analysis.

The directional mean data was transformed into five paleopole positions
(Tab. 2.5). The paleopoles are not consistently grouped within aygs error lim-
its, nor do they fall onto any part of the Paleozoic apparent polar wander
path (APWP) of Baltica (Smethurst et al., 1998). All poles are, however,
rotated counterclockwise (ccw) with respect to their expected locations in
vicinity to the Baltic APWP.

2.6 Age of Magnetization

Foldtests (Fig. 2.7 and 2.8) indicate that four of the six Paleozoic areas
studied have been subjected to remagnetization. The sampled rocks at AKO
span most of the Permian period. The positive fold test at 100% of unfold-
ing suggests that the primary magnetization was acquired prior to Mesozoic
deformation. The slight underestimation of the paleolatitude compared to
expected values from the APWP of Baltica can be explained by inclina-
tion shallowing, which has been proposed for Permian red beds from South
Kazakhstan (Bazhenov et al., 1995) and red beds in general (e.g. Tauxe
and Kent (2004)). However, the syn-folding acquisition of magnetization
observed in rocks from the other areas studied makes inclination shallowing
rather unlikely.

It is now widely accepted that remagnetization of unmetamorphosed sed-
imentary rocks is related to orogenically triggered fluid flow from the orogen
into the foreland (Oliver, 1986) and the associated new formation of mag-
netite and to a smaller extend hematite (McCabe and Elmore, 1989). Ex-
panding the orogenic fluid flow concept, Zegers et al. (2003) stress the impor-
tance of elevated temperatures within deformation zones. They show that a
complex pattern can accompany orogenesis, involving different mechanism,
which can lead to remagnetization, like formation of TVRM (thermo-viscous
remanent magnetization) or CRM (chemical remanent magnetization) dur-
ing smectite to illite conversion.

It seems, that in the Karatau Mountains, at least two phases of remag-
netiztion can be identified. An early event of deformation, leading to a syn-
folding signal in the Bolshoi Karatau and maybe westernmost Malyi Karatau
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(TUR and USH). Localities SUL-1 and SUL-2, in the Malyi Karatau, were
also remagnetized during a folding period. However, here the degree of un-
folding, which is necessary to obtain ideal clustering of magnetic directions
is lower, and the resulting syn-folding inclinations are higher. Therefore, it
might reflect a different phase of remagnetization.

In contrast, areas of TSA and AKO do not show any sign of remagnetiza-
tion. It seems, that remagnetization events are, as proposed by Zegers et al.
(2003) a complex superposition of different mechanisms, depending crucially
on the temperature(s) of migrating fluids and deformation geometry at the
specific area. Therefore, remagnetization behavior can have quite different
appearance in a single orogenic.

2.7 Implications for the (Geotectonic History

In summary all paleopoles, derived from Paleozoic rocks from the

Karatau Range, which yield pre- or syn-folding magnetization ages, feature
two characteristics in comparison with the East European apparent polar
wander path (Smethurst et al., 1998) as a reference:
(1) A deviation in polar longitude (APlong) of 25° — 65° counterclockwise
with respect to the Baltic APWP, present in all studied rocks (Fig. 2.10).
Thus rotational reorganization took place at least until the early Mesozoic.
(2) Analysis of the expected paleolatitudes (or inclinations) of the area in
a Baltic reference frame leads to the following implications: (a) the pale-
olatitude of rocks from TSA are in agreement with a primary Devonian
acquisition age of magnetization, (b) rocks from AKO show a slightly lower
paleolatitude than expected, which can be explained by inclination shallow-
ing, (c) rocks from TUR, since they hold a syn-folding magnetic signal, can
be correlated with a remagnetization event at ~ 275 — 280 Myrs ago (prob-
ably during the D1 or D2 event of Alexeiev et al. (2009)), (d) rocks from
SUL-1 and from SUL-2 areas yield a paleolatitude, which fits the expected
value at ~ 220 — 225 and ~ 255 — 260 Myrs ago, respectively, (probably at
different times during phase D3 of Alexeiev et al. (2009)) (Fig. 2.11). Errors
of the paleolatitudes reflect corresponding value of inclination of syn-tilt di-
rection at £10% of the optimal untilting percentage. This amount includes
all uncertainties from the Watson and Enkin (1993) fold test.

In this respect, we correlate the first remagnetization event with the D1
and D2 events of Alexeiev et al. (2009), which accompanied the initial colli-
sion of Kazakhstan and Baltica. In these phases most of the folding amount
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Figure 2.10: Paleopoles calculated from the characteristic area mean direc-
tions. Shown are the proposed deviations compared to the apparent polar
wander path (APWP) of the East European Craton (Smethurst et al., 1998)
(with ages in Myrs). Wedges about the sampling area illustrate the rota-
tional reorganization about a vertical axis. Colored ellipses indicate intersec-
tions of particular small circles with the associated part of the APWP. Grey
squares at TUR, SUL1 and SUL2 show paleopoles calculated from direc-
tions for a bandwidth of £20% around the optimal (maximum k) unfolding
percentage.

took place. Subsequently, folding in the Chu-Sarysu basin, which took place
from late-Permian to early Mesozoic times (Abdulin et al., 1986; Allen et al.,
2001; Alexeiev et al., 2009), is accompanied by remagnetization in the SUL
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Figure 2.11: Plot of paleolatitudes versus age, calculated with respect to the
apparent polar wander paths of Baltica (Smethurst et al., 1998) and Siberia
(B solution, according to Cocks and Torsvik (2007)) for a reference site in
the Karatau mountains with a mean error of 5°. Also plotted are paleolat-
itudes, calculated from the regional mean directions (Tab. 2.5). Horizontal
errorbars define the age uncertainty. Vertical errorbars are associated with
a paleolatitude based on the direction at +10 and -10% untilting about the
optimal untilting value (Tab. 2.5). TSA and AKO are plotted with the ags
confidence error. Grey boxes indicate intersection of paleolatitudes based on
syn- or post-folding magnetizations from Karatau with the expected value
based on the APWP of Baltica. Grey lines at the bottom (D1, D2 and D2
after Alexeiev et al. (2009)) mark the timing of the deformational phases in
the Karatau.

areas. Folding in the area could have proceeded until early Mesozoic times,
because of a lack of unconformities in the Devonian to Upper Permian se-
quences.

The amounts of counterclockwise rotation with respect to (wrt) the
APWP of Baltica decrease as a function of time of acquisition of magneti-
zation. Devonian rocks carrying a primary magnetization are rotated away
by ~ 65° (TSA), whereas rocks re-magnetized during phase I of folding
(~ 280 Ma) are only rotated by ~ 40° whereas rocks magnetized during the
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youngest pahse (II) only show roations in the order of ~ 30 —20° (Fig. 2.10).
This observation is strengthening our interpretation.

The robustness of the declination deviations (ADec) is shown by calcu-
lating paleopoles of syn-folding directions at £20% of the optimal untilting
value (Fig. 2.10). Small differences of vertical axis rotations, between SUL1
and SUL2, and between TUR and AKO, respectively, might be explained
by minor local variations of the deformational history.

The amount of rotation in Karatau does not exceed ~ 65°, and is sig-
nificantly less than maximum rotation values in the Tianshan, which can
reach ~ 90° (Van der Voo et al., 2006). The latter can be interpreted as
evidence for an increase of maximal rotation values while following a tran-
sect from the Urals via the Karatau towards the Tianshan. Correcting for
the maximal amount of rotation in the Karatau mountains suggests, that
the Karatau Range was originally a N-S striking fold-belt, which got subse-
quently bent into an ’orocline’ s.l. as the collision evolved through time. It
might therefore represent a continuation of the Ural mountains.

2.8 Conclusions

Primary and syn-folding magnetizations were isolated for Devonian, Car-
boniferous and Permian rocks in three areas of the Karatau mountain range,
based on the outcome of fold tests (Watson and Enkin, 1993). The magneti-
zations identified in rocks of Permian and Devonian age in the Zhanatas and
Akkol areas pass the fold test and are therefore interpreted to be of primary
origin. The resulting mean direction after full tilt correction is D = 210.4°,
I = —353° k = 74.9 and ag; = 7.0° for the Permian rocks (AKO) and
D = 208.2°, [ = —47.7°, k = 66.3 and ag; = 6.9 for the Devonian rocks
(TSA). The obtained paleolatitudes of TSA are in agreement with corre-
sponding values of a reference site within the Karatau mountains based on
the Baltica APWP (Smethurst et al., 1998). AKO yield a slightly underesti-
mated paleolatitude compared to the APWP, which might reflect inclination
shallowing.

Magnetic directions of rocks from the area TUR of Bolshoi Karatau
and SUL-1, SUL-2 of Malyi Karatau indicate a syn-folding age of acqui-
sition of the magnetic signal, at ~ 58% (for TUR), and ~ 23%, ~ 25%
(for SUL-1 and SUL-2) of untilting, respectively. The syn-folding magnetic
mean directions are D = 196.9°, I = 37.0°, £ = 60.4 and ag; = 4.6° for
TUR, D = 198.5°, I = —60.4°, k = 134.5 and ag; = 3.6° for SUL-1 and
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D =207.5° I = —49.8°, k = 43.6 and ag; = 6.4° for SUL-2. Because the
major folding in this area started at ~ 315 Myrs ago (Alexeiev et al., 2009),
the resulting paleolatitudes of these areas intersect the paleolatitude curve
of a reference site within Karatau Mountains of the Baltica APWP at ~ 280
Myrs (TUR), at ~ 260 (SUL-2) and at ~ 230 Myrs (SUL-1).

These observations are in agreement with major phases of deformation
(D1,D2 and D3 after Alexeiev et al. (2009); Rolland et al. (2013)) in this
area and the Eastern Urals - Transuralian Fault system (Echtler and Hetzel,
1998). They indicate a series of distinct remagnetization events, which form
a complex pattern within this orogenic environment.

The whole region was, during all that time (middle Bashkirian early
Mesozoic), exposed to rotational reorganization connected with the appear-
ance of major strike slip fault systems. The Karatau mountain range shows
vertical axis rotations reflected in ADec compared to expected values in a
counterclockwise sense with amounts in a range between 20° to 60°. The
amounts of observed vertical axis rotation decrease with decreasing magne-
tization age. The Devonian rocks from Zhanatas (TSA) show the largest
amount of declination deviation (~ 60°), whereas ADec observed at SUL-1,
SUL-2 and AKO are in the order of about 20°.

By comparing the new results with studies from the Tianshan and South
Kazakhstan, a similar tectonic evolution is noticeable. The maximal amount
of observed rotations, however, increases from the Karatau towards the Tian-
shan, where ADec reach values more than 90° (Van der Voo et al., 2006). In
the Tianshan the rotational history seems, however, much more complicated
than in the Karatau mountains.

Our data identify the Karatau Range as the structural linkage between
the Ural mountains and the CAOB basement of the Tianshan mountains
relative to their Late Paleozoic to Early Mesozoic evolution. Though the
Main Karatau Fault was reactivated during Neogene Tianshan orogeny, the
Paleozoic sedimentary record shows the character of a major discontinuity
already since Early Paleozoic. Late Carboniferous onset of contractional
tectonics is shown by syn-deformational remagnetization followed by more
remagnetization events during Late Permian and maybe Triassic, respec-
tively.
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Abstract

High-quality palacomagnetic data for the early Carboniferous of Central
Asia are scarce and the palaeogeographic evolution of this area prior to final
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amalgamation of the region east of the Ural mountains is still rather obscure.
Here, we present palacomagnetic data for early Carboniferous deposits from
two areas in the Kyrgyz North Tianshan (NTS). Detailed rock-magnetic
analysis indicates the presence of magnetite and haematite as magnetic car-
riers in these red sediments. In the Kazakh basin section (KEL), we iden-
tify a high-temperature component (HTC) of magnetization during stepwise
thermal demagnetization at temperatures of up to ~ 680°C yielding a site
mean direction of D = 176.2°, [ = —36.4°, k = 57.4 and ag5 = 8.9° after
tilt correction. Two HTCs of magnetization were identified in samples from
the Sonkul Basin (DUN) with maximum blocking temperatures of ~ 600°C
(magnetite) and ~ 680°C (haematite). The magnetite component was also
identified with alternating field demagnetization. The resulting site mean
directions for these two components identified in 16 and 14 sites, respec-
tively, are D = 149.3°, I = —50.3°, k = 73.6 and ag5 = 4.3° for the
magnetite and D = 139.6°, I = —35.1°, k = 71.6 and ag5 = 4.7° for the
haematite component. All three mean directions show a significant increase
of the precision parameter k after tilt correction indicating acquisition of
the high-temperature magnetization prior to the main folding event in the
Jurassic. We explain the difference of the two components of DUN by a
process of inclination bias due to compaction to which the platy haematite
particles are more susceptible. Applying the elongation-inclination (E/I)
method to directional data from over 100 individual samples from location
DUN results in a negligible correction for the magnetite component (< 5°),
whereas the inclination of the haematite component corrects from —35.0°
to —50.3° (f = 0.6, error interval —41.4° to —57.9°), which is then equal to
the uncorrected magnetite inclination. The small number of samples from
section KEL does not allow application of the E/I technique and inclination
correction based on high field anisotropy of isothermal remanent magnetiza-
tion was applied, yielding a corrected inclination of —75.2° + 4°. Assuming
comparable degrees of compaction for both study areas and applying the
flattening factor obtained in DUN on samples from KEL, however, would
result in comparable inclinations. The identification of inclination shallow-
ing at both sections indicates that the age of magnetization is close to the
deposition age.

Assuming a reversed polarity of the directions from both areas results in
palaeolatitudes of ~ 30°N for section DUN and ~ 60°N for the anisotropy-
based correction of section KEL. The large difference, however, is geolog-
ically very unlikely. The inclination of the magnetite component of DUN
(unaffected by inclination shallowing) favours a palaeoposition of ~ 30°N.
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This is supported by the inclination shallowing corrected haematite com-
ponent of DUN yielding a comparable inclination. Therefore, our results
indicate that the NTS domain was situated at ~ 30°N in the early Carbonif-
erous. Furthermore, the NTS zone was probably not connected to Baltica
or Siberia prior to the late Palaeozoic.
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3.1 Introduction

Despite the fact that the Central Asian Orogenic Belt (CAOB, Fig. 3.1)
is probably one of the largest accretionary structures on planet Earth, it
was only in rather recent times that it attracted the attention of the Earth
sciences community [see thorough review by Windley et al. (2007)] and a
series of competing models have been brought forward since the early 1990s
(Windley et al., 2007; Xiao et al., 2010) which can be grouped as modifi-
cations of (a) the 'multiple island arc’ or (b) the ’single arc’ model. The
multiple island arc model (a) is based on similarities in the structural evolu-
tion of the CAOB or Altaids (sensu Sengor et al., 1993) between 1.0 Ga to
250 Ma and the south western Pacific (Hall, 2009; Xiao et al., 2010) where
crustal growth is basically characterized by the interaction of islands arcs,
oceanic islands, sea-mounts, accretionary wedges and continental blocks. In
this model, originally proposed by Zonenshain et al. (1990) and later been
taken up by mostly Russian authors (e.g. Mossakovsky et al., 1993; Berzin
and Dobretsov, 1994; Yakubchuk et al., 2001; Buslov et al., 2002; Xiao et al.,
2008), Precambrian fragments, now integrated into the Altaids show affini-
ties either to Gondwana or to Siberia. In the single arc model (b) Sengor
et al. (1993) postulate the existence of an originally continuous island arc
(Kipchak-Tuva-Mongol arc) about 7000 km in length. In this model early
Palaeozoic roll-back of the subducted crust triggers the formation of the
Khanty-Mansi back-arc ocean (Xiao et al., 2010). Subsequent differential
rotation of Siberia and Baltica caused segmentation and duplication of the
arc by strike-slip shuffling and oroclinal bending associated with the final
closure of the Khanty-Mansi ocean by late Carboniferous times.

By this time the general amalgamation and large scale tectonic organi-
zation of all the blocks and arc-related structures was completed. Subse-
quently, oblique northward directed subduction of the Palaecotethys lead to
a transpressional stress field (Samygin and Burtman, 2009) including the
formation of large strike-slip fault systems (Buslov, 2011).

Uncertainties remain concerning the overall kinematics of the late Palaeo-
zoic incorporation of the early Palaecozoic terranes into Eurasia. Addition-
ally, there is still a lack of knowledge about the precise palaeogeographic
configuration of the two major blocks Baltica and Siberia relative to the
Kazakh terranes throughout the middle-late Palaeozoic, especially in the
early Carboniferous. High-quality studies from Kazakhstan and the Tian-
shan mountains are sparse between Middle Devonian and Permian times. On
the other hand, the apparent polar wander paths (APWPs) of Siberia and

34



3.1. INTRODUCTION

6~ " 20° 40° 60° 80° 100° 120° 140°
=

_ " =
2 7 12 o0
5000 - . | |[Siberian
N o
3 8 2000 £ @ > craton
3000 : S = %S| L e
- e FO <

Figure 3.1: Small panel: Topographic map of Eurasia [created using GMT of
Wessel and Smith (1998) and topographic dataset ETOPO1 (Amante and Eakins,
2009)] showing important geologic features for this study including East European
craton (Baltica), Siberian craton, collisional orogens of Uralides and Baikalides,
continental blocks Turan, Tarim and North China. Main part of the CAOB
is outlined in black. Outline of enlarged geologic map in red. Large panel:
Map of Central Tianshan Late Palacozoic (D3-C;) complex distribution. 1 —
Mesozoic-Cenozoic sediments of foreland basins, 2-3 — Kazakh palaeobasin com-
plexes: 2 — early Carboniferous volcanic belt, 3 — marine and deltaic sediments;
4-9 — Turkestan palaeoocean complexes: 4-5 — northern passive margin: 4 —
deltaic, lagoonal and flysch complexes of the Sonkul-Turuk depression, 5 — Middle
Tianshan carbonate platforms; 6 — Chatkal-Kurama volcanic belt of West Tian-
shan, 7 — South Tianshan collisional belt (volcanogenic-siliceous and carbonate-
volcanogenic complexes), 8 — southern passive margin (shelf and continental slope
sediments of Tarim continental block), 9 — South Tianshan ophiolite complex; 10
— inferred land of Late Devonian - Early Carboniferous. 11 — main Late Palaeo-
zoic faults: DN — Jalair-Naiman, KK — Kyrgyz-Kungei, IT — Ichkeletau-Terskei,
NL — Nikolaev Line, AT — Atbashi-Inylchek, KP — Kipchak, TF — Talas-Fergana;
12a — frontal Hercynian thrusts, 12b — Late Palaeozoic strike-slip faults. NT'S,
MTS and STS indicate North, Middle and South Tianshan provinces, which are
divided by the Al and NL.
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Baltica itself are also not as well constrained in this time interval as during
other time periods (Torsvik et al., 1996; Cocks and Torsvik, 2007; Torsvik
et al., 2012). In addition, some of the palaeolatitudinal scatter observed
in the Palaeozoic of the European platform might be related to inclination
shallowing unaccounted for (Iosifidi et al., 2010). As far as Kazakhstan is
concerned, its palaeogeographic position is rather well constrained for De-
vonian and Permian times, but poorly or even undefined for the remaining
Palaeozoic period (Bazhenov et al., 1999; Abrajevitch et al., 2007). A re-
cent study of red beds of Carboniferous age (Bazhenov et al., 2003) yielded
a palaeolatitude for the N'T'S at ~ 15°N. If these results are taken at face
value, they imply a Carboniferous palaeolatiutude for the Kazakh-NTS zone
in the tropics, in contrast to geological observations (Didenko et al., 1994;
Sengor and Natal’in, 1996; Filippova et al., 2001) arguing in favour of a
rather subtropical position at ~ 30°N.

However, no corrections for inclination shallowing were applied in this
study (Bazhenov et al., 2003) and it can be suspected that the inclination in
these rocks has been affected by this phenomena like in other parts of Asia
(e.g. Gilder et al., 2001; Tauxe and Kent, 2004).

To constrain early Palacozoic terranes of Central Asia and reconstruct
their palaeogeography better defined palacomagnetic pole positions for the
Middle to Late Palaecozoic of this area are needed. We present palacomag-
netic results for early Carboniferous sediments from 22 sites covering two
geographically distinct areas of the North Tianshan (NTS; Fig. 3.1).

