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Abstract

Intra-continental mountain belts typically form as a result of tectonic forces associated with
distant plate collisions. In general, each mountain belt has a distinctive morphology and orogenic
evolution that is highly dependent on the unique distribution and geometries of inherited structures and
other crustal weaknesses. In this thesis, I have investigated the complex and irregular Cenozoic
orogenic evolution of the Central Kyrgyz Tien Shan in Central Asia, which is presently one of the
most active intra-continental mountain belts in the world. This work involved combining a broad
array of datasets, including thermochronologic, magnetostratigraphic, sediment provenance and stable
isotope data, to identify and date various changes in tectonic deformation, climate and surface
processes. Many of these changes are linked and can ultimately be related to regional-scale processes
that altered the orogenic evolution of the Central Kyrgyz Tien Shan.

The Central Kyrgyz Tien Shan contains a sub-parallel series of structures that were reactivated in
the late Cenozoic in response to the tectonic forces associated with the distant India-Eurasia collision.
Over time, slip on the various reactivated structures created the succession of mountain ranges and
intermontane basins which characterises the modern morphology of the region. In this thesis, new
quantitative constraints on the exhumation histories of several mountain ranges have been obtained by
using low temperature thermochronological data from 95 samples (zircon (U-Th)/He, apatite fission
track and (U-Th)/He). Time-temperature histories derived by modelling the thermochronologic data
of individual samples identify at least two stages of Cenozoic cooling in most of the region’s mountain
ranges: (1) initially low cooling rates (<1°C/Myr) during the tectonic quiescent period and (2)
increased cooling in the late Cenozoic, which occurred diachronously and with variable magnitude in
different ranges. This second cooling stage is interpreted to represent increased erosion caused by
active deformation, and in many of the sampled mountain ranges, provides the first available
constraints on the timing of late Cenozoic deformation. New constraints on the timing of deformation
have also been derived from the sedimentary record of intermontane basins. In the intermontane Issyk
Kul basin, new magnetostratigraphic data from two sedimentary sections suggests that deposition of
the first Cenozoic syn-tectonic sediments commenced at ~26 Ma. Zircon U-Pb provenance data,
paleocurrent and conglomerate clast analysis reveals that these sediments were sourced from the
Terskey Range to the south of the basin, suggesting that the onset of the late Cenozoic deformation
occurred >26 Ma in that particular range. Elsewhere, growth strata relationships are used to identify
syn-tecotnic deposition and constrain the timing of nearby deformation. Collectively, these new
constraints obtained from thermochronologic and sedimentary data have allowed me to infer the
spatiotemporal distribution of deformation in a transect through the Central Kyrgyz Tien Shan, and
determine the order in which mountain ranges started deforming.

These data suggest that deformation began in a few widely-spaced mountain ranges in the late
Oligocene and early Miocene. Typically, these earlier mountain ranges are bounded on at least one
side by a reactivated structure, which probably corresponds to the frictionally weakest and most
suitably orientated inherited structures for accommodating the roughly north-south directed horizontal
crustal shortening of the late Cenozoic. Moreover, tectonically-induced rock uplift in the Terskey
Range, following the reactivation of the bounding structure before 26 Ma, likely caused significant
surface uplift across the range, which in turn lead to enhanced orographic precipitation. These wetter
conditions have been inferred from stable isotope data collected in the two magnetostratigraphically-
dated sections in the Issyk Kul basin.

Subsequently, in the late Miocene (~12—5 Ma), more mountain ranges and inherited structures
appear to have started actively deforming. Importantly, the onset of deformation at these locations in
the late Miocene coincides with an increase in exhumation of ranges that had started deforming earlier
in the late Oligocene—early Miocene. Based on this observation, I have suggested that there must have



been an overall increase in the rate of horizontal crustal shortening across the Central Kyrgyz Tien
Shan, which likely relates to regional tectonic changes that affected much of Central Asia. Many of
the mountain ranges that started deforming in the late Miocene were associated with out-of-sequence
tectonic reactivation and initiation, which lead to the partitioning of larger intermontane basins.
Moreover, within most of the intermontane basins in the Central Kyrgyz Tien Shan, this inferred late
Miocene increase in horizontal crustal shortening occurs roughly at the same time as an increase in
sedimentation rates and a significant change sediment composition. Therefore, I have suggested that
the overall magnitude of deformational processes increased in the late Miocene, promoting more
flexural subsidence in the intermontane basins of the Central Kyrgyz Tien Shan.