3.2 Tectonic Setting and Global Geodynamic
Evolution

The Tianshan mountain belt within the borders of Kyrgyzstan can be
subdivided into the Southern Tianshan (STS), the Middle Tianshan (MTS)
and the NTS zones (Fig. 3.1). Precambrian continental fragments and
Neoproterozoic to early Palaeozoic palacooceanic and island arc complexes
are overlain in the MTS and NTS mountains by Ordovician island arc re-
lated lithologies. Late Ordovician S-type granites indicate then collisional
conditions (Burtman, 2006), which have been related to the amalgama-
tion of Kazakhstania (Kheraskova et al., 2003). Silurian active continen-
tal margin and backarc complexes are the first indications for the closure
of the Turkestan ocean (Bakirov and Mikolaichuk, 2009; Biske and Selt-
mann, 2010). Upper Carboniferous terrigenous sediments are transgressively
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thrusting upon Devonian to early Carboniferous sediments (Jenchuraeva,
1997, Fig. 3.1). These are the geological markers demonstrating that by the
earliest late Carboniferous Kazakhstania had collided with Baltica (Puchkov,
1997, 2000). Subsequently, the area underwent several stages of intra con-
tinental deformation within non-orthogonal stress regime (e.g. Natal’in and
Sengor, 2005; Cogné et al., 2013), including folding and faulting until the
early Mesozoic (Bazhenov et al., 1999; Alexeiev et al., 2009).

The two areas, which were studied, are situated in the Kazakh and
Sonkul basins (Bakirov and Mikolaichuk, 2009) of the NTZ, north of the
Nikolaev line (Fig. 3.1). The early Carboniferous sequence of the Sonkul
basin has been interpreted to have been deposited on the northern (mod-
ern coordinates) passive margin of the Turkestan palaeoocean (Bakirov and
Mikolaichuk, 2009, Fig. 3.1). The Kazakh basin was separated from the
Turkestan ocean basin by a Devonian terrigenous sequence (Mikolaichuk
and Djenchuraeva, 2000; Bakirov and Mikolaichuk, 2009, Fig. 3.1). It has
been proposed that the Kazakh basin was even connected to the Junggar-
Balkhash oceanic basin (Filippova et al., 2001). The early Carboniferous
sediments in this region are represented mainly by red sand-, siltstones and
conglomerates. They rest on Late Devonian rocks (Kazakh basin) or uncon-
formably on Cambrian to Ordovician rocks of different composition (Sonkul
Basin), respectively.

3.3 Local Geological Setting and Sampling

Sonkul basin

Within the Sonkul basin the early Carboniferous sedimentary sequence
is subdivided from old to young into the Dungurme, the Jamanechke and
the minor Jumgal Formations (Fig. 3.2). The approximate thickness of
these formations are ~ 350, ~ 1000 — 1200 and ~ 120m, respectively.

The Dungurme Formation is dominated in the lower part by red-
coloured conglomerates, grits and sandstones, which are overlain by in-
terbedded sandstones, siltstones, mudstones and limestones. The fossil com-
plex indicate an age of the Dungurme Formation within the Late Visean—
Early Serpukhovian (Khristov, 1970, 1971; Neyevin, 2008).

The Jamanechke Formation consists of red-coloured conglomerates,
sandstones, shales and limestones (Galitskaya and Korolev, 1961; Khristov,
1970, 1971).

The Jamanechke formation is subdivided into three parts (Fig. 3.2). At
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Figure 3.2: Stratigraphic columns of Late Palaeozoic sediments in the
Kazakh and Sonkul Basins [redrawn after Khristov (1970, 1971); Burg et al.
(2004)]. Approximate sampling locations are indicated together with all
taken bedding orientations of the two areas.

the base, 250 — 300m brown-red polymictic poorly sorted conglomerates
with layers and lenses of coarse-grained sandstones and gritstones. On top
of these, up to 500m of rhythmic sequences of cross-bedded polymictic grit-
stones underlie thinly bedded sandstones and siltstones.

The top consists of up to 300 m of siltstones and shales, among which
are subordinate fine-grained quartz-feldspar sandstones, cherts and lime-
stones. This unit is characterized by variegated (red, maroon, brown, grey,
green) coloured rocks. At the top of the last member appear lenses and
layers of white gypsum (thicknesses from 0.5 to 10 m). The formation age
is established by a brachiopod collection, which indicate Serpukhovian age
(Galitskaya and Korolev, 1961; Khristov, 1970, 1971).

On top of the studied section red arkosic sandstones and limestones
of the Jumgal Formations are present. A rich Late Serpukhovian-Early
Bashkirian fossil complex has been described there (Khristov, 1970, 1971).
Within the Sonkul Basin, a total of 160 oriented drill cores were obtained
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Table 3.1: Position and age of sampled sections.

Site Lat. (°N) Long. (°E) Age Formation
Dungurme

DUN-1 41.6585 74.3414 Visean  Dungurme
DUN-2—4 41.6557 74.3376 Serp. Jamanechke
DUN-5—12  41.6869 74.3148 Serp. Jamanechke
DUN-13—16 41.6783 74.3366 Serp. Jamanechke
Kegaty

KEL-1 42.5242 75.0932 Serp. Kegaty
KEL-2 42.5255 75.0908 Visean Minteke
KEL-3 42.5260 75.0892 Visean Minteke
KEL-4 42.5361 75.1049 Visean Minteke
KEL-5 42.5340 75.1058 Visean Minteke
KEL-6 42.5305 75.1026 Visean Minteke

Site, sampling site; Lat. and Long., coordinates in ° north (N) and east (E); age,
proposed age of sedimentation; Serp., Serpukhovian; formation, formation name.

at 15 sites, from the Jamanechke formation (DUN2-16) and one site from
the Dungurme formation (DUN1, Table 4.1). Whereas most of the sites are
separated outcrops which can only qualitatively be arranged in a chronolog-
ical order (Fig. 3.2), sites DUNb-12 represent a continuous section, which is
subdivided into these sites. Sample spacing ranges between tens of centime-
tres up to several metres depending on the outcrop conditions. The total
length of the section is ~ 58m, with very uniform bedding conditions of
~ 342° dip direction and ~ 74° dip (Fig. 3.2). Site DUN1 is located within
a light, fine grained, red sandstone layer. Sites DUN 2-4 were sampled from
poorly sorted, moderately rounded conglomerates with different amounts of
fine grained matrix. Also the colour of the matrix of these samples varies
from more greyish (DUN3) to more reddish (DUN2). As expected from the
lithologic position of DUN5-16 (Fig. 3.2), the grain size varies repeatedly,
gradually from pelitic to arenitic with slight colour changes from light to
dark red. The fossils from the overlying formation (Jumgal) constrain the
age of our samples to late Visean to Serpukhovian (~ 335 — 323.2Ma). One
site (DUN1) is located close to site CB of the study by Bazhenov et al.
(2003).
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Kazakh basin

Within the Kazakh basin the Devonian to Carboniferous sedimentary se-
quence from old to young consists of the Torsu Formation, the Minteke
Formation and the Kegaty Formation (Fig. 3.2). The thicknesses of
these formations are highly variable reaching maximum values of ~ 2500,
~ 1160 and ~ 705m, respectively.

The Torsu Formation is characterized by polymictic conglomerates and
red-coloured fine-grained sandstones, siltstones and claystones. Cross bed-
ding, ripple marks and intraclastic breccias indicate upper shelf and deltaic
environments.

The Minteke Formation conformably covers the Torsu Forma-
tion (Fig. 3.2) and is represented at the base by brownish-cherry and
green polymictic and volcanoclastic sandstones alternating with siltstones
(Djenchuraeva, 1997; Burg et al., 2004). They are replaced upwards by
cherry-brown siltstones and tuffs of rhyolitic composition with thin interlay-
ers of tuff-sandstones and lenses of gritstones and conglomerates. The middle
section is characterized by 5-10 m thick layers of grey-green, fine-pebbled
conglomerates laterally replaced by gritstones and tuff-gritstones. Up-
section a bed of red and green siltstones alternates with similarly coloured
tuff-sandstones and acid, intermediate tuffs containing rare rhyolitic flows
and associated clastites. This sequence is overlain by a bed of limestone.
Reworked tuff sandstones alternating with intermediate tuffs make the top
of the formation. Tournaisian-Lower Visean foraminifera were found in this
section (Grishchenko, 1967; Djenchuraeva, 1997; Burg et al., 2004).

The Kegaty Formation conformably overlays the Minteke Formation
(Fig. 3.2). It is composed at its base of variegated polymictic and volcan-
oclastic sandstones, andesitic-dacitic tuff- sandstones and tuffs. The for-
mation contains abundant and up to 15-m-thick beds of sandy, bioclastic
limestones and red-brown siltstones with calcareous nodular concretions.
The upper part is composed of andesitic-dacitic tuffs and tuffites, cherry-
brown siliceous siltstones, tuff rich siltstones and conglomerates. Brick-red
tuff-siltstones containing single interbeds of tuff-sandstones, rhyolite lavas
and tuffs become predominant towards the top.

Numerous Bashkirian foraminifers, corals and brachiopods were collected
in the stratotype section (Djenchuraeva, 1997; Burg et al., 2004). A rich Late
Visean-Early Serpukhovian benthic fauna is also reported in this area (fauna
catalogue, Burg et al., 2004).

In this region, 57 oriented drill cores were taken from six sites, including
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one site located in the Kegaty formation and five sites in the Minteke for-
mation. All samples from this section, referred to as KEL (Table 4.1), were
taken from cherry brown siltstone sites on the slope of the river Kegaty. All
sites were spatial separated and the bedding conditions of them are quite
uniform (Fig. 3.2). The age of the section ranges from early Visean to middle
Serpukhovian (~ 340 — 328Ma, Fig. 3.2).

3.4 Field and Laboratory Methods

All samples were cored in the field using a portable, water-cooled rock-
drill. The orientation of the samples and their structural position were mea-
sured using a Brunton compass. After been formatted to standard palaeo-
magnetic specimens of 10cm? in volume in the laboratory, all samples were
stepwise demagnetized using thermal or alternating field (AF) techniques
with peak temperatures of ~ 700°C and peak fields of ~ 200mT in zero
field conditions. Measurements were performed in a magnetically shielded
room at the Ludwig-Maximilians University, Munich. Magnetization direc-
tions were measured in three components with a vertical 2-G Enterprises
squid magnetometre, Sand City, CA. Directions of the remanence compo-
nents were identified as linear segments on the demagnetization diagrams,
defined by at least five consecutive data points and subjected to principal
compeonent analysis (PCA, Kirschvink, 1980). Only eigenvectors with a
maximum angular deviation (MAD) of less than 10° were used to calculate
the mean directions of the magnetic components identified.

In order to elucidate the coercivity spectrum of the material, an isother-
mal remanent magnetization (IRM) was imparted on selected specimens
using a MMPM pulse magnetizer, Liverpool, UK, using peak fields of ~ 6T.
The IRM acquisition results were analysed by quantification of the magnetic
coercivity components (Kruiver et al., 2001; Heslop et al., 2002). Ther-
momagnetic curves (in-field, ~ 370mT) were obtained with a variable field
translation balance, Petersen Instruments, Munich, Germany [VFTB, Krasa
et al. (2007)]. Additionally, orthogonal three axes IRMs were imparted and
subsequently thermally demagnetized following the procedure of Lowrie and
Heller (1982) with peak temperatures of ~ 700°C. For further analysis, these
three-axes IRMs were also demagnetized using AFs up to ~ 200mT. All
rock-magnetic experiments were performed on representative samples from
both localities. Samples from KEL are all rather uniform in colour and grain
size. From section DUN samples from below (DUN1), within (DUN2-4) and
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above the conglomerate (DUN5-16) were analysed. Additionally, samples
of different grain size and colour were studied from the continuous section
(DUN5-12) and from the remaining separated sites (DUN13-16).

The magnetic fabrics from both sections were studied using low field
anisotropy of magnetic susceptibility (AMS) and anisotropy of isothermal
remanence (AIR) in high fields.

Low field AMS was measured on an AGICO KLY-2 Kappabridge, Brno,
Czech Republic, using the 15 position measurement scheme of Jelinek (1977).

For the AIR measurements, saturation IRMs (SIRMs) of 6.5 T were im-
parted on the specimens along z, y, z axes and along the —x, —y and —z
axes. To reach such high fields in the pulse magnetizer, the coil with the
smallest cavity was used. This did not allow magnetizing orientations that
are off the specimens’ principal coordinates (e.g. zy, zz, yz, ...) without
drastically reducing the specimen dimensions. After each IRM was imparted,
the specimens were thermally demagnetized at 120°C to eliminate possible
contribution of goethite, a common alteration mineral in red beds. The
specimens were also AF demagnetized in fields of 100 mT to minimize the
contribution of magnetite, also present in the specimens. Each magneti-
zation was successively measured on a 2-G Enterprises SQUID cryogenic
magnetometre. For each positive and negative couple of measured specimen
axes, the three components of each vector were averaged to obtain the three
components of the magnetic vectors along the x, y and z field directions
(Mxx, Mzy, Mxz for the IRMs applied along x, Myx, Myy, Myz for the
IRMs applied along y and so on). Following Stephenson et al. (1986), six
independent coefficients were obtained from these nine values, that is Mxx,
Myy, Mzz, (Mzy+ Myz)/2, (Mxz+ Mzx)/2, (Myz + Mzy)/2 (theoreti-
cally Mxy = Myz etc., but to minimize the experimental error an average
value was taken). These six coefficients were used to compute the complete
IRM ellipsoids by standard least-squares methods and principal axis orien-
tations and lengths were calculated by iterative diagonalization (e.g., Press
et al., 1986; Tauxe, 1998; Borradaile and Jackson, 2004).

3.5 Results

3.5.1 Demagnetization Behaviour

Thermal demagnetization experiments show in general stable behaviour
with unidirectional decay of intensity (Fig. 3.3). 80 per cent at section DUN
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Figure 3.3: Results of thermal (a-d, j and k) and alternating field (e-i)
demagnetization experiments plotted as orthogonal vector diagrams (Zi-
jderveld, 1967) in stratigraphic coordinates. Solid and open dots represent
vector endpoints projected onto the horizontal and vertical planes, respec-
tively. Temperature and alternating field steps in °C and mT are indicated.
Light grey and dark grey lines indicate proposed least square fits of the
HTC1 and HTC2, respectively, of section DUN. Also shown are decay plots
of normalized intensity and stereographic projection of the demagnetization
data.

and 57 per cent at section KEL of the samples measured yield directions of
magnetization fulfilling our requirement of at least five consecutive demag-
netization steps defining linear segments. The remaining samples did not
show any stable demagnetization behaviour.
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Table 3.2: Palaeomagnetic site mean directions and overall mean directions

of the ChRM.
Site h N In situ Bedding-corrected
(cm)
D) 1) k' ags De) 10 k aos
) )

Dungurme section — DUN, HTC1 (uncorrected)
DUN-1 - 6/8 58.7 -76.7 93.8 7.0 134.8 -48.7 93.8 7.0
DUN-2 - 4/6 41.8 -63.3 106.1 9.0 152.4 -47.0 106.1 9.0
DUN-3 - 6/7 37.9 -62.5 224 145 139.8 -47.1 224 145
DUN-4 - 10/21 34.8 -62.2 23.8 10.1 137.4 -59.5 20.0 11.1
DUN-5 260 16/16 336.0 -55.1 91.9 3.9 149.3 -48.2 959 3.8
DUN-6 360 5/9 338.8 -65.5 279.2 4.6 148.4 -37.3 279.1 4.6
DUN-7 230 5/6 334.3 -59.3 103.6 7.6 150.4 -43.7 103.6 7.6
DUN-8 325 7/9 338.7 -56.3 45.6 9.0 146.7 -46.4 45.6 9.0
DUN-9 873 9/13 335.4 -55.9 70.7 6.2 150.1 -49.2 715 6.1
DUN-10 475 3/5 327.6 -52.2 146.5 10.2 139.6 -59.7 146.5 10.2
DUN-11 1210 12/12 329.9 -46.2 62.8 5.5 157.3 -65.9 58.4 5.7
DUN-12 760 19/19 329.4 -46.3 190.0 24 139.5 -61.2 379 55
DUN-13 - 8/8 326.1 -53.0 502.3 2.5 167.2 -50.0 502.3 2.5
DUN-14 - /7 340.0 -59.6 75.2 7.0 154.8 -44.4 75.2 7.0
DUN-15 - /7 332.3 -57.4 154.1 4.9 160.7 -46.4 154.1 4.9
DUN-16 - 4/7 338.4 -58.2 54.5 12.6 156.0 -45.8 54.5 12.6
DUN- - 10 6.7 -59.4 20.6 109 153.4 -51.4 45.5 7.2
AF*
Mean - 16 344.8 -60.9 26.3 7.3 149.3 -50.3 73.6 4.3
Kegaty section - KEL
KEL-1 - 5/14 173.2 10.9 31.2 139 194.5 -51.4 27.7 148
KEL-2 - 4/6 178.2 26.8 72.0 109 180.5 -30.4 72.0 109
KEL-3 - 6/6 165.4 29.4 284 128 168.8 -35.3 284 128
KEL-4 - 5/10 152.3 22.4 276 14.8 155.7 -38.8 25.4 15.5
KEL-5 - 8/14 178.0 22.9 40.7 8.8 181.2 -35.0 374 9.2
KEL-6 - 3/7 169.3 -3.3 26.2 24.6 184.6 -34.2 26.2 24.6
Mean - 6 169.5 18.5 28.3 128 176.2 -36.4 57.4 8.9

Site, sampling sites; h, height of sampled outcrop, where appropriate; N, number of samples (sites) used
for calculating site (area) mean directions/number of measured samples. Declination (D) and Inclination
(I) in degrees, Fisher precision parameter k (Fisher, 1953), Fisher radius (ags) of 95per cent confidence
in geographic (in situ) and bedding corrected (TC) coordinates, respectively. * Mean direction for 10
samples, which were treated with alternating field demagnetization, samples including sites DUN-3,-5,-9,-
11,-12,-14,-15, because of the different sites, mean directions were not included into area mean direction.

A weak low temperature component (LTC) is present in samples from both
sections. At DUN the LTC is, if at all, present only up to ~ 250°C (Fig. 3.3a—
h). Combining results of 18 samples, where the LTC is separable, yields an
in situ mean direction for the LTC of D = 359.3°, I = 52.5°, k = 12.5 and
ags = 10.2°. At section KEL the LTC can be recognized in most samples up
to ~ 350°C. The mean direction of this component is D = 351.9°, I = 42.0°,
= 9.1 and ag; = 10.1° using data from 25 samples.

After removal of the LTC a high temperature component (HTC) is

present in all samples from section KEL, which is totally removed at tem-
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peratures of 660 — 680°C. Combining site mean direction for all six sites
results in an overall mean direction for this area of D = 169.5°, I = 18.5°,
= 28.3 and aygs = 12.8° before, and D = 176.2°, [ = —36.4°, k = 57.4 and
ag; = 8.9° after bedding correction (Fig. 3.4, Table 5.5).
Demagnetization data of section DUN show two HTCs (Fig. 3.3a—d),
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Figure 3.4: Site mean directions in geographic [in situ-(a and ¢)] and strati-
graphic [tilt-corrected-(b and f)] coordinates for site DUN (uncorrected
HTC1) and KEL (HTC). Stars mark mean values with associated 95per
cent confidence intervals. Square indicates site mean direction of only com-
ponent of 10 samples from DUN treated with alternating field demagnetiza-
tion (Fig.3.3). (c and g) k-values versus percentage of unfolding. (d) Sample
mean directions of samples from DUN treated with alternating field demag-
netization and mean value with according ags error interval. (h and i) All
sample mean directions for section DUN [HTC2 and KEL (HTC)]. For DUN
samples from within the continuous section (DUN5-12) are plotted in red,

samples from the Jamanechke formation are plotted in blue and all samples
in black.

a first HTC (high temperature component one, HTC1), identified between
300 and ~ 600°C, and a HTC2, present between 600 and ~ 690°C. Samples
from DUN3 and DUN4 contain only a HT'C1 and lose all their NRM intensity
at ~ 600°C (Fig. 3.3b). Combining site mean directions from 16 (HTC1)
and 14 (HTC2) sites, respectively, yield mean directions of D = 344.8°,
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1 = —60.9°, k = 26.3 and ag; = 7.3° before, and D = 149.3°, I = —50.3°,
k = 73.6 and ags = 4.3° after tilt correction (Fig. 3.4, Tables 5.5 and 3.3)
for HTC1 and D = 10.6°, I = —69.3°, k = 29.6 and a5 = 7.4° before, and
D =139.6°, [ = —35.1°, k = 71.6 and ags = 4.7° after tilt correction for the
HTC2. It is noteworthy that all inclinations of the HTC2 are consistently
lower than inclinations of the HTC1 in stratigraphic coordinates, whereas
the declinations are rather similar. In order to get a first impression on the
possibility of inclination shallowing of the HT'C2, all sample mean directions
of section DUN were plotted together. The fact that the distribution of di-
rections is E-W elongated (Fig. 3.4h), suggests already that they might have
been affected by a shallowing process (Tauxe and Kent, 2004). To verify this
hypothesis a detailed rock magnetic analysis and tests for inclination shal-
lowing will be presented in the next chapters.

Only samples from sites DUN3 and 4 lost all their magnetization at

Table 3.3: Palaecomagnetic site mean directions and overall mean directions
of the haematite component (HTC2) of DUN.

Site N In situ Bedding-corrected

D) 1) ko ags D) 1) ko ags

) )

Dungurme section - DUN, HTC2 (uncorrected)
DUN-1 6/8 100.5 -62.0 87.4 7.2 129.1 -29.2 87.4 7.2
DUN-2 3/6 59.1 -50.1 720.1 4.6 131.2 -41.4 7189 4.6
DUN-5 16/16 353.8 -62.3 64.6 4.3 139.5 -38.3 63.6 4.4
DUN-6 6/9 7.1 -69.8 57.0 8.9 138.8 -29.1 57.1 8.9
DUN-7 6/6 14.3 -68.1 58.6 8.8 135.4 -28.5 58.6 8.8
DUN-8 9/9 7.1 -64.7 53.6 7.1 135.0 -33.0 53.6 7.1
DUN-9 13/13 6.1 -72.0 69.2 5.0 141.2 -29.8 66.8 5.1
DUN-10 3/5 359.2 -67.8 46.7 18.2 127.7 -39.3 46.7 18.2
DUN-11 12/12 345.9 -58.0 44.1 6.6 141.0 -52.9 40.8 6.9
DUN-12  19/19 321.8 -64.7 444 6.6 149.2 -43.2 36.9 10.1
DUN-13  8/8 344.5 -69.8 88.9 5.9 153.9 -34.0 88.9 5.9
DUN-14 7/7 4.4 -70.0 319 143 146.4 -31.5 319 8.7
DUN-15 7/7 2.8 -68.9 108.0 5.4 146.3 -32.7 108.0 5.4
DUN-16  4/7 25.8 -70.4 14.1 254 140.7 -26.2 141 254
MEAN 14 10.6 -69.3 296 74 139.6 -35.1 71.6 4.7

Site, sampling sites; h, height of sampled outcrop, where appropriate; N, number of samples (sites) used
for calculating site (area) mean directions/number of measured samples. Declination (D) and Inclination
(I) in degrees, Fisher precision parameter k (Fisher, 1953), Fisher radius (ags) of 95per cent confidence
in geographic (in situ) and bedding corrected (TC) coordinates, respectively.

~ 600°C (Fig. 3.3b). Consequently these sites only show up in calculation
of site mean directions of HT'C1 (Tables 5.5 and 3.3).

To get further demagnetization information about the two HTCs 14 sam-
ples from section DUN and four samples from section KEL were stepwise AF
demagnetized (Fig. 3.3e-i). For samples from KEL and from the lower part
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of DUN AF demagnetization was not successful in isolating stable compo-
nents of magnetization (Fig. 3.3e and i). The greyish conglomerates (DUN3),
on the other hand, lost more or less all of their initial intensity of NRM dur-
ing AF demagnetization (Fig. 3.3f). Representative samples from the upper
part of this area show, after removal of the viscous overprint, one com-
ponent, which does not point directly towards the origin of the projection
plane. Averaging mean directions of 10 samples from section DUN yields
an AF mean direction of D = 6.7°, [ = —59.4°, k = 20.6 and ag5 = 10.9°
before and D = 153.4°, [ = —51.4°, k = 45.5 and ag5 = 7.2° after tilt cor-
rection (Fig. 3.4d, Table 5.5) . Since the mean direction after tilt correction
is identical within error limits with the HTC1 overall mean direction, AF
demagnetization up to 200mT clearly isolates the first HTC1.

3.5.2 Rockmagnetic Results

Thermomagnetic Curves

The thermomagnetic curves are generally difficult to interpret due to the
small amount of material and the resulting weak magnetic signal. Most of
the studied samples show noisy decay of intensity until all magnetization
is lost at ~ 660°C, which corresponds to the unblocking temperature of
haematite. Only some samples show distinct curvatures within the decay
paths. Samples from KEL show a first decay of intensity at ~ 150°C, be-
fore a component with an unblocking temperature of ~ 650°C is identified
(Fig. 3.5a). Sample DUN1-4 (Fig. 3.5a) shows a distinct curved decay, which
would intersect with the y = 0 axis at ~ 580°C. However, also this sample
completely unblocks only at ~ 660°C. In sample DUN5-2 (Fig. 3.5a) the
proportion of these two phases (580 and 660°C) is rather equal but they
are both still recognizable. The more the high-temperature phase domi-
nates the unblocking temperature spectrum, the weaker the signal from the
intermediate phase (at ~ 580°C) becomes.

Demagnetization of Three Axis IRM

AF and thermal demagnetization of composite orthogonal three-axes
IRMs yield the following results. Samples from KEL show a slightly in-
creased decay of intensity at ~ 500°C and then a drop to zero of all compo-
nents at ~ 680°C during thermal treatment. AF demagnetization removes
the small amount of the 0.12T TRM and some 20 per cent of the 0.4T IRM.
The 2.5T IRM has about double the intensity of the sum of the two other
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Figure 3.5: Rock-magnetic results from representative samples from both
sections. (a) Thermomagnetic heating runs up to ~ 680°C with a dc field
of ~ 370mT with normalized intensity of two samples from section DUN
and one sample from KEL. (b-e) show results of thermal (large) and al-
ternating field (small) demagnetization of three orthogonal imparted IRMs,
using fields of 0.12 (circles), 0.40 (open squares) and 2.5 T (filled squares),
respectively. Temperature is given in °C and alternating field (small insets)
is given in mT.

fractions.

The matrix dominated, reddish conglomerates of DUN2 show compa-
rable behaviour during thermal and AF treatment as samples from KEL
(Fig. 3.5b and f). The more greyish conglomerates (DUN3) are character-
ized by a more linear decay of the 2.5T IRM up to 680°C, and a drop to zero
of the 0.12T IRM before 600°C (Fig. 3.5¢). AF demagnetization of a sister
sample reveals a drop of the 0.4T IRM of about 50 per cent (Fig. 3.5¢). Sam-
ples from the upper part (DUN5-16) show similar demagnetization results
of the composite IRMs. Thermal demagnetization reveals a first curvature
of all three IRMs, which would intersect with the x axis at ~ 580°C. The
0.12T IRM component loses most of its intensity before 600°C (Fig. 3.5d
and e). The remaining magnetizations drop to zero in a narrow interval at
~ 680°C. AF demagnetization of these samples show a drop of the medium
field component (0.4T) of more than 50 per cent (Fig. 3.5 d and e).
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Somewhat unexpectedly, all IRM fractions of samples DUN12-16 and
KEL3-3 (Fig. 3.5d and f) are persistent up to ~ 680°C. We speculate that
these are carried by haematite in varying grain-sizes.

IRM Acquisition Curves
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Figure 3.6: IRM acquisition modelling (Kruiver et al., 2001) of representative
samples of the DUN and KEL sections. (a) The raw IRM acquisition data
and a zoomed interval from 0 to 1500 mT. Grey (black) curves represent
samples from DUN (KEL). (b) All results from the fitted components of
the first derivative plot (or gradient plot). (c-h) Individual gradient plots of
samples from DUN and KEL. (f and g) F-test was performed to compare the
quality of the fit using three components with respect to two. Both samples
passed the test on a 99 per cent confidence level (Kruiver et al., 2001), which
indicates, that three components significantly improved the fit.

The first derivative of the IRM acquisition curve was modelled using
the approach of Kruiver et al. (2001). Most of the representative samples,
from section KEL and from the whole lower part of DUN (DUN1-4) can
be modelled adequately using two components (Fig. 4.3c-e and h). The
proportion of the two components, which are a low field component with
peaks at 50— 100mT and a high field component with peaks at 600 —800mT,
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however, changes from 40/60 (DUN1), to 30/70 (DUN3) and 10/90 (DUN2
and KEL). Modelling of IRM acquisition curves of samples from the upper
part of DUN can be significantly improved using three components instead
of two (Fig. 4.3g and h), including two high field components with peaks
at about 300 — 400mT and above 1000mT. Taken together the modelling
results of all measured samples in one gradient plot (Fig. 4.3b) highlights
the occurrence and varying proportion of the low and high field components.

Rockmagnetic Implications

Summarizing, we identify two or three magnetic components in the sam-
pled material. Based on the thermal demagnetization of composite IRMs
and the thermomagnetic curves (Fig. 3.5) we correlate two of these compo-
nents with HTC1 and HTC2, which unblock at ~ 580 and ~ 680°C, respec-
tively. Since HTC1 was also identified during AF demagnetization, we inter-
pret this component to be carried by magnetite. The fact that both NRM
and composite IRM finally can be reduced in intensity within a very nar-
row interval during thermal demagnetization, suggests that the HTC2 can
be explained by the presence of haematite, likely specularite (Stamatakos
and Kodama, 1991), as will be discussed in more detail further. Though it
might not be contributing much to the remanence, pigmentary haematite
is certainly also present, being responsible for the red colour of the rocks.
The additional third very high field component, which is only occasionally
visible, might be carried by goethite, corroborated by the slight drop in
intensity at ~ 100°C (Fig. 3.5a). Another possibility might be, however,
that this component can be correlated with the signal of the pigmentary
haematite, which can have a similar unblocking temperature as the specu-
larite but higher coercivities (Dunlop, 1972).

It is also important to note, that even in samples where the NRM loses
all the intensity after heating to ~ 600°C there is still a significant amount
of haematite present (Figs. 3.3b and 4.3f). On the contrary, samples which
are dominated by the haematite fraction still contain a small amount of
magnetite (Fig. 4.3e and i).

Magnetic Fabrics

AMS studies for both sections reveal bedding parallel fabrics in tectonic-
corrected coordinates, with mostly subvertical minimum principal axes and
subhorizontal maximum and intermediate axes (Fig. 3.7a—d), supporting a
primary sedimentary fabric. On a Flinn diagram [L versus F, Flinn (1962)],

20



3.5. RESULTS

102 106 1.1
F

AMS DUN

++++++++@+++++++ 2
+
+
+
+
+
+
+
+
90°

»
<

. ® oo
5
I ++++++++++++'+v++++ R

Mo | ., f@

AIR KEL

AIR DUN
0

0° 180° 180°

Figure 3.7: Low and high field anisotropy of susceptibility (a—d) and TRMs
(f=k), respectively (black circles: minimum axes, blue triangles: intermedi-
ate axes, red squares: maximum axes). (a and b), (¢ and d): Results of
anisotropy of susceptibility (AMS) measurements and respective hext error
ellipses for sections KEL and DUN. (e) Flinn diagram for all AMS data from
both areas (black circles — DUN, grey squares — KEL. (f, g and h) and (i,
j and k): Results of anisotropy of isothermal magnetizations (AIR), with
respective hext error ellipses (g and j) and bootstrap eigenvectors (h and k).
Plots are made using software PmagPy2.16 from Lisa Tauxe.

samples from the DUN section plot close to the origin and in both the pro-
late and oblate fields of the diagram, indicating a triaxial fabric with small
anisotropy. Samples from KEL, on the contrary, have larger anisotropies
but also plot in both the prolate and oblate fields of the diagram, though
are predominantly oblate (Fig. 3.7e).

Unlike for AMS, the magnetic fabrics measured using the SIRM tech-
nique yield different results for the two studied sections (Fig.3.7f-k).

The fabric for DUN does not show a distinct clustering of principal axes,
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suggesting an un-oriented isotropic fabric (Fig.3.7i-k). On the contrary, the
fabric of KEL, although with some scatter, shows a preferential clustering
of principal axes, which is enhanced by the parametric bootstrap (Fig.3.7h):
the minimum axes plunge steeply to the W, whereas the maximum and
intermediate axes are distributed in a subhorizontal plane (Fig.3.7f-g), sug-
gesting a sedimentary origin. Because the ChRM for this section is carried
by haematite, a sedimentary fabric supports the notion that the remanence
for these sediments is carried by detrital haematite.

Conversely, the lack of a distinct fabric of the AIR for DUN would rule
out detrital haematite. Reminding the reader that the anisotropy technique
utilized isolates the contribution of the haematite grains, by eliminating the
contribution of both magnetite (via AF demagnetization) and goethite (via
125°C thermal demagnetization), we infer that the fabric measured for DUN
is that of pigmentary haematite, for which a randomly oriented isotropic fab-
ric is expected (Tauxe et al., 1990). On the other hand, the AMS fabric of
DUN is dominated by the magnetite signal, which shows a primary, sedi-
mentary fabric.

These observations are consistent with the high-temperature ChRMs iso-
lated for both KEL (in the haematite unblocking temperature range) and for
DUN (in both the magnetite and haematite unblocking temperature range).

In the next section on inclination shallowing we show how the rema-
nence carried by the haematite pigment in DUN must have been acquired
soon after deposition and have been affected by some post-depositional com-
paction. As Heslop et al. (2014) demonstrate, very small degrees of align-
ment are sufficient to produce reliable palacomagnetic directions: therefore
it is not surprising that the haematite pigment in DUN possess a reliable
CRM direction, though shallow, despite yielding an un-oriented magnetic
fabric.

3.5.3 Inclination Shallowing

Palaeomagnetic results from Central Asian red beds have been suspected
for a long time to be affected by inclination shallowing and not be reliable
recorders of the earth magnetic field (e.g., Gilder et al., 2001; Tauxe and
Kent, 2004). More and more authors relate this inclination bias to com-
paction or depositionally caused shallowing of detrital haematite (Gilder
et al., 2001; Dupont-Nivet et al., 2002; Gilder et al., 2003; Tan et al., 2003).
This process was identified also in laboratory redeposition experiments (e.g.,
Tauxe and Kent, 1984). Tauxe and Kent (2004) proposed a method to iden-
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Figure 3.8: Elongation/inclination method of Tauxe and Kent (2004), for
correcting inclination shallowing for the HTC1 (a-c) and the HTC2 (d-f) of
section DUN. (b and e) Plots of elongation versus inclination for the data
(red line) and for the TK03.GAD model (green line). Additionally, results
from 20 bootstrapped datasets (beige lines). The intersection represents the
inclination/elongation pair, which is most consistent with the TK03.GAD
model. (c and f) Cumulative distribution of crossing points from 5000 boot-
strapped datasets. (g and h) Mean directions prior to correction. (Method
was performed using PmagPy2.16 from Lisa Tauxe)

tify the flattening factor f, to reconstruct the original inclination based on
the variation of elongation of the distribution of palacomagnetic directions
E/I-method).

The method utilizes the expected distribution of recorded magnetic di-
rections during secular variation. Therefore, each direction should represent
a spot reading of the actual geomagnetic field. This justifies the usage of
directions obtained from individual sedimentary rock samples. On the other
hand, the data set used should be large enough to have a sufficient num-
ber of recordings of secular variation (Tauxe and Kent, 2004). In order to
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fulfil these requirements we combined all individual sample data from the
large continuous section (DUN5-12) with the remaining sites (DUN1-4 and
13-16).

Applying the method on 115 samples from both components (HTC1 and
HTC2) of section DUN yields the following: The HTC1 results in a mean
absolute inclination of 50.0° (for simplification only positive or absolute in-
clination values are given in this chapter) prior to correction and 54.5° after
correction (Fig.3.8). The error interval is 49.7 — 62.5°, which includes the
mean inclination prior to correction. This result suggests that, if at all, only
minor shallowing affected this component. The HTC2 has a mean absolute
inclination of 35.0° prior and 50.3° after correction (Fig.3.8). The error in-
terval is 41.4° — 57.9°. Flattening factors are 0.8 and 0.6 for the HTC1 and
HTC2, respectively.

The corrected absolute inclination of HTC2 of 50.3° is identical within
error limits to the mean absolute inclination of the HTC1 of all samples
(50.3°). This might be explained by a process of compaction-induced incli-
nation shallowing, which mainly affected the pigmentary haematite grains
leaving the magnetite grains mostly untouched. The fact that the corrected
directions carried by the haematite pigment closely resemble that carried by
the magnetite grains strongly suggests that the pigment carries a chemical
remanence, which was acquired shortly after deposition. The platy nature
of the haematite grains, makes these more susceptible to post-depositional
compaction than the more spherical magnetite grains. The low degree of
anisotropy of susceptibility at DUN (Fig.3.7e), where the AMS is proba-
bly dominated by magnetite, strengthens this conclusion. Section KEL also
shows an elongation of directions of the HTC within the horizontal plane
(Fig.3.4h), however, there are not enough demagnetization directions avail-
able to perform the E/I-correction method. To investigate the supposed
inclination bias in samples from section KEL, haematite remanence incli-
nations were corrected using the anisotropy-based correction of Tan et al.
(2003, Fig.3.7), using anisotropies of high-field IRMs (hf-AIR method, Tauxe
et al., 2008; Bilardello and Kodama, 2009). The AIR measurement tech-
nique, which was also successfully used by Bilardello and Jackson (2014)
in a comparative study of different anisotropy techniques, was applied to
samples from both sections. Only results from section KEL yield a distinct
clustering of principal anisotropy axes, as expected for sedimentary fabrics
(Fig.3.7f-k).

The average experimental difference between the theoretically identical
off-diagonal terms is 5.6per cent of the average IRM (Mirm/3), however it
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is < bBper cent for 7/14 calculated ellipsoids and < 10per cent for 12/14.
These results give confidence in the validity of the technique for measuring
haematite anisotropy when using high-field IRMs. Only the anisotropies
with off-diagonal difference < 10per cent of the average IRM were used for
the inclination corrections.

The average anisotropy measured for section KEL was used, together
with an average haematite particle anisotropy value of 1.38 (e.g., Bilardello
and Kodama, 2010; Bilardello et al., 2011).

Inclination corrections were performed on the site level, after correction,
the ChRM absolute inclination of section KEL steepens from ~ 36.4° to
75.2°, corresponding to a flattening factor of 0.2.

This is a large inclination correction that exceeds by ~ 25° the corrected
absolute inclination obtained for section DUN using the E/I technique of
Tauxe and Kent (2004) and is not within the uncertainty of the E/I correc-
tion of DUN (low and high inclinations of 41.4 and 62.3, respectively).

3.6 Discussion

3.6.1 Reliability of the correction methods

Bilardello et al. (2011) have shown how the E/I technique underestimates
the corrected inclination when using too few directional data (< 100 sam-
ples). For section DUN, more than 100 samples were used, lending some con-
fidence in the E/I correction. Another argument in favour of the robustness
of the E/I technique is the agreement of the HTC1 direction including re-
sults obtained with AF demagnetization with the corrected HTC2 direction
of section DUN. On the other hand, the anisotropy measurement technique
employed here, indistinctly measures the contributions from both detrital
and pigmentary haematite. If the detrital grains only are responsible for
the ChRM, as proposed for section KEL, then the measured anisotropy may
be inaccurately correcting the inclination bias. The lack of a sedimentary
haematite fabric for DUN (Fig.3.7i-k) rules out the possibility of making a
true comparison between the two techniques. We treat these results as a
positive detection of inclination shallowing at both sites. We note, however,
that both correction techniques might carry uncertainties, deriving from a
small sample number on one hand and/or inaccuracies in measuring the fab-
ric of the characteristic remanence carrying haematite grains on the other.

To get further confidence in the correct application of the E/T method, we
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obtained values for palaeosecular variation (PSV) of the HT'C2 component.
We used VGPs based on the individual DUN sites (Table 3.3) to obtain
a within-site corrected VGP scatter (Biggin et al., 2008). This procedure
results in a Sp value of 12.2° for the 14 sites of the HTC2. Investigating
new PSV compilations of the Cretaceous Normal Superchron (CNS) and the
Jurassic (Biggin et al., 2008) shows that our value is comparable with the
CNS and low but still within the observed range of the Jurassic for similar
palaeoaltitudes (~ 30°N). PSV data from within the Permo-Carboniferous
reversed superchron (PCRS) from low palaeolatitudes yield somewhat lower
Sp values (Haldan et al., 2009), which might be related to either the lower
palaeolatitudes of their study or the occurrence of this study during the su-
perchron. After all, this result contradicts a very low sedimentation rate,
which would doubt the application of the E/I method, because in this case
a very low PSV value would be expected. Also severe tectonic activity
recorded in the palaeoamgnetic data is unlikely, because this would result
in a increased PSV value. Any further implications using our PSV value is,
however, difficult due to the sparse PSV data available for the Palaeozoic.