Zusammenfassung

Intrakontinentale Gebirge sind typischerweise das Ergebnis tektonischer Kréfte, die auf entfernte
Plattenkollisionen beruhen. Im Allgemeinen hat jedes Gebirge sein charakteristisches
morphologisches Erscheinungsbild und seine eigene und einzigartige Entstehungsgeschichte, die zum
Grofiteil von der Verteilung und der Geometrie vorgepragter Strukturen und anderer Schwichzonen
innerhalb der Erdkruste abhédngt. In der vorliegenden Arbeit habe ich die komplexe kinozoische
Gebirgsbildung des zentral-kirgisischen Tian Shan Gebirges, eines der weltweit aktivsten
intrakontinentalen Gebirge, untersucht. Diese Arbeit kombiniert verschiedenste Datensétze, darunter
thermochronologische und magnetostratigraphische Daten, Sedimentprovenienzen und stabile
Isotopenzusammensetzungen, um Anderungen der tektonischen Deformationsprozesse sowie Klima-
und Oberflichenverdnderungen zu erkennen und gegebenenfalls zu datieren. Viele dieser
Verdnderungen sind eng miteinander verkniipft und konnen letztendlich auf regionale Prozesse
zuriickgefiihrt werden, die die Entwicklung des zentral-kirgisischen Tian Shan beeinflussen.

Das Tian Shan Gebirge besteht aus einer subparallelen Folge einzelner Gebirgsriicken und deren
Strukturen, welche im spiten Kénozoikum als Reaktion auf die entfernt stattfindende Indo-Eurasische
Kollision reaktiviert wurden. Im Laufe der Zeit haben Deformation und Versatz entlang dieser
reaktivierten Strukturen eine Abfolge von individuellen Gebirgsziigen und dazwischen liegenden
Sedimentbecken geschaffen deren Morphologie priagend fiir die heutige Region ist. In dieser Arbeit
wurden neue quantitative Altersbestimmungen zur Exhumationsgeschichte mehrerer Gebirgsziige
durch thermochronologische Auswertungen an 95 Gesteinsproben durchgefiihrt (ZHe, AFT und AHe).
Die aus  Modellierungen  einzelner  thermochronologischer = Datensdtze  gewonnenen
Temperaturgeschichten lassen fiir die meisten untersuchten Gebirgsziige mindestens zwei Abschnitte
kénozoischer Abkiihlung erkennen: (1) anfénglich niedrige Abkiihlungsraten (<1°C/Myr) wihrend
einer tektonische Ruhephase und (2) stirkere Abkiihlung im spiten Kénozoikum, die in den
verschiedenen Gebirgsketten diachron und mit unterschiedlicher Intensitit einsetzt. Diese zweite
Abkiihlungsphase kann durch einen Anstieg der Erosionsraten durch aktive Deformation interpretiert
werden und stellt fiir viele der untersuchten Gebirgsziige die erste verfiligbare Alterabschitzung
spatkdnozoischer Deformation dar.

Neue Deformationsalter wurden weiterhin aus den Sedimenten intermontaner Becken gewonnen.
Im intermontanen Issyk Kul Becken lassen neue magnetostratigraphische Daten zweier
Sedimentabschnitte vermuten, dass die Ablagerung der ersten syntektonischen Sedimente im
Kénozoikkum um ca. 26 Ma  begann. Weiterhin  zeigen  Zirkon-Provenienzen,
Palédostromungsrichtungen sowie Klastenanalysen konglomeratischer Sedimente, dass diese Sedimente
aus der Terskey Range sidlich des Beckens stammen, was vermuten ldsst, dass der Beginn der
spétkédnozoischen Deformation in diesem Teil des Gebirgszuges alter als 26 Ma ist. In anderen
Bereichen wurden sedimentire Wachstumsstrukturen zur Identifikation syntektonischer Ablagerung
herangezogen, um somit den Zeitpunkt nahe gelegener Deformation zu bestimmen.