3.6.2 Palaeo- and rock-magnetic Results

Based on the rock-magnetic results we conclude that most probably the
HTCs are carried by magnetite and haematite. Haematite is more abundant
in samples from section KEL and appears to be detrital. In contrast, we re-
late the haematite phase HTC2 of DUN to secondary pigmentary haematite,
which was acquired shortly after deposition. The haematite component
holds a shallower inclination, which can be explained by compaction-induced
shallowing of the platy haematite grains, whereas the more spherical mag-
netite grains are less prone to shallowing. This conclusion is supported
by the consistency of the HTC2 inclination corrected using the elongation-
inclination (E/I) method (Tauxe and Kent, 2004), and the inclination of the
HTC1, in stratigraphic coordinates. Due to this conclusion we regard the
uncorrected HT'C1 as the primary magnetization direction of this section
(DUN) and use it for the further palacogeographic analysis.

Inspection of the maximal clustering of site mean directions versus un-
folding percentage from both sections lead to a positive fold test (Enkin,
2003), which indicates an acquisition age of the primary magnetization prior
to the folding process (Fig.3.4c and g).
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3.6.3 Palaeoposition
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Figure 3.9: Palaeolatitude diagram, showing data from the literature to-
gether with the palaeolatitude curves from Siberia and Baltica (Cocks and
Torsvik, 2007; Torsvik et al., 2012) for a reference site within the NTS moun-
tains. Black circles indicate palaeolatitude value for both high-temperature
components of DUN (HTC1 and 2). Red pentagons indicate values for KEL
(uncorrected), inclination corrected by elongation-inclination (E/I) with a
flattening value of 0.6 and by the hf-AIR method. Grey diamonds rep-
resent published data for the North Tianshan zone (Bazhenov et al., 1999;
Abrajevitch et al., 2007) for Silurian and Devonian plus Permian rocks. Pur-
ple squares show most recent study from the NTS (Bazhenov et al., 2003).
Blue and green triangles show palaeolatitudes based on palaeopoles from
Tarim (upright) and Junggar (turned, Wang et al., 2007). Light grey line
indicates suggested palaeolatitude of palinspastic reconstruction by Didenko
et al. (1994). Red arrow highlights the ambiguity of the correction results
of KEL.

Application of two different techniques to correct inclination shallowing
in red sediments yields inclination values for two early Carboniferous sites in
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Kyrgyzstan of —50.3° and —75.2° with error limits of approximately 4+10°
and +4°, respectively. These inclinations translate to palaeolatitudes of
31.1°N (error range of 23.7° —40.1°) and 62.1°N (error range of 55.8° —69.1°
(Fig.3.9). These results imply a north-south directed convergence of the
two basins between the early Carboniferous and the final amalgamation of
the whole area in the late Carboniferous to Permian of about 30° (more
than 3000km). It seems very unlikely, that these two areas, even though
they represent two separate geologic basins (Fig.3.1) with slightly differ-
ent but overlapping age ranges (Fig.3.2), were deposited with such a large
latitudinal difference. Especially taken the most recent palacogeographic
reconstructions of this area into account (Didenko et al., 1994; Sengér and
Natal’in, 1996; Filippova et al., 2001; Windley et al., 2007; Xiao et al., 2010)
the amount of 30° seem unlikely. Partly the difference in palaeolatitudes
might represent north-south convergence accompanying the subduction of
the Turkestan ocean. The exact amount of subducted oceanic crust is still a
matter of debate but might be as large as 2500 km (Samygin and Burtman,
2009) for the whole Turkestan ocean. If the Kazakh basin, however, is part
of the Junggar-Balkhash ocean a latitudinal difference of up to ~ 10° might
be reasonable. We might speculate that the remnants of the inferred dry
land of Devonian age (Mikolaichuk and Djenchuraeva, 2000; Bakirov and
Mikolaichuk, 2009, Fig.3.1) represent a much larger continental piece than
previously proposed.

Assuming a similar flattening history (f value of ~ 0.6) at KEL com-
pared to DUN, however, would imply a palaeolatitude of KEL at ~ 30.6°N
(error range 39.4° — 23.4°). This would reduce the subducted area between
the two basins below the distance detectable by palacomagnetism.

It seems evident now that the NTS zone moved from the southern hemi-
sphere towards a position at ~ 30°N between the Ordovician and the Devo-
nian (Bazhenov et al., 2003; Alexyutin et al., 2005; Bazhenov et al., 2012).
After that Bazhenov et al. (2003) suggested an evolution attached to the
East European craton (Baltica). Our results contradict these conclusions
and favour a stable position of the NTS zone at ~ 30°N between Devonian
and Carboniferous times (Fig.3.9). During this interval we propose some
north-south directed compression accretion accompanying the closure of the
Turkestan palacoocean basins (Fig.3.1).
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3.6.4 Age of Magnetization

For the N'TS province, we show that reported data, which indicate low
palaeolatitudes (Bazhenov et al., 2003), are probably biased by inclination
shallowing.

Compaction induced inclination flattening, which has been identified in
both of our data sets, is the most important argument for a formation age
of the magnetic signal during or close after deposition. Because most of the
visible folding took place probably after the Jurassic, the positive fold tests
only indicate a magnetization age between deposition and Jurassic times.
The post-Jurassic folding is indicated by a very minor angular unconformity
between the Carboniferous and Jurassic sequences in the whole NT'S zone
(e.g. Bachmanov et al., 2008). Since most reported remagnetization events
in this area took place in the Late Palaeozoic (e.g. Kirscher et al., 2013) a
positive fold test does not prove non-remagnetized results.

3.7 Conclusions

Early Carboniferous sedimentary rocks from the Sonkul (DUN) and the
Kazakh (KEL) basins, NTS mountains, were investigated palacomagneti-
cally. Representative samples were subjected to rock-magnetic analyses to
determine the carriers of the magnetic remanence. Thermomagnetic runs,
thermal and AF demagnetization of composite three axes IRMs and mod-
elling of IRM acquisition curves indicate the presence of magnetite and
haematite in varying proportions in all samples. Thermal demagnetization
experiments were applied to samples from both areas.

At section DUN thermal demagnetization allowed to separate a LTC,
which is broadly aligned with the present day field in in situ coordinates,
as well as two HTCs, up to ~ 600°C (HTC1) and up to ~ 680°C (HTC2),
respectively. The sufficiently large number of samples at DUN allows to test
for inclination shallowing using the Tauxe and Kent (2004, E/I) method.
The results show that the HT'C2, carried by haematite, has suffered approx-
imately 15° of shallowing, yielding a flattening factor of 0.6. In contrast,
flattening of the HTC1 was less than 5°. The fact that the corrected direc-
tion of the HTC2 and the noncorrected direction of the HT'C1 are identical
suggests that the HTC1 (T = 580°C), which was also successfully identi-
fied by AF demagnetization, is carried by magnetite and can be interpreted
to be of primary origin. Combining site mean directions of 16 sites of the
uncorrected HTC1 results in a mean direction of D = 344.8°, I = —60.9°,
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3 CORRECTING FOR INCLINATION SHALLOWING OF EARLY
CARBONIFEROUS SEDIMENTARY ROCKS FROM KYRGYZSTAN —
INDICATION OF STABLE SUBTROPICAL POSITION OF THE
NORTH TIANSHAN ZONE IN THE MID-LATE PALAEOZOIC

k = 26.3 and ag5 = 7.3° before and D = 149.3°, I = —50.3°, k = 73.6
and g5 = 4.3° after tilt correction. The increase of k of 47.3 indicates a
prefolding age of this component.

At section KEL, six sites yield a LTC, which is also broadly aligned with
the present day field before bedding correction, and a HTC, which points
up and south. Combining site mean directions results in a mean direction
of D =169.5°, I = 18.5°, k = 28.3 and ag; = 12.8° before, and D = 176.2°,
I = —36.4°, k = 57.4 and ag5 = 8.9° after tilt correction. The increase of
the precision parameter k£ by 29.1 suggest a prefolding, albeit Jurassic, age
of this magnetic component.

For KEL not enough samples were available for the E/I correction and
inclinations were corrected with an anisotropy-based technique (Tan et al.,
2003) yielding a corrected inclination of 75.2° +4°. Since the degree of AIR
in samples from DUN is extremely low and lacks a sedimentary fabric the
AIR correction technique could not be applied. Therefore, a comparison be-
tween the two methods is not possible. At section KEL, application of the
AIR method indicates that massive shallowing affected these rocks with a
flattening factor f of 0.2. Compared to most available studies on haematite
bearing rocks (Kodama, 2012) our f value seems rather low and we suspect
some unresolved uncertainties still present in our results.

Another argument why the corrected inclination of KEL seems too high

Table 3.4: Resulting regional mean directions together with results corrected
for inclination bias.

Site Corr.meth. D (°) I(°) k ags Lat Lon dp dm A(°)
() °N)  (°E)

KEL None 176.2 -36.4 574 89 —67.5 84.5 10.4 6.0 20.2

KEL E/I 176.2 -49.8 574 89 =77.7 90.7 79 119 30.6

KEL hf AIR 176.2 -75.2 - 4.0 -70.2 249.8 7.3 6.7 62.1

DUN None (HTC1) 149.3 -50.3 73.6 4.3 -63.3 150.8 5.8 3.9 311

Site, area; Corr.meth., correction method for inclination bias; E/I, Elongation-Inclination method (Tauxe
and Kent, 2004); AIRM, anisotropy based method of Tan et al. (2003); mean tilt corrected direction with
declination (D), inclination (I), precision parameters k and ags. Resulting palaecopole with latitude (Lat)
and longitude (Lon) and error ellipse dp and dm, A: palaeolatitude for study area.

is based on palaeogeographic arguments. Transferring the HTC1 inclina-
tion of DUN (unaffected by inclination shallowing), the HTC2 inclination
of DUN (corrected with a f value of 0.6, E/I method) and the inclination
of KEL (corrected with a f value of 0.2, AIR method) would imply a lat-
itudinal difference between the two basins of ~ 30°, which is equivalent to
roughly 3000km. Even though the two basins might have been separated in
the early Carboniferous by several hundreds of kilometres (Mikolaichuk and
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3.7. CONCLUSIONS

Djenchuraeva, 2000), there is no geologic evidence for subduction of any large
scale (e.g., Filippova et al., 2001; Bakirov and Mikolaichuk, 2009; Samygin
and Burtman, 2009). The larger amount of samples and the identification of
two components, which coincide after inclination shallowing correction, gives
strong confidence in the position of DUN at ~ 30°N. There is some space
for north-south convergence (within the error margins) but a palaeoposition
of KEL further north than ~ 40°N seems to be highly unlikely.

The detection of inclination shallowing in rocks from both sections fur-
ther constrain the age of acquisition of the magnetic remanence to during
or shortly after the deposition time.

The resulting palaeopoles (Table 4.3) show rotational deviation compared
to the APWP of Baltica and Siberia (Cocks and Torsvik, 2007; Torsvik et al.,
2012) of up to ~ 100° (DUN) and ~ 70° (KEL, corrected by f = 0.6), re-
spectively. These values are within range of earlier published results from
the same area and are consistent with complex deformation pattern accom-
panying the collision of Baltica, Siberia and Tarim (Natal’in and Sengor,
2005; Van der Voo et al., 2006; Kirscher et al., 2013).
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Abstract

Triggered by the benchmark paper on the evolution of the Central Asian
Orogenic Belt (CAOB) by Sengor et al. (1993), the geological evolution of
Central Asia has again moved into the focus of the geoscientific community.
Yet, the validity of recently published models for the paleogeographic evo-
lution of the CAOB still remains to be tested. The main reason being that
the paleogeographic information on microplates and terranes now assembled
into the CAOB is still sparse and occasionally ambiguous for some time in-
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4 EARLY TO MIDDLE PALEOZOIC EVOLUTION AND TERRANE
ACCRETION IN CENTRAL ASIA - PALEOMAGNETIC
CONFIRMATION FOR A COLLISION EVENT IN THE ORDOVICIAN

tervals prior to amalgamation of Eurasia in the late Paleozoic.

Here we present new paleomagnetic data for well-dated volcanic and sed-
imentary rocks from seven sampling areas within the Kyrgyz North Tian-
shan zone (NTS), ranging from Cambrian to Ordovician in age. The areas
are located on the Kyrgyz, Terskey Ala-too, Suusamyr-too and Kapka-Tash
Ranges.

Rock magnetic analysis indicates that a high unblocking tempera-
ture component (HTC) of the NRM is associated with magnetite and/or
haematite, whereas magnetizations with low (LT) and intermediate (IT)
blocking temperatures are carried by goethite and/or maghemite. The LT
and IT components of magnetization are characterised by directions of the
NRM that, in in-situ coordinates, are very close or identical to the direc-
tion of the present-day magnetic field in the area. These are consequently
interpreted to reflect a secondary magnetic overprint. In cases where the
blocking temperatures of LT and HT components overlap, the combined
analysis of remagnetization circles with stable endpoint data was successful
in identifying the magnetic direction of the HT component.

The HTC component, after bedding correction, is widely dispersed de-
pending on the age of the rocks, and plots in a declination interval between
90° and 300° with various inclinations between —20° and +70°. The inter-
pretation of being primary is based on a positive local fold and a positive
reversal test at one area, respectively, in the Ala-too and Suusamyr-too ar-
eas as well as a regional fold test including data from three areas of the
Suusamyr-too and Terskey Ala-too Ranges sampled. Additionally, in-situ
data from all areas interpreted to hold a primary magnetic signal, do not
coincide with the expected direction of magnetization of younger ages, espe-
cially during the late Paleozoic period. Data from two entire areas (Kyrgyz
and Terskey Ala-too Ranges) clearly fail the fold test and are therefore in-
terpreted to represent remagnetized signals during a deformation event.

Combining these results by assigning a reversed polarity with published
paleolatitude data from Kyrgyzstan and Kazakhstan, a reasonably well-
defined reconstruction for the evolution of the NTS zone can be estab-
lished, significantly improving the paleogeographic position of the entire
area. Based on the data presented here it seems most likely that an ac-
cretion event in the Ordovician at ~ 460 Ma can be documented in the
Tianshan. Subsequently, the amalgamated Kyrgyz- Kazakh terrane (also
known as the Kazakhstan continent or Kazakhstania) moved northwards to
~ 30°N between Ordovician and Devonian times. It then occupied a sta-
tionary latitudinal position and presumably experienced further accretion
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until the early Carboniferous in agreement with geological evidence.

Apparently, Kazakhstania was not connected to Baltica or Siberia prior
to amalgamation beginning in the late Carboniferous, because the two cra-
tons show separate movements during the middle Paleozoic. Most likely
Kazakhstania collided with Baltica and Siberia to form Eurasia not before
the middle to late Carboniferous.
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Figure 4.1: (a) Global map of Eurasia showing the CAOB in dark grey in
the middle. Also indicated are the major cratons and blocks, the Uralide-
Tianshan mountain belt, the Talas-Ferghana Fault (TFF), the Devonian
volcanic belt of Kazakshtan, and the study region with a red rectangle. (b)
Geological map of the study region. White dots indicate studied sections,
grey dots mark sections studied by Bazhenov et al. (2003). North, Middle
and South Tianshan (NTS, MTS, STS) are indicated. (c¢) Topographic map
of the study region with major mountain ranges of the area [created us-
ing GMT of Wessel and Smith (1998) and topographic dataset ETOPO1
(Amante and Eakins, 2009)]. Dots mark the position of the Karakatty
(white), Karadzhorgo (yellow) and Kapka-Tash (orange) Ranges.
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4.1 Introduction

The Central Asian Orogenic Belt (CAOB, Yanshin, 1965) is one of the
world’s largest accretionary orogens. It was active during the Neoproterozoic
and the entire Paleozoic until its growth ceased, and the newly formed conti-
nental crust finally became trapped between Siberia, Baltica and the Tarim
and Turan microplates (Fig. 4.1). The region has attracted the interest
of many geological studies, not only concerning paleogeographic reconstruc-
tions (e.g., Windley et al., 2007, and references therein), but also attempting
to decipher the mechanisms controlling the growth of continental crust in
general (e.g. Kroner et al., 2014). The interpretations and models published
can generally be categorized into two groups and derivates. Sengor et al.
(1993) proposed a giant arc model, where the individual arc components
were subsequently welded together whereas several authors (e.g., Windley
et al., 2007, and references therein) suggested an archipelago type nucleus
for the paleo-Asian domain, which is comparable to the plate tectonic situ-
ation in the present-day South West Pacific (e.g. Hall, 2009).

The southwestern segment of the CAOB, situated mostly in Russia,
Kazakhstan and Kyrgyzstan, is characterized by markedly curved geologic
structures (Sengor et al., 1993). Lithostratigraphic terranes are arcs strik-
ing North-South along the Ural mountains and east-west along the Tianshan
Mountains at the outer western and southern rims of the CAOB (see figure
6 in Windley et al., 2007). This suggests a major orocline with the hinge
situated under the Caspian basin. Geological evidence, such as collisional
or oriented subduction features (e.g., Samygin and Burtman, 2009), seem
to support the hypothesis that the Ural Mountains, the Karatau Range,
and the Tianshan Mountains are structurally linked (Samygin and Burt-
man, 2009). Kirscher et al. (2013) presented paleomagnetic evidence from
the Karatau Range suggesting that the area indeed became bent during late
Paleozoic amalgamation. Going towards the center of the orogen, within the
Tianshan Mountains, the geologic arrangement becomes more complex and
the simple overall pattern cannot be reconstructed solely using paleomag-
netic data (e.g., Van der Voo et al., 2006).

It is now generally accepted that the Kyrgyz Range of the North Tian-
shan (NTS) and the Chingiz Range in Kazakhstan represent two branches
of a horse-shoe shaped formerly straight volcanic arc that was bent during
the amalgamation of Eurasia (e.g., Abrajevitch et al., 2007; Levashova et al.,
2007; Abrajevitch et al., 2008).

Prior to this rather well constrained late Paleozoic history, the paleo-
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geographic evolution is less well defined. Paleomagnetic data only constrain
the position of Baltica (Cocks and Torsvik, 2005) and Siberia (Cocks and
Torsvik, 2007) after the break-up of Rodinia in the Neoproterozoic (Meert
and Torsvik, 2003) and before the amalgamation of Eurasia, and to a lesser
extent that of Tarim (Zhao et al., 2014). It has been shown that all three
plates traveled northwards and crossed the paleoequator between the Or-
dovician and the Silurian (Bazhenov et al., 2003; Abrajevitch et al., 2007,
Levashova et al., 2007). After that, Tarim was proposed to have occupied
a stationary position at ~ 15°N until the late Carboniferous (Zhao et al.,
2014), when it moved farther northwards and collided with Kazakhstania,
Siberia and Baltica. Concerning the NTS, Bazhenov et al. (2003) proposed
a somewhat similar northward drift between Ordovician and Devonian times
up to about 30°N (Abrajevitch et al., 2007, and references therein) where
it remained stationary until final amalgamation during the late Paleozoic
(Kirscher et al., 2014).

The origin of the Precambrian and early Paleozoic continental or oceanic
fragments remains highly speculative. Paleontological evidence suggests
an affinity of the N'TS zone with the margin of Gondwana and especially
Tarim (Popov et al., 2007). The common presence of ~ 1.1Ga Grenville-
age basement rocks, that are also known from other Gondwana domains,
also indicates rifting of these blocks off the northern margin of Gondwana
(Kroner et al., 2014). Geochemical results and zircon chronology indicate
two subduction accretion events. Additional to the late Paleozoic amalga-
mation, there seems to have been an accretion event during the Ordovician
(Konopelko et al., 2012), representing the formation of Kazakhstania (Fil-
ippova et al., 2001; Windley et al., 2007).

The degrees of freedom in paleogeographic reconstructions reflect patchy
information on a) the early Paleozoic drift history of individual terranes
prior to amalgamation of the Kazakhstan microcontinent, b) motion of the
Kazakhstan microcontinent during the middle and late Paleozoic and the
mechanisms of its incorporation into Furasia, and c¢) the overall kinematics
of late Palaeozoic Kazakhstania and the relative role of rotations, bending,
and wrenching prior to- and during the process of multiple collisions during
the late Carboniferous and Permian.

To address this debate and further constrain the paleogeographical evo-
lution of this area, we present new paleomagnetic data for Cambrian to
Ordovician rocks from the Kyrgz N'TS zone.
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Table 4.1: Position, age and number of samples of studied sections.

Site Lat. [°N] Long. [°E] Age Formation #
Ordovician

BUR 42.6823 75.8291 M.Ord. Oktorkoy 26/4
BYS-1-4 42.7190 75.6881 L.Ord Borybay 34/4
BYS-5-8 42.7295 75.7077 L.Ord. Cholok 29/4
DOL-A 41.8806 75.7360 Darriwilian Kumoinok 28/4
DOL-B 41.8887 75.7404 Darriwilian- Sandbian  Unkurtash 22/3
DOL-C 41.8625 75.7280 Darriwilian- Sandbian = Unkurtash 46/5
DUN 41.6585 74.3414 Sandbian Tertmasu 30/5
Ordovican-Cambrian

JUR 41.8866 75.7589 L.Cambr.-E.Ord. Karadjorgo 42/6
SON 41.9440 75.6790 Cambrian Karakatty 36/5
SUT-1-10  41.7769 76.3015 E.Cambr. Bel'tepshy  85/10
SUT-11-13  41.7769 76.3015 E.Cambr. Sultansary 30/3

Site: sampling site. Lat. and Long.: coordinates in ® north (N) and east (E). Age:
proposed age of sedimentation. E./M./L.Ord.: Early/Middle/Late Ordovician,
E./L.Cambr.: early/late Cambrian. Formation: formation name, # Total number
of obtained samples/sites.

4.2 Regional Geology and sampling

The Kyrgyz part of the Tianshan mountain belt can be subdivided into
the Southern Tianshan (STS), the Middle Tianshan (MTS) and the North-
ern Tianshan (NTS, Fig. 4.1). In the NTS the basement consists of Precam-
brian microcontinental fragments and early Paleozoic oceanic and island arc
complexes (Kromer et al., 2012, 2013, and references therein). The entire
assemblage is pierced by S-type stitching granites marking the consolidation
of Kazakhstan in Late Ordovician to Silurian times (Bakirov and Miko-
laichuk, 2009; Biske and Seltmann, 2010). Whereas Silurian sediments are
practically unknown in this region, probably caused by uplift during this
time, Late Devonian and early Carboniferous imposed basin fillings over-
lay the early Paleozoic formations with a regional angular unconformity. In
the late Carboniferous Kazakhstania collided with Baltica (Puchkov, 1997,
2000). Subsequently, the area underwent several phases of oblique intra-
continental deformation, including folding and faulting until the early Meso-
zoic (Bazhenov et al., 1999; Alexeiev et al., 2009).

Within the territory of Kyrgyzstan eleven locations in four regions,
namely the Kapka-Tash, Terskey Ala-too, Kyrgyz and Moldo-too Ranges
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(Fig. 4.1, Table 4.1), were studied paleomagnetically. The age of these loca-
tions ranges from early Cambrian to Late Ordovician (Table 4.1). In general,
only arc-related volcanic rocks and back arc basin-related sediments such as
graywacke were studied. All lithologies sampled were deposited in an early
Paleozoic arc-back-arc setting. A total of 408 oriented drill cores were taken
from these rocks at 53 sites (Table 4.1).

Kapka-Tash Range

Thirteen sites (SUT) and a total of 115 samples were studied covering the
Bel’tepshy and the Sultansary Formations in the Sultansary area (Table 4.1),
which is situated within the Kapka-Tash Range (Fig. 4.1). Samples were
mostly taken from pillow basalt of the Bel’tepshy Formation (ten sites) and,
to a lesser extent, from well-stratified basalt and tuff layers (three sites).
Macroscopically, the leucocratic basalts are of light green color and show
a non-differentiated, tholeiitic island arc chemical signature (Mikolaichuk
et al., 1997). Vasilev (1991) described sponge macroscleras, which are known
since the early Cambrian in this area. A rich collection of lower Cambrian
trilobites, brachiopods, hyolithes, hyolithelminths, and gastropods was found
within the overlying tuff formation (Techar, Fig. 4.2), which is interbedded
with limestones (Mikolaichuk and Mambetov, 1998).

Terskey Ala-too Range

Three areas were studied in the Karadzhorgo and Karakatty Ranges and
along Dolon Pass (Fig. 4.2), which are continuations of the large Terskey
Ala-too Range (Fig. 4.1). A late Cambrian to Early Ordovician sedimentary
section was sampled near the Dolon Pass at 6 sites (JUR) with 42 samples
in the Karadjorgo Formation (Table 4.1). Samples were only taken from
layers of reddish tuff siltstones (Fig. 4.2). Late Cambrian to Tremadocian
conodonts were described from the middle part of the section (Mikolaichuk
et al., 1997).

Five sites (SON) with 36 samples were taken from pillow basalts of the
Karakatty Formation, along the Tulek River (Table 4.1). Conodonts of late
Cambrian age were identified within cherts of the overlying Tuyuksay For-
mation (Fig. 4.2, Mikolaichuk et al., 1997).

Three locations were sampled at the Dolon Pass along the asphalt road.
DOL-A and DOL-B represent four and three sites from arkose and graywacke
of the Kumoinok and Unkurtash Formations, respectively. 28 and 22 sam-
ples were taken from these locations. Additionally, five sites with 46 samples
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sampled for paleomagnetic investigation in the North Tianshan. Rocktypes

Figure 4.2: Lithological columns of Lower Paleozoic formations, which were
are indicated. Sampling position is marked by thick black lines.
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were taken from a tuff section of the Unkurtash Formation (DOL-C). The
upper Floian to Darriwilian age of these formations is firmly based on the
findings of graptolites (Mikolaichuk et al., 1997). Furthermore, the age of
this sequence is bracketed by the occurrence of Tremadocian granitic pebbles
in the underlying Kichidolon Formation (Fig.4.2, Mikolaichuk and Mambe-
tov, 1998) and Darriwilian tephroids in the overlying Unkurtash Formation
(Mikolaichuk and Mambetov, 1998).

Kyrgyz Range

Two sequences of Ordovician island arc volcanic rocks and sediments
were studied in the Baybichesaur and Oktorkoy mountain ranges within the
Kyrgyz Range (Figs. 4.1, 4.2). Four sites (BUR) and 26 samples were ob-
tained from pillow basalts of the Oktorkoy Formation near the village of
Burulday (Table 4.1). These are dated by Darriwillian brachiopods iden-
tified in interlayers of limestone within the Oktorkoy Formation (Fig. 4.2;
Morozov, 1993; Djenchuraeva, 1997).

Four sites (BYS) with 63 samples were drilled in rhyolites, tuffs and
basalts of the Borybay and Cholok Formations, respectively, near the village
of Bystrovska (old Russian name, today known as Kemin). Here, the age
of the sampled rocks is constrained by SHRIMP U-Pb zircon data (Kroner
et al., 2012), fixing the emplacement ages to 452 £ 5 and 449 + 6 Ma, re-
spectively.

Moldo-too Range

Five sites and 30 samples were studied in graywacke rocks of the Tert-
masu Formation (Fig. 4.2, Klishevich and Kolobova, 1990) at the Moldo-too
Range, below a large section of Carboniferous rocks of the Dungurme Forma-
tion, which were studied paleomagnetically (Bazhenov et al., 2003; Kirscher
et al., 2014). Within the according stratotype section, which is located
about 60 km away (Burg and Mikolaichuk, 2009), numerous brachiopods,
nautiloids, trilobites, gastropods and bryozoans were found (Klishevich and
Kolobova, 1990). Recently, this formation has been related to Sandbian age
(Caradocian in the old stratigraphic scheme, Popov et al., 2007).
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4.3 Applied methods

Samples were drilled in the field and oriented with a standard Brunton
compass. A local declination of +5° was used to correct the azimuth of
both orientation measurements (compare IGRF 2011). Samples were sub-
jected to both thermal (TH) and alternating field (AF) demagnetization
during an extensive pilot study. Depending on the outcome of these experi-
ments (whether stable endpoint or interpretable remagnetization circle data
were identified) one or both methods were used for routine demagnetization
experiments at each area. Stepwise thermal demagnetization experiments
were performed using a Shoenstedt thermal demagnetizer with peak tem-
peratures of 700°C. AF demagnetization was carried out using the home-
made automated system at the University of Munich (Wack and Gilder,
2012) with peak fields of 90 mT. Magnetization directions were measured
with a 2-G squid magnetometer in a shielded room at the University of Mu-
nich. Magnetic components were identified using at least five consecutive de-
magnetization steps and applying principal component analysis (Kirschvink,
1980). The Lowrie (1990) algorithm was applied to characterize the mag-
netic minerals carrying the magnetic signals. A composite orthogonal three
axis Isothermal Remanent Magnetization (IRM) was imparted using field
strengths of 0.12 T, 0.4 T and 2.5 T, respectively. The samples were then
thermally demagnetized with peak temperatures at ~ 700°C. The statistical
robustness of the directional data was determined by application of Fisher
(1953) statistics.

4.4 Results

4.4.1 Rock magnetic results

Thermal demagnetization of three IRMs imparted orthogonally (Lowrie,
1990) revealed two groups of results. The magnetic properties of samples
from BUR, BYS, DOL-C, DUN and SUT are dominated by a low coerciv-
ity component (activated by DC fields of 0.12 T)) with maximum unblocking
temperatures below 600°C (Fig. 4.3). Samples from sites DOL-A, JUR, SON
and to a lesser extent DOL-B are characterized by a substantial contribution
of high coercivity components (activated in DC fields between 2.5 and 0.4
T), with unblocking temperatures around ~ 680°C (Fig. 4.3).

In addition, decay plots of samples from BUR, BYS, DOL-B, DUN,
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Figure 4.3: Results of thermal demagnetization experiments of orthogonal
3-axis IRMs (Lowrie, 1990). DC fields of 0.12, 0.4 and 2.5 T, respectively,
have been used.

SON and SUT show a deflection of the low field IRM and mostly the inter-
mediate IRM (activated with fields between 0.12 and 0.4 T) which intersects
the x-axis at ~ 350—400°C (Fig. 4.3). A strong low temperature component
is obvious only in results from samples from BUR, BYS and SON. This com-
ponent vanishes completely at ~ 200°C and is interpreted to be diagnostic
for goethite.

The ’intermediate temperature component’ (drop at ~ 350°C), may be
explained by the presence of fine-grained maghemite (de Boer and Dekkers,
1996). Similar results of thermomagnetic experiments from Asia with an in-
situ direction close to the present-day field were related to post formational
low temperature oxidation of magnetite (e.g. Choulet et al., 2013). Except
for site JUR, there is also strong evidence in samples from all sections for
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low coercivity magnetite. In samples from DOL-A, SON, JUR, and to a
very small amount, DOL-B there is evidence for the presence of hematite.

4.4.2 Demagnetization Results

After removal of a viscous overprint, a low temperature component (LTC)
was identified in all samples analyzed. This LTC survives TH demagneti-
zation up to ~ 300°C, occasionally up to above 500°C (sections JUR and
SON). LTC data from samples from BUR (six samples), BYS (26), DOL
(40), DUN (22), JUR (14), SON (15) and SUT (49) were combined to obtain
area LTC mean directions. Combining these seven individual mean direc-
tions yielded a total LTC mean direction of D = 353.2°, I = 60.3°, k = 86.4
and ags = 6.5° in geographic coordinates. This value is in good agreement
with the expected present-day value of the geomagnetic field in this region
and is therefore interpreted to represent an overprint of the present geomag-
netic field.

After removal of the LTC a first high temperature component (HTC),)
with an unblocking temperature range from ~ 300 — 400°C to ~ 600°C
was identified and is carried by magnetite. Occasionally, a second HTCy is
present with unblocking temperatures up to ~ 700°C, diagnostic of hematite.
HTC results from three areas (SON, JUR and BUR) do not show a well-
defined demagnetization behavior with a clear linear trend towards the origin
of the projection plane. Here, only a few stable endpoint results could be
obtained. Therefore, instead of calculating site mean directions, a few indi-
vidual directional data were combined with remagnetizaiton great circles to
obtain a mean direction for the respective area following the procedure of

McFadden and McElhinny (1988b).
BUR

Combination of five sample mean directions and four demagnetization
great circles from section BUR yielded a mean direction of D = 124.3°,
I = —80.6°, k = 116.7 and ags = 4.9° before, and D = 98.7°, I = —69.8°,
k = 63.3 and ag5 = 6.7° after bedding correction.

BYS

The HTC), of section BYS is present up to ~ 600°C (Fig. 4.4¢c, d) and
points towards the origin of the projection plane. Taken together the eight

74



4.4. RESULTS

upw

()

T

480°C

300°C

540°C

T
0.22 mA/m

TC

300C DOL1-3

510°C
"

®

4
- N

DOL8-2A

390°C

e o
270°C

TC

DOL3-4A

0.1 mA/m

) '\\J 510°C

4
t

TC

Figure 4.4: Results of thermal demagnetization experiments plotted as or-
thogonal vector diagrams (Zijderveld, 1967) in geographic (in situ) and
stratigraphic (TC) coordinates. Solid and open dots represent vector end-
points projected onto the horizontal and vertical planes, respectively. Tem-
perature steps in °C are indicated. For areas BUR (a,b) and DOL-A (i)

stereographic projections of according Zijderveld diagram are also shown.

site mean directions (Table 4.2) yielded a regional mean direction of D =
210.0°, I = —04°, k = 50.9 and ag5; = 7.8° before, and D = 205.6°,
I = 33.3° k = 11.6 and ag; = 17.0° after bedding correction. Plotting
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Figure 4.5: Stereographic projections of site mean directions from rocks of
Middle to Late Ordovician age (a-f). Area mean directions are plotted as
stars with according ags error interval. Remagnetization great circles are
shown for areas BUR (a) and DOL-A (c). Solid and open dots represent
projection on the upper and lower hemispheres, respectively. Maximum k
value is plotted versus stepwise percentage of unfolding for areas BY'S, DOL-
B and DOL-C (g-i), together with histograms of 1000 parametric simulations
(Watson and Enkin, 1993).

the precision parameter k versus percentage of unfolding clearly shows that
the magnetization was probably acquired after folding. Application of the
parametric fold test of Watson and Enkin (1993) yielded a maximum k value
at 4.0 &+ 8.7% of unfolding with 1000 simulations (Fig. 4.5g).This confirms
the post-folding age of remanence acquisition of the rocks.
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Table 4.2: Site

mean directions from areas BYS, DUN and DOL.

Site N In situ Bedding-corrected GC
D[] 1] kE___ogs [7] D[7] I°] kE___ags [7]

BYS1 5 201.4 -13.6 35.8 13.3 209.3 1.2 22.3 17.0 1
BYS2 6 216.7 1.5 15.2 17.7 202.0 28.5 13.1 19.2 —
BYS3 6 198.2 -1.9 89.2 7.3 188.2 19.4 89.2 7.3 1
BYS4 3 210.3 -8.7 137.7 10.5 201.5 25.7 137.7 10.5 —
BYS5 5 216.4 -2.2 106.7 7.7 215.8 58.8 106.7 7.7 —
BYS6 9 220.9 4.4 75.5 6.2 238.3 52.2 75.5 6.2 —
BYS7 8 216.9 -0.9 1595.3 1.4 225.2 39.9 1595.5 1.4 —
BYS8 13 218.4 -1.8 75 4.8 224.9 31.4 87.7 4.5 2
DUN1 8 352.6 -63.8 8.3 20.5 360.0 -5.7 9.1 19.5
DUN2 8 272.4 -74.5 10.3 18.1 351.5 -27.7 10.3 18.1 —
DUN3 6 120.7 64.7 17.7 17.0 164.8 14.7 17.7 17.0 2
DOL-A

DOL1 5 349.5 77.7 42.2 17.4 35.0 17.8 236.5 7.3 5
DOL-B

DOL2 3 244.2 -31.4 56 16.6 245.2 35.7 56 16.6 —
DOL3 5 268.2 -76.8 30.8 14.4 242.2 -6.1 22.8 16.8 1
DOL4 6 244.3 -43.7 15.9 18.5 240.2 12.1 18.1 17.3 3
DOL-C

DOL5 5 186.1 -56.6 35.8 13.9 63.2 -31.2 23.8 17.1 2
DOL6 6 245.3 -64.8 41.9 10.9 29.7 -37.7 41.9 10.9 2
DOL7 6 210.5 -38.9 19.5 16.6 204.1 7.2 86.8 7.8 3
DOLS8 18 235.3 -65.8 24.5 7.2 208.9 0.6 28.3 6.7 9
DOL9 4 220.4 -67.4 29.4 18.2 193.1 3.0 29.4 18.2 1

Site: sampling sites. N: number of samples used for calculating site mean directions. Declination (D) and Inclination (I)
in degrees, Fisher precision parameter k (Fisher, 1953), Fisher radius (ags) of 95% confidence in geographic (in situ) and
bedding corrected (TC) coordinates, respectively. GC: number of included remagnetization great circles for calculating
mean directions, if used.

DOL

No useful directional data for the HT'C,; could be obtained from the first
four sites of DOL-A. Only five samples show well-defined remagnetization
great circle results (Fig. 4.4i). Combining these great circles resulted in an
intersection at D = 169.5°, [ = —77.7°, k = 42.2 and ag5 = 17.4° before,
and D = 215.0°, I = —17.8°, k = 236.5 and ag5 = 7.3° after bedding cor-
rection (Fig. 4.5¢). Since none of the samples showed a well-defined linear
demagnetization trend towards the origin, this result has to be treated with
caution.

At DOL-B demagnetization results are much better defined
(Fig. 4.4e, f). Three site mean directions resulted in a mean direction of
D = 67.0°, I = 50.0°, k = 9.6 and g5 = 23.1° before, and D = 242.3°,
I =13.7°, k = 12.3 and ags = 19.3° after bedding correction (Fig. 4.5d).
Plotting the precision parameter k versus percentage of unfolding (Fig. 4.5h)
suggests a pre-folding age of acquisition for the magnetic signal.

The tuffs at DOL-C show again well-defined demagnetization behavior.
Five site mean directions resulted in an area mean direction of D = 36.8°,

= 60.6°, k = 16.4 and ag5 = 12.1° before, and D = 209.9°, I = 15.8°,
k = 8.0 and ags = 19.8° after bedding correction (Fig. 4.5¢). Inspection
of the plot of the precision parameter k versus percentage of unfolding
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(Fig. 4.51) clearly indicates the time of acquisition of the magnetic signal
after folding.

DUN

The HTC,; of the magnetically weak sediments of section DUN was
only possible to distinguish in samples from three sites. The regional mean
direction based on these three site mean directions is D = 133.6°, [ =
70.8°, k = 21.6 and ag5 = 13.4° before, and D = 172.1°, [ = 16.1°, k =
28.9 and ags = 11.4° after bedding correction. Two sites comprise samples
with reversed polarity, whereas the other site yielded results with a normal
polarity. These polarities are antipodal (Fig. 4.5f). However, to perform a
proper reversal test, three data points are not sufficient. Nevertheless, we
interpret the tilt-corrected direction to represent a primary magnetic signal
that was acquired during sedimentation.

JUR

Five samples of section JUR show a well-defined demagnetization behav-
ior between ~ 370 and ~ 700°C, yielding a mean direction of D = 248.8°,
I =—-43.9°, k = 103.5 and ag; = 7.6° in geographic coordinates. Since the
mean inclination coincides, before tilt correction, with the expected value
for the late Carboniferous to early Permian, it is interpreted as a remagne-
tization signal due to tectono-thermal orogenic processes. This is a common
feature in this region (e.g., Bazhenov et al., 2003; Kirscher et al., 2013).

Only five samples showed demagnetization results with usable di-
rectional data that are different from the Permo-Carboniferous directions.
Taken together these five mean directions with ten remagnetization great
circles yielded a mean direction of D = 270.1°, I = —0.9°, £ = 12.7 and
g5 = 11.4° before, and D = 283.0°, I = 30.1°, k£ = 12.2 and ag5 = 11.6°
after bedding correction (Fig. 4.7a). The variation in bedding orientation is
not sufficiently high to perform a robust fold test (Fig. 4.7d).

SON

Combining ten remagnetization great circles with the five reliable stable
endpoint data from section SON yielded a mean direction of D = 230.6°,
I = 70.2° k = 20.1 and ag; = 9.0° before, and D = 115.6°, I = 43.7°,
k = 20.6 and ag; = 8.8° after bedding correction (Fig. 4.7b). Uniform bed-

78



4.4. RESULTS

Up,w _ upw
Up,W (a) 500°C P SON5-1A s70°

JUR4-3A

JUR1-8A

2 mA/m
{ 690°C |

up.w IN SITU
SUT5-9A 300°C (b)
s SONS5-2A
} N
300 mA/m
510°C
T 0.4 mA/m
300°C
NRM
*
TC {
d N f
” c NRM —+0.3mA/m
NRM
(e) (d) ()

Figure 4.6: Results of thermal demagnetization experiments plotted as or-
thogonal vector diagrams (Zijderveld, 1967) in geographic (in situ) and
stratigraphic (TC) coordinates from Cambrian sections. Solid and open
dots represent vector endpoints projected onto the horizontal and vertical
planes, respectively. Temperature steps in °C are indicated. For areas JUR
(a) and SON (d) stereographic projections of according Zijderveld diagram
are also shown.

ding orientations resulted in stable k values between 0 and 100% unfolding
(Fig. 4.7e).
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Figure 4.7: Stereographic projections of site mean directions from rocks of
Ordovician and Early Cambrian age (a-c). Remagnetization great circles are
shown for areas JUR (a) and SON (b). Maximum k value is plotted versus
stepwise percentage of unfolding for areas JUR (d) and SON (e). Solid
and open dots represent projection on the upper and lower hemispheres,
respectively.

SUT

The HTC),; of section SUT is rather well-defined and present up to ~
600°C (Fig. 4.6e, f). Site mean directions were obtained and resulted in
a mean direction of D = 206.1°, I = —69.9°, £ = 26.2 and ag5 = 8.3°
before, and D = 291.0°, I = —59.4°, k = 21.0 and ags = 9.3° after bedding
correction (Fig. 4.7c). Again, the variation in bedding orientation together
with uncertainties in identifying the precise bedding values at these old
pillow basalts, prevented the application of a fold test. However, the more
circular distribution of directions after bedding correction provides some
confidence that the magnetic signal was acquired before folding.
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Table 4.3: Site mean directions from Soltan Sary Section.
Site N In situ Bedding-corrected

D[7] I7°] kE___ogs [7] D] I7°] k___ags [7]
Soltan Sary section
SUT1 5 263.1 -65.8 39.2 12.4 288.9 -38.2 23.4 16.1
SUT2 5 256.5 -63.8 21.2 17.0 296.9 -51.0 26.4 15.2
SUT3 8 284.3 -67.5 33.3 9.7 307.2 -42.6 36.7 9.3
SUT4 4 207.2 -68.5 352.1 5.2 246.7 -61.6 352.1 5.2
SUT5 10 249.5 -82.2 22.2 10.5 319.4 -55.5 23.5 10.2
SUT6 3 195.0 -63.5 408.5 6.1 261.6 -68.3 911.2 4.1
SUT7 4 200.6 -68.1 9.2 32.1 286.4 -61.8 11.5 28.4
SUTS8 4 187.6 -53.2 32.7 17.3 263.0 -48.1 22.5 20.9
SUT9 4 205.1 -65.3 190.1 7.1 281.1 -48.2 73.1 11.5
SUT10 5 167.5 -61.0 79.0 8.7 312.8 -66.9 79.0 8.7
SUT11 6 164.2 -60.2 88.9 7.1 236.3 -80.8 98.6 6.8
SUT12 5 195.5 -64.7 24.0 15.9 304.9 -66.5 31.2 13.9
SUT13 7 182.2 -71.6 34.1 10.5 326.9 -52.8 30.1 11.2

Site: sampling sites, Age. N: number of samples used for calculating site mean directions. Declination (D) and Inclination
(I) in degrees, Fisher precision parameter k (Fisher, 1953), Fisher radius (ags) of 95% confidence in geographic (in situ)
and bedding corrected (TC) coordinates, respectively.

4.4.3 Summary of Results

There is a more or less strong LTC present in most samples. Combining
data of this component from all seven areas with a total of 146 directional
results yielded an overall mean value of D = 353.2°, I = 60.3°, k = 86.4 and
g5 = 6.5° for this component. Therefore, we associate this component with
an overprint caused by the present geomagnetic field.

Most abundantly a HT'C); is present in the studied rocks and is carried by a
low coercivity phase that is activated at 0.12T (Fig. 4.3) and is completely
removed after heating to 600°C (sections BUR, BYS, DOL-A, DOL-C, SON
and SUT). We interpret this phase as being syn formational (hmm???) mag-
netite. In rocks from two areas (JUR and SON) and, to a lesser extend, at
DOL-B, hematite is also present (Fig. 4.3).
The directions of samples from BYS and DOL-C are dominated by the
HTC), and fail the fold test (Table 4.4). These two areas show an increase
of the confidence angle ags of 9° and 7.7°, respectively, during unfolding.
Due to more or less uniform bedding attitudes (Fig. 4.8) no fold tests
were possible for DOL-B, SUT, SON, and BUR. Normal and reversed polar-
ites of the HTC,; identified in DUN suggest a primary origin for the ChRM.
At section JUR two sets of HT'C mean directions are present after the re-
moval of the LTC. Five samples show only a HTCy, which is broadly in
agreement with the point of intersection of the remagnetization great circles
of ten samples. Another five samples show a combined HTC,; and HTCy
with similar directions that plot very close to the direction of the expected
late Paleozoic overprint direction. This adds some confidence that the solely
occurring HTCy together with the remagnetization great circles were ac-
quired before the late Paleozoic remagnetization event. No stable endpoint
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Figure 4.8: Stereographic projections of normal vectors on bedding planes
from sections SUT and BUR. Badding vectors of SUT are grey-coded with
respect to the measured position, 1-18 indicates sampled sections.

Table 4.4: Regional mean directions from all areas with a reversed polarity.

Site N In situ Bedding-corrected Pol GC
D[] 1] kE__ags [7] DI°] 1] k___ags [7]
Remagnetized Signals
DOL-C 5 216.8 -60.6 16.4 12.1 29.9 -15.8 8.0 19.8 -
JUR 5 248.8 -43.9 103.5 7.6 239.3 2.3 103.5 7.6 - -
BYS 8 212.5 -2.9 64.6 6.9 211.3 33.0 13.1 15.9 -
Primary Signals
DUN 3 133.6 70.8 21.6 13.4 172.1 16.1 28.9 11.4 +/- -
DOL-B 3 67.0 50.0 9.6 23.1 242.3 13.7 12.3 19.3 - -
BUR 9 304.3 80.6 116.7 4.9 278.7 69.8 63.3 6.7 + 4
DOL-A 5 169.5 -77.7 42.2 17.4 215.0 -17.8 236.5 7.3 - -
JUR 15 270.1 -0.9 12.7 11.4 283.0 30.1 12.2 11.6 - 10
SON 15 230.6 70.2 20.1 9.0 115.6 43.7 20.6 8.8 - 10
SUT 13 26.1 69.9 26.2 8.3 111.0 59.4 21.0 9.3 + —

Site: sampling sites. N: number of samples used for calculating area mean directions. Declination (D) and Inclination (I)
in degrees, Fisher precision parameter k (Fisher, 1953), Fisher radius (ags) of 95% confidence in geographic (in situ) and
bedding corrected (TC) coordinates, respectively. Pol: Present polarity, +/-: normal/reversed polarity. GC: included
remagnetization great circles for calculating area mean direction (McFadden and McElhinny, 1988a).

directions could be isolated at DOL-A where a mean direction is exclusively
based on intersecting remagnetization great circles. We therefore treat this
result with caution.

Reported Paleozoic paleomagnetic data from the entire region contain
mostly counterclockwise deviated directions of various amounts related to
the amalgamation of Eurasia (Van der Voo et al., 2006). In this respect we
assign the most suitable polarity to our results. This translates into paleo-
southpoles with longitudes between ~ 330° and ~ 85° and latitudes between
+40° and —60° (Table 4.5). These poles satisfy our criteria of counterclock-
wise rotations of the study area when compared to the APWPs of Baltica,
Siberia and Gondwana. The resulting paleolatitudes range from ca.+30°
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Table 4.5: Regional mean directions after refolding procedure at maximal k
values with resulting paleo-southpoles.

Site 3] T50°] Age [Ma] [ >el] 357 3] _dm[°] _DPlat _ags []
Remagnetized Signals

DOL-C 41.87 75.73 ~250 -62.8 333.8 18.4 14 41.6 12.1
JUR 41.89 75.76 ~280 -32.1 338.7 9.5 5.9 25.7 7.6
BYS 42.72 75.70 ~440 -39.6 31.5 6.9 3.5 -1.5 6.9
Primary Signals

DUN 41.66 74.34 455.743.0 -39.6 84.5 11.7 6.0 -8.2 11.4
DOL-B 41.89 75.74 462.5+1.6 -15.2 10.1 19.7 10.1 -6.9 19.3
BUR 42.68 75.83 464.2+5.8 37.7 28.0 11.5 9.9 -53.7 6.7
DOL-A 41.88 75.74 467.94+3.9 -45.1 22.4 7.6 3.9 9.1 7.3
JUR 41.89 75.76 483.5+13.5 20.3 349.6 12.9 7.1 -16.2 11.6
SON 41.94 75.68 491.24+5.8 -0.1 130.2 11 6.9 -25.5 8.8
SUT 41.77 76.30 525.0+£16.0 13.1 123.3 14.0 10.5 -40.2 9.3

Site: sampled area. Ag[°] and ®g[°]:

on inclination of area mean direction. ags [°]:

latitude and longitude of studied area. Age: age of studied rocks. Ap[°] and
@ p[°]: resulting paleopole based on area mean directions with according error dm and dp in °. Plat: paleolatitude based

Fisher radius of confidence (Fisher, 1953).

for the remagnetized areas DOL-C and the overprint direction of JUR, via
slightly negative values for DUN and DOL-B, towards values which indicate
increasingly high southerly positions for the older areas BUR, SON, JUR

and SUT (Table 4.5).
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Figure 4.9: Comparison of inclination data of Late Ordovician data from
areas DOL, DUN (this study) and To, Ta (Bazhenov et al., 2003), from the
North Tianshan. Circles and diamonds indicate mean directions prior and
after tilt correction, respectively. Dotted circle with light grey error interval
represents fitted small circle centered at the origin with according standard
deviation for in situ data points. Black line with dark grey interval shows
results for data after tilt correction.

4.5 Conclusions

We analysed middle Cambrian to Late Ordovician rocks from nine ar-
eas in the Kyrgyz Tianshan (Fig. 4.2, Table 4.1). Rock magnetic analysis
revealed the presence of magnetite and/or haematite as the carrier of the
characteristic remanent magnetization in all samples (Fig. 4.3).

Site mean directions for two areas (BYS and DOL-C) yielded negative
fold tests (Enkin, 2003), demonstrating a post-folding age of the magnetic
signal. Samples from the other areas are interpreted to reflect a primary
magnetic signal due to several reasons. Two areas (DOL-B and DUN) are
characterized by positive fold and reversal tests, respectively. Mean direc-
tions of three areas (DUN, DOL-A and DOL-B), together with results of
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Figure 4.10: Plot of paleolatitude versus age for all obtained area mean
directions. Also shown are paleolatitudes based on the APWP of Siberia
and Baltica (Torsvik et al., 2012) for a reference site in the North Tian-
shan. Also plotted are paleolatitude values of other studies from the North
Tianshan Zone, the Chingiz Range and south Kazakhstan (Bazhenov et al.,
2003; Alexyutin et al., 2005; Abrajevitch et al., 2007; Levashova et al., 2007;
Kirscher et al., 2014) in orange.

a study of nearby situated rocks of the same age (Bazhenov et al., 2003),
show a well-defined regional fold test (Fig. 4.9). Finally, the pre-folding
area mean directions resulting from samples in seven areas (BUR, SON,
JUR, SUT, BYS, DUN, DOL-A) do not coincide with the most common
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4 EARLY TO MIDDLE PALEOZOIC EVOLUTION AND TERRANE
ACCRETION IN CENTRAL ASIA - PALEOMAGNETIC
CONFIRMATION FOR A COLLISION EVENT IN THE ORDOVICIAN

remagnetization direction reflecting the late Paleozoic deformation event.
The common overprint in these areas has been reported in several studies
(e.g. Bazhenov et al., 2003; Kirscher et al., 2013), and is also present in the
remagnetized areas DOL-C and in a LTC of area JUR (Table 4.4).
Transforming the above results into paleolatitudes (Fig. 4.10) has the
following implications:
(1) Paleolatitudes for DOL-C and the secondary component of area JUR
overlap each other within error limits and most likely represent a remag-
netized signal from the collision of the Kazakh-Kyrgyz microcontinent with
Baltica. Their paleolatitude intersects with the corresponding curve for
Baltica at ~ 250 Ma (Torsvik et al., 2012).
(2) Area BYS, however, is more likely to have become remagnetized during
the early Paleozoic collision event when the area was situated close to the
paleo-equator.
(3) At least two fragments of the NTS terrane were separated during the
Early Ordovician.
(4) A Middle Ordovician collision event led to amalgamation of a microcon-
tinent at low southern latitudes (Fig. 4.10).

These results, in combination with published data for this area, infer a
paleogeographic evolution for this region ranging from early to late Paleo-
zoic. We suggest that the Kyrgyz North Tianshan is made up of at least two,
and probably more, crustal fragments that are likely to have been derived
from the northern margin of Gondwana. These continental terranes were
located at mid-low latitudes, probably below Australia and in proximity to
India. Tarim was probably also one of these fragments (Fig. 4.11). After
separation of these fragments from Gondwana, some were amalgamated in
the Middle Ordovician at low latitudes (Fig. 4.10) and south of the paleo-
equator to form Kazakhstania (Filippova et al., 2001) or the Kazakh con-
tinent (Windley et al., 2007). As proposed by Alexeiev et al. (2011), this
microplate was the locus of further accretion of small blocks to the east
(present coordinates). The microplate slowly migrated to the north until it
reached a position at roughly 30°N in the Devonian. Thereafter, the collage
of Precambrian fragments and early Paleozoic arc-related rocks occupied a
stable position and acted as a subduction epicenter. Baltica and Siberia
most likely collided with this area only during the amalgamation of Eurasia
in the late Paleozoic.
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Figure 4.11: Schematic reconstruction of the paleogeographic evolutionary
history of the North Tianshan zone and adjacent areas during the Paleozoic.
Numbers from 480 to 260 indicate age in millions of years BP. Gondwana re-
construction and positions of Baltica and Siberia are based on Torsvik et al.
(2012). Position of Tarim is based on Li (1990). Following abbreviations
are used: B - Baltica, S - Siberia, T - Tarim, CA - Chingiz Arc, DV - Devo-
nian volcanic belt, NTS - North Tianshan. Black arrows show direction of
movement. Circle and star show proposed origin of northern and southern
part of the North Tianshan zone at the margin of Gondwana, respectively.
Position of Chingiz arc and Devonian volcanic belt is based on Bazhenov
et al. (2012), and references therein.
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Abstract

Despite significant progress made in understanding the tectonic evolution
of the Central Asian Orogenic Belt (CAOB) during the Palacozoic there are
still a number of competing models for the tectonic and geodynamic evolu-
tion of Central Asia in these times. Here we present a critical review of the
existing palacomagnetic data set for the southwestern part of the CAOB.
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Data has been taken from the Global PalacoMagnetic DataBase (GPMDB)
containing all published data until the year 2004 and extended by data pub-
lished thereafter. A general query of all available data points without known
secondary magnetic signals was evaluated and compared to high quality data
points. The high quality data includes studies with positive palacomagnetic
tests of stability, such as reversal and fold tests. All data are then com-
pared to apparent polar wander paths (APWPs) for stable Europe (Baltica)
and Siberia (Angara) in order to identify the drift history of individual
tectono- stratigraphic terranes making up the CAOB and to quantify and
date the rotations they have been subjected to during and/or after amalga-
mation. Palaeolatitudes for individual blocks derived from palaeomagnetic
data show agreement with palaeolatutudes derived from the apparent polar
wander paths of both Baltica and Angara, at least since ~ 400 Myrs. Be-
fore this time, palaeolatitudes suggest affinities rather to Siberia (Angara)
than to Baltica, not exceeding palaeolatitudes of 15° South until ~ 470
Myrs ago. Declination deviations of the investigated date with respect to
expected values derived from th APW path for Siberia do not show any
systematic distribution. A steady decrease with decreasing formation ages,
which would indicate a successive deformation history through time, cannot
be observed. Despite the fact that changes in structural strike and changes
in magnetic declination seem to be related, this relationship appears only to
be qualitatively and oroclinal bening of the CAOB is definitely not the only
mechanism at work.

In contrary, palaeopoles define small circles centered on the study ar-
eas indicating various counterclockwise rotations with respect to the APWP
for Baltica and Siberia as being the dominant tectonic feature. We inter-
pret these observations as reflecting a long-lived zone of deformation, in
an oblique compressional setting. The marked horseshoe shaped deforma-
tional pattern observed in Devonian volcanic arcs in central Asia (oroclinal
bending) is well documented and quantified by both structural and paleo-
magnetic studies in central Kazakhstan although paleomagnetic data show
some considerable scatter. Nevertheless it seems that the deformation pat-
tern observed here cannot be applied to the whole CAOB. Tectonic processes
like arc slicing or shaving, occurrence of small faults, and diffuse deformation
accompanying the large fault systems might have affected the palacomag-
netic data, and might have smeared out the palaeopole positions.

The existence of areas with different rotation histories is best suited to
explain the palaeomagnetic results. More precise definition of the small ar-
eas seems not promising, because the spatial cover of available Palaeozoic
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outcrops suitable for palacomagnetic testing is sparser than the size of the
tectonic units. Defining Early Palaeozoic terranes is therefore only promising
using palaeolatitudes.

5.1 Introduction

Despite the fact that the Central Asian Orogenic Belt (Yanshin, 1965)
(or Altaids, Figs. 5.1+5.2) is probably one of the largest accretionary struc-
tures on planet Earth, it was only in rather recent times that it moved
back in the focus of the Earth sciences community (see thorough review
by Windley et al. (2007)), since the first description of the complex area
by Eduard Suess in 1901 (see reviews by Sengor et al. (2014); Kréner and
Rojas-Agramonte (2014). Consequently, it does not come as a surprise that
a series of competing models have been brought forward since then (Windley
et al., 2007) which can be grouped as modifications of (a) the multiple island
arc or (b) the single arc model. The multiple island arc model (a) is based on
postulated similarities in the structural evolution of the Central Asian Ac-
cretionary Belt (CAOB) or Altaids (sensu Sengor et al. (1993)) between 1.0
Ga to 250 Ma and the western Pacific as a modern analogue where crustal
growth is basically controlled by complicated interactions of islands arcs,
oceanic islands, sea-mounts, accretionary wedges and microcontinents (Xiao
et al., 2010). In this model, originally designed by Zonenshain et al. (1990)
and later been taken up by mostly Russian authors (Windley et al. (2007)
and references therein), the Precambrian micro continents, now integrated
into the Altaids show affinities either to Gondwana or to Siberia. In their
original model (b) Sengdr et al. (1993) argue in favor of a primarily contin-
uous island arc (Kipchak-Tuva-Mongol arc), about 7000km in length. Early
Palaeozoic roll-back of the arc is related to the formation of the Khanty-
Mansi backarc ocean (Windley et al., 2007). Subsequent differential rota-
tion of Siberia and Baltica caused segmentation and duplication of the arc
by strike-slip shuffling and oroclinal bending associated with the final clo-
sure of the Khanty-Mansi Ocean by late Carboniferous times. By this time
the general amalgamation and large scale tectonic organization of all mi-
croblocks and arc related structures was completed. Subsequently, oblique
northward directed subduction of the Palaeotethys lead to transpressional
conditions (Samygin and Burtman, 2009) including the formation of large
strike-slip fault systems (Buslov, 2011). Despite the increasing number of
palaecomagnetic studies in the region (e.g. Alexyutin et al., 2005; Bazhenov
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et al., 1999; Bazhenov and Mikolaichuk, 2004; Levashova et al., 2007), one
of the main questions, the origin and precise evolutionary history of these
microplates has not been fully answered yet. However, all palacomagnetic
results from the area indicate large scale counterclockwise rotations with
respect to Baltica, which do not seem to follow an underlying pattern. Yet,
no general accepted tectonic model has been brought forward to explain all
observation.

In the following we attempt to unify and generalize present palaeo-
magnetic data of Palaeozoic rocks from the south-western segment of the
CAOB. Additionally, we try to formalize them, and give the furthest pos-
sible constraints to the Palaeozoic evolution of the whole region, which can
be extracted from palaecomagnetic data. The quality of the existing palaeo-
magnetic data set will be evaluated by comparing it with data satisfying
modern reliability criteria. Then the data is used to reconstruct the palae-
olatitudinal history of tectonic blocks and to quantify rotations based on
the difference in declination between observed and reference values. The
latter is being calculated from the reference apparent polar wander path of
Baltica (Torsvik et al., 2012). It is therefore an attempt to generalize the
large amount of palacomagnetic data, which mostly are incompletely used
only for palaeolatitude estimation of small terranes.

5.2 Geological setting and tectonic field char-
acteristics

The south-western part of the CAOB is bordered by the Ural and
Baikalide mountain ranges to the north and by the Alay-Tarim cratonic
units to the south (Figs. 5.145.2). Internally, their main orographic features
are either large sedimentary basins, like for example the Caspian depression,
or Palaeozoic mountain chains, such as the Tianshan or the Karatau.

Precambrian lithospheric fragments mark the pre- Altaid core of the
accretionary orogen. These relicts are thought to represent parts of isolated
allochtonous blocks or microplates within a Palaco-Asian ocean (Windley
et al., 2007). It has been proposed, that they are derived either from East-
Gondwana (Mossakovsky et al., 1993) or from the Siberian margin (Berzin
and Dobretsov, 1994). Subsequently, rifting processes and eustatic sea level
changes lead to the formation of large carbonate seamounts in this region.
Changes in subduction activity, along with changes in arc environments (see
Samygin and Burtman (2009) for detailed description) generated a com-
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Figure 5.1: Simplified tectonic map of the Central Asian Orogenic Belt, mod-
ified from Windley et al. (2007), showing the most important microblocks
and sutures of the area.

plex palaeogeographic setup, which has been described in numerous publi-
cations (Zonenshain et al., 1990; Sengor et al., 1993; Filippova et al., 2001;

93



5 PALAEOZOIC PALAEOMAGNETISM OF THE SOUTH-WESTERN
SEGMENT OF THE CENTRAL ASIAN OROGENIC BELT - A
CRITICAL REVIEW

e a& P

eTar:

‘!- Iocks

Figure 5.2: Topographic map of the Western part of the Central Asian
Orogenic Belt. Important orogenic features are indicated. White arrows
show the suspected direction of collisional movement of the Tarim and Turan
microblocks during the final amalgamation of Central Asia. Dotted line
represents the Ural-Tianshan orogenic belt. Map was created using GMT of
Wessel and Smith (1998) and topographic dataset ETOPO1 (Amante and
Eakins, 2009).
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Windley et al., 2007; Xiao et al., 2010). There is some agreement about
an assemblage of microblocks and island arcs, which formed a proposed
Kazakhstan-Tianshan microcontinent in Ordovician times (Filippova et al.,
2001; Kheraskova et al., 2003), marked by voluminous collisional granite plu-
tonism. This process, however, is not an element of the Sengor et al. (1993)
model, who instead associate the Kazakhstan fragments with the Cambrian
Kipchak island arc, which formed the Kazakhstan orocline. During the re-
maining Palaeozoic period, between Middle Ordovician and Permian times,
the complete Turkestan oceanic domain was subducted along various active
continental margins, leading to subsequent collision of the Kazakh-Tianshan
continent with Baltica, Siberia, Alay-Tarim and the Turan blocks (Fig. 5.2).
Subduction processes, and the amalgamation of Laurasia came to an end
in the Moscovian (Samygin and Burtman, 2009). Due to northward to
north-westward subduction of the Palaecoethys in the late Palaecozoic period,
the whole area was subjected to large scale compressional tectonics, involv-
ing major strike slip fault systems and rotational reorganization (Bazhenov
et al., 1999; Buslov, 2011).

After complete closure of the Palaeotethys the northern passive margin
of the Neotethys was activated (Stampfli et al., 2002). It has been sug-
gested by several palacomagnetic studies (Bazhenov et al., 1999; Bazhenov
and Mikolaichuk, 2004), that after Permian times large scale rotational re-
organization in Central Asia was localized in the Pamirs and east of Tibet.
Even though Cenozoic Alpine deformation rejuvenated some older faults
(Bazhenov et al., 1999), amounts of overall displacements and rotations dur-
ing the Cenozoic are suggested to be only moderate to negligible (Dewey
et al., 1989; Bazhenov and Mikolaichuk, 2004).

The majority of Palaeozoic rocks studied palacomagnetically is located
in this, south-western part of the CAOB and are geographically concentrated
in the Tianshan Mountains and the central Kazakhstan uplands (Fig. 5.3).

5.3 Major Plate Tectonic concepts for the
evolution of the CAOB

The complexity of active continental deformation has been intensively
studied in the past (Gordon (e.g. 1998); Thatcher (e.g. 2009) and references
therein) and it became evident that the concept of well defined, narrow plate
boundaries is not always strictly applicable. Plate boundaries are also ex-
pressed in wide deformation zones, diffuse plate boundaries, reaching widths

95



5 PALAEOZOIC PALAEOMAGNETISM OF THE SOUTH-WESTERN
SEGMENT OF THE CENTRAL ASIAN OROGENIC BELT - A
CRITICAL REVIEW

56° 58° 60° 62° 64° 66° 68° 70° 72° 74° 76° 78° 80° 82° 84° 86° 88" 90° 92° 94° 96° 98° 100°

52° 52°
50° S-S = 50°
Sy R Y KR
48 ~ TRt ee | 8, {1 48°
° R L LS NN K

26° b Qg o i 26° 6000
. o e : ; . 5000

44 : e . 44
\ S < 4000

42 ; 42
7 ‘ 3000
40 40 1500
380 » T8 - 38’ 500
36° RAlREEEANEY T 36° 100
a4 » S o e T e " o

56° 58° 60° 62° 64° 66° 68° 70° 72° 74° 76° 78° 80° 82° 84° 86° 88° 90° 92° 94° 96° 98° 100°

Figure 5.3: Topographic map of the south-western segment of the Central
Asian Orogenic Belt, dots indicate study locations of (a): black dots rep-
resent general database query, (b) red dots represent selected high quality
studies. Map was created using GMT of Wessel and Smith (1998) and to-
pographic dataset ETOPO1 (Amante and Eakins, 2009).

exceeding 1000 km and covering about 15% of the Earths surface (Gordon,
1998). This consequently leads to disintegration of wide areas of the conti-
nental lithosphere and to the formation of a great number of tectonic (sub-)
plates which are incorporated within the diffuse plate boundary. In terms
of vertical axis rotation, which can be especially investigated by palaecomag-
netic data, the disintegration of the uppermost brittle lithosphere can lead
to a complex pattern of rotational movements.

During the whole evolution of the CAOB oblique subduction and oblique
continent-continent collision took place several times.

5.3.1 Subduction zones

During amalgamation of Laurasia, subduction of the Palaeoasian Ocean
caused the major stress fraction of the area. This large subduction system,
like most of modern analogues, is thought to show oblique geometry (Natal’in
and Sengor, 2005). Oblique subduction results in the formation of large
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strike slip fault systems rearward to the major subduction front (M.E. Beck,
1991) and consequently Natal’in and Sengér (2005) explain the formation of
the Altaids by arc-slicing and arc-shaving, induced by oblique subduction
under a giant arc structure.

5.3.2 Collision zones

Collision related strike slip fault systems are often linked to oblique con-
vergence and accommodate the non-orthogonal stress direction. Block rota-
tions associated with these strike slip fault systems can follow a structured
mechanisms (Mandl, 1987), or complex movements of brittle, crustal pieces,
reacting to trans-tensional deformation (Taylor et al., 2008). Additionally,
Peacock et al. (1998) emphasize the importance of small faults during rota-
tional movements, accompanying oblique compression.

A more simple approach of collisional movements is the concept of

% @s@

Figure 5.4: Block models for deformation zone due to shearing, modified
after Nelson and Jones (1987), with global strike (thick dotted line), local
declination (thin dotted line) and deviated declination (white arrow).

\

oroclinal bending. It describes rather homogeneous bending of originally
straight structures (e.g. Van der Voo, 2004). Nelson and Jones (1987) de-
scribe principal models for deformation pattern in a shear zone, based on
palaecomagnetic data. Two important end members of these models are the
smooth oroclinal bending model and a small block model, where the brittle
crust is broken up into small units (Fig. 5.4). They found varying amounts
in declination deviation on a very small scale of a few kilometers in southern
Nevada and explain this observation by a highly fragmented crust, which
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shows the expected clockwise rotations in response to continuous left lateral
oblique deformation at greater depths. This occurs, however, in an incoher-
ent manner ((b) in figure 5.4).

Based on the geodynamic evolution, involving the collision of Alay-Tarim
blocks with Kazakhstan and squeezing of the Kazakh terranes between them,
Baltica, and Siberia, it is not remarkable, that oroclinal bending has been
assumed. Connecting the North-South striking Urals with the East-West
striking Tianshan via the Northwest-Southeast striking Karatau suggests
that this orogenic system is an orocline (Kirscher et al., 2013), which agrees
with a geodynamic setting where Kazakhstania is situated and deformed
between Baltica to the West, Siberia to the East and Alay-Tarim to the
South.

5.4 Recent palaeomagnetic Studies of the
Area and their Interpretations

Most Russian palacomagnetic studies (Filippova et al. [2001] and ref-
erences therein) were primarily designed to yield information on palaeo-
geographic settings attempting to incorporate the Kazakh terranes and the
remnants of palaeo-oceans in a global plate tectonic framework.

Alexyutin et al. (2005) investigated Ordovician and Silurian lime-
stones from the Kendyktas ridge and Chu- Yili Mountains in south Kaza-
khstan. They identified primary pre-folding components of magnetization
and conclude a latitudinal agreement of their data with Baltica since the
Ordovician. In addition, they report deviations in declination with respect
to the Baltica reference data, which indicate counterclockwise rotation of the
area of up to 140°. The good agreement of these data with data from the
North Tianshan was used as an argument not in favor of oroclinal bending
as dominant deformation feature at least in this part of Kazakhstania. Their
apparent polar wander path (APWP) for south Kazakhstan, defines a loop
swinging across the southern tip of Africa (in present coordinates) towards
the east (~ 100°E) from the Ordovician to the Permian, down towards the
south pole (> 60°S) and back to the southern Atlantic.

This is in contrast to the results of Abrajevitch et al. (2008) who
interpret their results from Devonian and Permo- Carboniferous rocks of
central Kazakhstan to be in accord with the oroclinal bending concept and
in agreement with structural data from the region. They explain the ob-
served deviation in declination which follows the change in regional strike to
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reflect the bending of an originally straight volcanic arc, during the collision
of Siberia, Baltica and Tarim. This process came to an end in Late Permian
times.

Bazhenov et al. (2003) studied Ordovician and Carboniferous rocks
from Kyrgyzstan and Kazakhstan. They identified a northward drift of the
North Tianshan zone during most of the Palaeozoic. Additionally, they
found a spread in declination values, which they explained by small scale
relative rotations of a not entirely rigid body.

Van der Voo et al. (2006) investigated Upper Palacozoic volcanics
and sediments from southeast Kazakhstan and report inclinations in good
agreement to the Baltica reference values. In contrast, the declinations re-
ported in this study reveal a high degree of scatter prompting the original
authors to adopt Natal’in and Sengor (2005)’s line of argumentation, which
explains these observations by wrench faulting during collision accompanied
by strike slip faults and caused by subduction.

Most recently, Kirscher et al. (2013) presented a study from the
Karatau Range, where they show, that the remagnetization of Devion and
older rocks in the region are linked to major deformational events in this
area. There, amounts of vertical axis rotations are only present up to ~ 60°.
They concluded that this is an indication for the structural coherence of
the Ural-Karatau-Tianshan junction, and that deformation, expressed by
vertical axis rotation, is increasing from the Urals towards the Tian Shan.

5.5 Evaluation of All Available Data

To address this debate we evaluate palaeomagnetic data, extracted from
the IAGA GPMDB! covering a geographic spread between 35° —52° latitude
and 56° — 100° longitude (black dots in figure 5.3). These data without any
further threshold criteria besides the exclusion of known secondary magnetic
signals ("Eliminate known secondaries’ option of the database query), were
compared with selected high quality studies containing positive tests of re-
liability, such as reversal-, conglomerate- and fold- tests (red dots in figure
5.3, figure 5.5). The main selection criteria of the high quality data is the
presence of these tests of reliability. We choose 44 paleomagnetic studies.
The selected studies were also examinated using the "Van der Voo criteria
of reliability’ (Van der Voo, 1990). Rock age was treated as reliable, if the
age is reported within a range of less than 20 Ma, demagnetization when the

thttp://www.ngu.no/geodynamics/gpmdb (January, 2012)
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t), latitude and longitude with errors

1imi

High quality studies from the South- Western segment of the

CAOB. Sedimentary (Sed.) and/or volcanic (Vol.) are used for the analysis,

age range (with lower and upper 1

U - unconformity test, (-) indicates negative test) and Q - quality factor

(Van der Voo, 1990) are noted.
DMC code exceeded 4 (for details see the description of the Global Paleo-

(dm and dp), conducted palaecomagnetic tests of reliability (F - fold test, M
- rock magnetic test, G - conglomerate test, R - reversal test, N - no tests,

Figure 5.5
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magnetic database, http://www.ngu.no/geodynamics/gpmdb/). Over 86%
of the studies have a Q value larger or equal to 3, whearas 34% have a Q
value larger than 3 (Fig. 5.5).

This high quality data includes most recent results on palacogeography
of this area. For comparison, two palaecomagnetic poles from the south-
easternmost part of the Ural Mountains are also included in the data com-
pilation (Slautsitais, 1971; Svyazhina, 1971; Pechersky and Didenko, 1995;
Burakov and Didenko, 1984). Most of the available palacomagnetic studies
have been carried out either in the Tianshan Mountains, or in the central
Kazakhstan upland, north of Lake Balkhash. These two areas are differ-
ently color-coded in all plots to identify possible systematic differences. All
plots are based on data resulting from the general query of the GPMDB,
indicated by small symbols. Results fulfilling high quality requireements are
indicated by larger and/or different symbols. The oroclinal bending test,
comparing deviation in declination from the expected values vs. deviations
in regional strike with respect to the Ural Mountains was carried out using
only high quality data (e.g. primaty character of magnetization established
by positive stability tests). The two major areas, Tianshan and Kazakhstan
upland, are illustrated also differently. The two data compilations are com-
pared with the respective values of the APWP of Siberia and Baltica. They
are extracted from the studies of Cocks and Torsvik (2007) and Torsvik et al.
(2012), which represent most recent high quality APWPs of the two cratons.

These two craton represent the bordering plates, which on one hand are
thought to exist since the Early Palaecozoic, and from which on the other
hand palacomagnetic data is available from a huge variety of rocks with dif-
ferent formation ages. Palacomagnetic data from Tarim, Junggar and the
Turan blocks, which are adjacent to the CAOB to the South, is sparse and
prior to the late Carboniferous only very few studies are available. There-
fore, for our global approach only the comparison with Baltica and Siberia
was made.

5.6 Palaeolatitudes

In a first step, palaeopole positions (Fig. 5.5) were converted into palae-
olatitudes for the individual studied areas in order to detect major lati-
tudinal differences between individual tectonic units and differences with
Baltica and/or Siberia, respectively. As pointed out by several authors (e.g.
Bazhenov et al., 2003; Alexyutin et al., 2005; Abrajevitch et al., 2008), there
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Figure 5.6: Palaeolatitudes plotted versus age, for all data points (small
black dots) and for the high quality studies (large circles). Different colors
indicate different study area. Lines represent respective palaeolatitude val-
ues for the Baltica/Siberia APWP (Cocks and Torsvik, 2007; Torsvik et al.,
2012), calculated for reference sites in the Tianshan and Kazakhstan upland,
respectively.

seems to be latitudinal agreement between the major cratons and tectonic
units from the south-western part of the CAOB. Within the Fisherian er-
ror limits (Fisher, 1953) (Fig. 5.6) there is no major latitudinal difference
between the Kazakhstan blocks or microcontinents and the major cratons
to the east or west. This also implies that there is no significant difference
in palaeolatitude between individual blocks. However, a northward move-
ment of these small tectonic units can be identified between ~ 470 Myrs
and ~ 380 Myrs, similar to both cratonic units, but before ~ 450 Myrs, a
vicinity to Siberia rather than to Baltica is visible.
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Figure 5.7: Plot of declination deviation between measured declination and
declination obtained from associated values of the APWP of Baltica versus
(a) strike deviation with respect to the Ural Mountain Chain, where 0 strike
is equal to a roughly N-S orientation. Positive values represent rotational
deviation with counterclockwise sense. (b) plot of declination deviation ver-
sus age of acquisition of magnetization. Grey line indicates broad trend in
both plots.

5.7 Oroclinal Features

A second approach to structure the data is made by calculating declina-
tion differences between the declination of the studied rocks and appropriate
declinations obtained from the apparent polar wander path of Baltica for
a reference site located in the Tianshan and the Kazakhstan upland, and
compare them with age and strike deviations, which follow the curved shape
(Figs. 5.145.2). This procedure is undertaken to associate the curved ge-
ologic features with bending during the orogenic event, which would have
affected all primary declinations from this area. Since the main collisional
phase in this area took place in the Late Palacozoic (Windley et al., 2007),
all declinations investigated in this work should show declination deviations.
One u-shaped flexure within the North Tianshan and Chingiz Range has
already been shown by palaecomagnetic data (Abrajevitch et al., 2007) to
represent a formerly straight structure now bent into an orocline.

To test whether this concept can also be applied to other parts of the
orogeny, firstly the declination deviations were plotted against general strike
deviation with respect to the Ural Mountains (0, 0 represents the Urals in
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declination of Baltica and strike with north/south, + corresponds to coun-
terclockwise sense of deviation, and vice versa), following the ’Schwartz-plot’
to detect oroclinal bending (Schwartz and Van der Voo, 1983) (a in figure
5.7). Secondly, the declination deviation is plotted against age, to iden-
tify possible time dependant increase of rotation values (b in figure 5.7).
Declination deviations versus strike deviation show only minor correlation,
which would suggest an increase of declination deviation with increasing
structural deformation. Additionally, the Kazakhstan upland show positive
strike deviation, which means clockwise strike deviation compared to the
Ural Mountains, and negative or counterclockwise declination deviations.
These results would be in agreement with the suggested oroclinal bending
of the central core of the Kokchetav-North Tianshan domain (Levashova
et al., 2007; Abrajevitch et al., 2007). However, the correlation is highly
spread, showing a huge variety of declination deviations, especially in the
Tianshan Mountains (strike deviations of —50° up to —120°).

Inspection of figure 5.7 (b) suggests that the amount of rotation decrease
with decreasing formation age of the magnetization. However, the spread is
again very large.

5.8 Interpreting Palaeopole positions

Finally the palaecopole positions were investigated, which were deduced
from the overall mean directions of the studies. The palaeopoles were trans-
formed into palaeo south-poles and compared with the APWP of Siberia and
Baltica. Poles obtained from the general query are circles and smaller than
poles obtained from the selected studies. All of the poles and the running
mean poles of the APWP are color-coded with age.

Inspection of figure 5.8 reveals a huge spread of palacopoles in the
southern hemisphere between 0° and 180° in longitude. To allow interpre-
tation of the 2D projection, small circle bands centered on the sampling
regions are indicated in grey. Vertical axis rotations should lead to rota-
tion of the poles on this paths. Clustering of poles in certain areas of these
bands would indicate the existence of larger areas, which suffered the same
rotational history. It seems, however, that the distribution of poles is rather
uniform, and all amounts of rotations are present in the data. A focus on
the high quality studies does not simplify the picture very much. Especially
Permo-Carboniferous rocks show this pattern. Older rocks, which are less
abundant, display a somewhat more difficult behavior. This might also re-
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Figure 5.8: Palaeo- south poles of all data points (small circles) color-coded
with age plotted together with the APWPs of Siberia and Baltica (Cocks
and Torsvik, 2007; Torsvik et al., 2012). Larger diamonds (Tianshan) and
stars (Kazkahstan upland) represent the high quality studies. Dashed and
solid lines of the APWPs indicate different periods of the Palaeozoic, namely
P: Permian, C: Carboniferous, D: Devonian, S: Silurian, O: Ordovician and
€: Cambrian.

flect the loops of the APWP. The uniform distribution of poles of the same
ages (intervals of less than 40 Myrs), argues against a separate polar wander
path of a Kazakh terrane, which behaved as a single block since Ordovician
times. The fast and large scale latitudinal movement of this terrane, which
is indicated by palaeopoles, which have been recorded between ~ 280 and
~ 430 Myrs ago (Fig. 5.8) is also rather unlikely.

5.9 Conclusion

An attempt has been made to summarize all available palacomagnetic
data of Palaeozoic rocks from the southern segment of the CAOB. They were
compared with high quality studies from the area. It turned out, that all
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the data shows several features, which can not be simplified by considering
only high quality data. Concerning palaeolatitudes, the data is consistent
with a palaeoposition adjacent to Baltica and/or Siberia since Ordovician
times. Before the Ordovician, a closer affinity only with Siberia would be
possible. In general, both the Tianshan mountains and the central Kaza-
khstan uplands seem to represent rocks from one single palaeogeographic
area since ~ 470 Ma in terms of palaeolatitudes, and different early Palaeo-
zoic micro terranes might have been amalgamated or close together since
that time. The palaeopoles of all Palaeozoic rocks are deviated away from
the APWPs of Baltica and Siberia in a counterclockwise sense with amounts
of 0°— > 100°. These rotation values are only very broadly a function of age
or position but are uniformly distributed. A more detailed description for
the whole area, like the construction of an APWP of the area, has become
impossible due to the various amounts of vertical axis rotations, which lead
to a smeared distribution of palaeopoles.

We interpret these observations by the deformation, including short-
ening and faulting, of the amalgamated accretionary orogen in the Late
Palaeozoic, caused by oblique stress directions. Within this zone the degree
of rotation can vary largely in narrow intervals (Fig. 5.9).

A true and detailed verification of the paleogeographic history of this
area is difficult based only on palacomagnetic data. Only at a smaller scale,
like the Devonian volcanic belt (Abrajevitch et al., 2007), the detection of
homogeneous oroclinal bending by palacomagnetic data is promising. On
the global scale, the bending of the whole area, which accompanied the clo-
sure of the Palaeoasian Ocean, is affected by complex tectonic deformation
during and after the amalgamation in the Late Palaeozoic. Features like
arc slicing and arc shaving (Natal’in and Sengér, 2005), bookshelf pattern
(Mandl, 1987), occurrence of small faults with various orientation (Peacock
et al., 1998) or the response of a brittle crust to lithosphere movements (Nel-
son and Jones, 1987), evidently obscured the simple bending enormously
(Fig. 5.9).

The identification of small early Palaeozoic terranes seems therefore only
feasible using exclusively palaeolatitudes and accept any amount of declina-
tion deviation of 0° to above 100°.

It also has to be noted, that our rough approximation using all available
palaecomagnetic data underlines the limitations of palaeogeographic recon-
structions using this technique only, even though this is the only direct
procedure of obtaining them. Based on all published palaeolatitudes from
the discussed area, for example, it is already difficult to decide to which cra-
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Paleotectonic Reconstruction
(Late Paleozoic)

Figure 5.9: Proposed simplified palaeotectonic scenario of the Late Paleozoic
deformation pattern (modified after Natal'in and Sengér (2005)). Arc slic-
ing, collision of Tarim, Karakum Siberia and Baltica and the brittle crustal
response of the CAOB deformation zone is responsible for the observed vari-
ations in the palaecomagnetic data set. Small brittle units within the defor-
mation zone can have suffered different amounts of vertical axis rotations.
Large strike slip faults are indicated as well as subduction system under the
Silk-Road Arc. Dotted lines mark the general bending behavior.

ton potential pieces of the CAOB might have been associated to. It seems
evident, however, that all microterranes of the south-western segment of the
CAOB have been located at low latitudes close or to the south of the palaeo-
equator in the Ordovician. Whether this supports amalgamation of a large
Kazakh microcontinent in the Late Ordovician, as suggested by Filippova
et al. (2001), the coherence of all microterranes with Siberia (Fig. 5.6), or
points towards Gondwanan affinities of these terranes Popov et al. (2007)
cannot be solved palacomagnetically based on the currently available data
set. Therefore, we are still in urgent need for more high quality studies in
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order to solve the palaeogeographic puzzle of the CAOB and its detailed
evolution prior to the final amalgamation in the Late Paleozoic.
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Preliminary investigation of recent and
active rotational movements within
the study area

by U. Kirscher in cooperation with M. Hackl and A. Bande

6.1 Introduction

In the previous chapters, especially chapters 2, 3, and 4 it has been
shown that paleomagnetic analysis can be applied very successfully even in
tectonically complex areas such as the CAOB. Based on the compilation
of all paleomagnetic data available for the region (chapter 5) it has been
show that the rotational history, however, of tectonic elements within the
CAOB is not easily reconstructed. One explanation for the homogeneous
distributed paleopoles would be a brittle fragmentation of the upper crust
during the final amalgamation of Eurasia at the end of the Paleozoic. On
the other hand the area of interest was subjected to further deformation
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more or less throughout its entire history caused by the subduction of the
Tethys ocean and the India/Asia collision. Therefore, another explanation
for the diffuse distribution of paleopoles might be that the old paleomag-
netic signals got obscured by younger phases of deformation. It is known
that especially large faults can cause large amounts of vertical axis rotations
in their surroundings.

Additionally, according to the micro block model, active deformation
should be localized along the boundaries of rigid areas. If those blocks and
their recent deformation rates can be defined, it might also be possible in
the future to subtract Cenozoic and/or Mesozoic rotation amounts and by
this decompose the complex Paleozoic rotational pattern indicated by pale-
omagnetic data. If the active deformation indicates separable blocks with
differing rotational movements, it might be possible to relate these areas
with old Paleozoic terranes. Complications of this approach include (a) a
missing agreement between active and recent tectonic movement and (b)
that the young brittle response represents only the Cenozoic fragmentation
and can therefore not be related to Paleozoic terranes at all.

The Talas-Ferghana Fault (TFF) is a reactivated late Paleozoic strike

= [[] Paleozoic
£ [ Mesozoic

> [ ] Cenozoic
| [ quat.

Faults
Earthquakes
Sampling I.

42°

40° . - — —
70° 72° 74° 76°

Figure 6.1: Simplified geologic map of the Kyrgyz Tianshan with Cenozoic
paleomagnetic sampling sites. Also indicated are the TFF (black) and other
major faults in this area (red). Small black dots represent recent earthquakes
in the area.

slip fault with an estimated offset of several hundred kilometers. It is known
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to have caused considerable amounts of rotation in its vicinity, and might
therefore serve as a representative example to investigate the recent rota-
tional history and its correlation to the present day deformation field.

Several sites of Paleogene to Neogene age on the territory of Kyrgyzstan
(Fig. 6.1) have been studied paleomagnetically and were compared to the
present day deformation field base on GPS observations (Zhang et al., 2004;
Zubovich et al., 2010).

In contrast to the interpretation of Bazhenov and Mikolaichuk (2004),
that rotational reorganization did not significantly affect the south-western
part of the CAOB after late Paleozoic amalgamation, there are indications
suggesting considerable rotational movements in the Tianshan during the
Cenozoic. These rotations total up to ~ 20° — 30° between the Ferghana
and Issyk-Kul basins (e.g., Thomas et al., 1993; Wack et al., 2014).

The Cenozoic tectonic evolution of the Tianshan and the southern part
of the CAOB is controlled by the India-Asia collision. After a phase of
tectonic quiescence between Cretaceous and most of the Paleocene (Molnar
and Tapponnier, 1975), the collision of India with Eurasia triggered tecton-
ically controlled sedimentation within the Tianshan in the Oligocene with
the predominance of Molasse type red and grey sediments (Bakirov et al.,
2001; Bakirov and Mikolaichuk, 2009).

It has been pointed out that up to one half of the total north south
convergence of India-Eurasia is taken up within the Tianshan causing for-
mation of strike slip fault systems and rotational movements of individual
blocks and/or basins confined within large deformational zones (Zubovich
et al., 2010; Buslov, 2011).

Several theories exist, how strike slip faults can cause different reactions
in terms of vertical axis rotations, especially if the fault is not confined by a
narrow zone of several kilometers but widespread (Nelson and Jones, 1987;
Aubele et al., 2012).

6.2 Paleomagnetic results of Paleogene to
Neogene deposits

In order to gain information about the general feasibility of this approach,
preliminary samples for paleomagnetic analysis were taken at nine sites with
different distances to the TFF (Fig.6.1). Some of the data were provided by
Alejandro Bande and sampled within a project granted to Prof. Ed Sobel,
Potsdam (SO 436/4-1).
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The sampled material comprises terrigenous coarse grained grey (sam-
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Figure 6.2: Representative results of thermal and alternating field demag-
netization experiments plotted as orthogonal vector diagrams (Zijderveld,
1967) in stratigraphic coordinates of Neogene sediments. Solid and open
dots represent vector endpoints projected onto the horizontal and vertical
planes, respectively. Temperature and alternating field steps in °C and mT
are indicated.

pling region TAL) to red (remaining sites) sedimentary rocks of Paleogene
to Neogene age. As for almost all terrigenous rocks, it is intrinsically dif-
ficult to obtain precise age control due to the lack of magnetostratigraphic
information or fossil remains. However, since the region studied formed an
integral part of Eurasia at least since the Permian, it is probably sufficient to
now the age of the rocks studied on a rather large scale in order to interpret
the paleomagnetic data.

All samples were analyzed with thermal demagnetization techniques,
with peak temperatures of 600° (TAL) and 700°, respectively. The demagne-
tization diagrams are characterized by a stable high temperature component
(HTC), which points towards the origin of the projection plane (Fig.6.2).

The five sites of TAL show exclusivly positive (TAL-2,3,4) or reversed
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270°

270°

Figure 6.3: Stereographic projection of sample mean directions of results
from TAL sites, plotted together with site mean direction and according ags
error interval. Solid and open dots represent projection on the upper and
lower hemispheres, respectively. One remagnetization great circle is also
indicated at site TAL5.

(TAL-1,5) polarities (Fig.6.3), respectively. They agree well with each other
and the combined sample direction are antipodal. At one site (TAL-5) one
remagnetization great circle was used for calculating the site mean direction.
The resulting mean declinations of these sites do not always, however, agree
with each other within the ags error interval (Tab.6.3).

The red sediments of sites TB, ITA, TY’ (including sub sites TA, TR
and TY) and JA show a somewhat more complex demagnetization behavior.
Except site TB all sites show very shallow inclinations (less than 10°; in con-
trast to an expected inclination of ~ 60°, Fig.6.4). It is possible that this is
related to an inclination shallowing process, which is especially affecting the
sedimentary and more needle like hematite grains (Kirscher et al., 2014). To
proof this a more detailed study would be necessary. Sites ITA, TB and TY
show few but antipodal dual polarity directions (Fig.6.4). Directional data
from site ITA was combined with remagnetization great circles to obtain a
statistical robust mean direction (Fig.6.4).
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Summarizing, our results yield counterclockwise deviations to the ex-

Figure 6.4: Stereographic projection of sample mean directions of results
from sites TA, ITA, TR, JA, TY and TB (TA, TY and TR are summarized
as TY in the map, because they are situated close together). Solid and open
dots represent projection on the upper and lower hemispheres, respectively.
Also plotted is the site mean direction (star) and the according ays error
interval. One remagnetization great circle is also indicated at site TALS.

pected declination values for the region calculated for Paleogene to Neogene
times (Besse and Courtillot, 2002) of 2° to 30°. Sites TB and TAL5 show a
very different pattern of ~ 110° counterclockwise and ~ 20° clockwise devi-
ations. However, our results are in principal agreement with the results of
Thomas et al. (1993) and do not reduce the ambiguity of the paleomagnetic
data from this area. Therefore, even if some of the declination deviations
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are still within each others error limits, the rotational changes on a small
scale might reflect a primary pattern.

6.3 Active deformation within Kyrgyzstan

Zubovich et al. (2010) presented an extensive compilation of active de-
formation within the Tianshan and adjacent regions. They concentrated on
overall north south movements and showed several transsections of GPS ve-
locity data that about two-thirds of the India-FEurasia convergence is taken
up by the Tianshan, which was therefore probably built up in only about
10 Ma. We used their data set, in combination with surrounding data of
Zhang et al. (2004) from China and Eurasia, to calculate a rotational defor-
mation field using the method of Hackl et al. (2009).

This technique allows to define rigid blocks and calculate their present
day rotation rates (Hackl et al., 2009). However, the results in Figure 6.5
show that the deformation across the Tianshan is rather continuous and
rigid blocks cannot be defined easily. In agreement with Zubovich et al.
(2010), most areas show a slight counterclockwise rotation of ~ 1° — 2° per
Myr. Small areas of clockwise rotational movements do not contain GPS
stations (Fig. 6.5), which could be a result of interpolation artifacts. Since
this area has been under constant stress for at least ~ 10 Myr (Zubovich
et al., 2010, and references therein), rocks older than 10 Ma are expected
to show a declination deviation of 10° — 20° counterclockwise. The continu-
ous deformation pattern does not allow to distinguish the numerous mostly
strike slip faults in the area (Fig. 6.5). On the contrary, the interpolated
movement show a very smooth decrease of northward movement going from
south-east to north-west (Fig. 6.5b). Based on the available data set it is
therefore not possible to define rigid blocks in the Tianshan based on active
deformation.

6.4 Conclusion and Discussion

The recent and the present day deformations of the Tianshan continue
to be rather complex. Based on a small set of Conozoic paleomagnetic
data and a GPS velocity field consisting of around 700 data points does not
unambiguously allow to define rigid blocks and to estimate their rotation
rates. This situation is further complicated by the fact that the deformation
has not been constant even through the late Cenozoic.This is exemplified by
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Figure 6.5: Top: GPS velocities with respect to Eurasia from Zubovich et al.
(2010, black) and Zhang et al. (2004, yellow and red) with according error
ellipses. Bottom left: Interpolation of the north component of the GPS
velocities. Bottom right: Rotation strain rates calculated from the GPS
velocities based on Hackl et al. (2009).

the TFF, which has evidently been active in the Holocene (with probable
slip rates of up to 10";—;”) (Burtman et al., 1996), but does not show a
deformation signal in the GPS data (Zubovich et al., 2010).
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Figure 6.6: Results of comparison of GPS and paleoamgnetic data within
Kyrgyzstan. Background colours indicate rotation strain rates in degrees per
million year. Paleomagnetic sites are shown with the declination deviation
of the ChRM and the expected mean Neogene declination for this area,
where red (blue) indicates counterclockwise (clockwise) rotations. ags error
intervals of the mean directions are also shown. Grey outline suggests one
block with similar rotational history of ~ 5°.

We might speculate that the proximity to large faults can increase the
amount of rotation dramatically (TB in figure 6.6), and that with increasing
distance to these faults the rotation amount decreases continuously (TAL4
and TAL3 in figure 6.6). These are concepts, which have already been
described using paleomagnetic data (e.g., Nelson and Jones, 1987; Aubele
et al., 2012), but given the continuous deformation pattern in the region,
much more data is needed to better evaluate this.
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Conclusion and Outlook

Generally, we improved the paleogeographic picture of the Central Asian
Orogenic Belt (CAOB) throughout the Paleozoic period. We added pa-
leomagnetic constraints to the configuration of the CAOB and its paleo-
dynamic evolution.

Foremost, we show in chapter 2 that the Karatau mountain ridge was
subsequently bended in a counterclockwise sense starting between Devonian
and Carboniferous times. The maximal amount of rotation of ~ 65° found
in Devonian rocks decreases monotonously towards ~ 20° determined in
Permian and Triassic rocks. Recognition of this this pattern is based on
secondary magnetizations of syn-folding age in some of the areas studied.
Comparing the resulting syn-folding paleolatitudes with expected paleolat-
itudes for this area allows us to assign an absolute age to this syn-folding
mean direction. The correlation of the resulting ages with major deforma-
tional phases in the area provides confidence in this procedure. By this we
emphasize the importance of remagnetization of magnetic signals in highly
deformed areas like the Tianshan.

In chapter 3 the effect of post-depositional compaction on the inclination
of the NRM was studied and it could be shown that the sediment from the
North Tianshan (NTS)s have been affected by inclination. Although this
phenomenon has been observed frequently in red sediments from all over
Asia, studies applying modern tests are sparse from the Tianshan itself.
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7 CONCLUSION AND OUTLOOK

During this study we applied two of the most modern correction methods.
We point out that probably all correction methods still contain unknown un-
certainties depending on the exact mineral content, which got biased. The
most important results is, however, the detection of this phenomena. We
deduce a paleogeographical history of the NTS zone, which was probably
more or less stable at about 30°N between the Devonian and late Carbonif-
erous times.

In chapter 4 we show that paleomagnetic data suggest, supported by
geological evidence, two collision-accretion events in the Tianshan during
the Paleozoic. A first one in the Ordovician and the second one in the
late Carboniferous (e.g. Variscan). Before the first collision event, we sug-
gest that at least two separated terranes originated from different points
of the Gondwana margin. Our main argument that these results are not
affected by remagentization like the rocks from chapter 2 is that the result-
ing directions are not similar to any expected inclination of younger age.
In addition, a regional fold test is positive lending further support to our
interpretation that these results are of primary origin. The consistency of
these results with published data show that early Paleozoic rocks can be
used for paleogeographic studies even in highly deformed areas. Generally,
it is very important to improve the global paleogeographic picture in this
area by enlarging the available dataset with a careful separation of primary
and secondary magnetic signals.

A compilation of all available paleomagnetic studies from Kyrgyzstan
and Kazakhstan, based on a query of the Global Paleomagnetic Database
(GPMDB), is presented in chapter 5. The paleolatitudinal evolution of the
Kyrgyzs- Kazakh area seems to reflect the migration of one integral terrane
assemblage since at least Ordovician times. Paleomagnetic evidence on its
own, however, does not allow to determine when and how this area was
separated from Siberian and/or Baltica. However, taken the results from
Ordovician and Cambrian sequences from Kyrgyzstan (chapter 4) into ac-
count, it is likely that Kyrgyzstan and Kazakhstan acted as the origin of
further accretion of arc and arc related rocks and were only amalgamated
together with Siberia and Baltica in the Late Paleozoic. On the contrary, it
was not possible to detect individual small blocks with a common rotational
history. The paleopole distribution shows a rather uniform pattern indicat-
ing only counterclockwise rotational movements up to ~ 120°.

The previous chapter showed that the rotational pattern is very com-
plex and does not indicate any continuous area with similar rotational his-
tory. It has been argued that the are especially east of the TFF has not
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experienced large amounts of rotation after the amalgamation in the late
Paleozoic. However, there are some studies, which indicate at least some
amount of rotational variation in this area, which might have affected the
Paleozoic paleomagnetic data se. Since it is known that large faults can
cause huge amounts of vertical axis rotation in its surroundings, chapter 6
presents a preliminary study of paleomagnetic data of the last 40 Myr. Ad-
ditionally, a comparison is presented to the active deformation field based
on GPS measurements. By this we can compare if rotational movements
of continuous areas are coherent in the recent past and today. The final
goals of this approach would be to subtract the young rotational movements
from the older Paleozoic one and therefore detect primary Paleozoic defor-
mational pattern such as oroclinal bending. It has to be stressed that this is
only a preliminary study, which has to be enlarged on rocks of Ceozoic and
Mesozoic age. It turned out, however, that it is not possible to simplify the
complicated picture from chapter 5 very much using relatively young rocks.
Additionally, also young rocks occasionally indicate unexpectedly large ver-
tical axis rotations. In contrast to these observations, the active tectonical
deformation field does not allow to clearly identify any brittle block move-
ment, but a continuous counterclockwise movement with respect to Eurasia
of ~1—2°/Myr.

Evidently, continuous rotational deformation is disrupted by episodical
and distinct activation of faulting and maybe localized rotational move-
ments. We speculate that faults might lead to large rotational movements
up to ~ 90° in regions very close or within the fault zone, which might grad-
ually decrease with increasing distance to the fault. To further constrain
this conclusion much more paleomagnetic data of Cenozoic age is necessary,
which is, however, out of the scope of this thesis.

Summarizing our different studies we fundamentally improve the paleo-
geographic picture of the south western part of the CAOB throughout the
whole Paleozoic period using new paleomagnetic data:

The emerging picture is as follows: Several fragments were separated from
Gondwana in the early Paleozoic. Some of these fragments collided in the
middle Ordovician in a position slightly south of the paleo-equator leading
to the formation of Kazahkstania. We speculate that this amalgamated mi-
crocontinents includes the Kokchetav massif and the Chingiz Range. This
assemblage then crossed the equator and migrated towards a position at
~ 30° between the late Ordovician and the Devonian. Between the Devo-
nian and the middle Carboniferous Kazakhstania occupied a stable position
and was possibly the locus of further accretion. During this time move-
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7 CONCLUSION AND OUTLOOK

ments of the major cratons and Tarim caused a counterclockwise rotation
of Kazakhstania. This movement continued and was enhanced during the
final amalgamation of Eurasia incorporating Baltica, Siberia and Tarim with
Kazakhstania. During the final amalgamation and the following Mesozoic
and Cenozoic periods the area responded probably brittle to the mostly
oblique stress field. By this the rotational history varies widely on a local
scale and no original early Paleozoic terranes can be identified based on their
rotational history.

Nevertheless, the fact that the maximum rotational deviation increases
from the Karatau towards the Tianshan indicates that a general bending of
an area which was originally elongated in the same sense as the Ural moun-
tains can be assumed. In this respect we interpret our data to be in favour
of a structural linkage of the Ural, Karatau and Tianshan Ranges.

Finally, taken together all these results a global paleogeographic picture
similar to the south west Pacific since at least Middle Ordovician times,
which was proposed by numerous authors (e.g. Filippova et al., 2001; Wind-
ley et al., 2007; Xiao et al., 2010), seems very likely based on paleomagnetic
data. On the contrary, we did not find good support for the still debated
single arc, which connected Siberia and Baltica in the early Paleozoic Kroner
and Rojas-Agramonte (2014); Sengor et al. (2014).
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