Zusammengenommen haben meine Beobachtungen und Auswertungen ermdglicht, die
rdumlichen und zeitlichen Deformationsmuster quer durch das zentral-kirgisischen Tian Shan Gebirge
zu erschlieBen um eine zeitliche Abfolge in der Entstehung und Entwicklung einzelner Gebirgsziige zu
entwickeln. Meine Daten lassen vermuten, dass die Deformation in einigen wenigen, weit auseinander
liegenden Bergketten im Spétoligozidn bis Friihmiozdn begann. Typischerweise sind diese frithen
Gebirgsketten auf mindestens einer Seite an eine reaktivierte Struktur gebunden. Diese sind die
wahrscheinlich schwéchsten oder am besten orientierten Strukturen, um die anndhernd Nord-Sid
gerichtete Einengung im spéten Kédnozoikum aufzunehmen. Dariiber hinaus ist es sehr wahrscheinlich,
dass die tektonische Gesteinshebung innerhalb der Terskey Range, entlang reaktivierter Stérungen vor
26 Ma, eine signifikante Topographiezunahme zur Folge hatte. Dies fiihrte hochstwahrscheinlich zur
Ausbildung einer orographischen Barriere und der damit verbundenen Verstarkung der Regenfalle im
Becken nordlich des  Riickens. Diese Bedingungen  konnten  mithilfe  stabiler
Isotopenzusammensetzungen entlang der zwei magnetostratigraphisch datierten Sedimentprofile im
Issyk Kul Becken nachgewiesen werden.

Wihrend des spiten Miozdns (~12-5 Ma) begann zeitnah die aktive Deformation und
Heraushebung mehrerer neuer Gebirgsriicken. Wichtig dabei erscheint, dass der Zeitpunkt dieser
spatmiozinen Deformation mit einem Exhumationsschub derer Gebirgsziige zusammenfillt, die schon



viel frither (Spitoligozédn bis Frilhmiozédn) mit der Deformation begannen. Aufgrund dieser
Beobachtungen habe ich vorgeschlagen, dass es einen generellen Anstieg der Einengungsraten im
Tian Shan gegeben haben muss, welcher auf regionale tektonische Verdnderungen zuriickzufiihren ist
die grofe Teile Zentralasiens betrafen. Viele der Gebirgsriicken, die initial im spédten Miozén
herausgehoben wurden, sind durch unsystematische, tektonische Prozesse der Reaktivierung und
Initialisierung von Strukturen (out-of-sequence) entstanden, die zur Teilung vormals grofer,
zusammenhingender Sedimentbecken fiihrte. Darliber hinaus weisen die meisten intermontanen
Becken im zentral-kirgisischen Tian Shan, in etwa zur Zeit der beobachteten, verstirkten Einengung
im Spitmiozin, ebenfalls erhohte Sedimentationsraten und eine signifikante Anderung der
Sedimentzusammensetzung. Daher vermute ich, dass die allgemeine Intensitdt der Deformation im
Spatmiozdn zunahm, was eine tektonische Absenkung (flexural subsidence) in den intermontane
Becken des zentral-kirgisischen Tian Shan Gebirges zur Folge hatte.



Allgemeine Zusammenfassung

Die meisten der Hochgebirge weltweit wurden entlang konvergenter Plattengrenzen durch
Uberschiebung und Stapelung kontinentaler Kruste gebildet. Es gibt jedoch auch Gebirgszonen die
tausende Kilometer von Plattengrenzen entfernt entstanden sind. Typischerweise werden diese
intrakontinentalen Gebirge an krustalen Schwichezonen gebildet, deren Reaktivierung durch Transfer
der entlang entfernter Plattenrdnder generierten Spannungen resultiert.

Das zentralasiatische Tian-Shan-Gebirge ist das derzeit groBte und aktivste intrakontinentale
Gebirge der Welt. Gelegen zwischen dem rigiden Krustenblock des Tarim-Beckens im Siiden und dem
kasachischen Schild im Norden, erfolgte seine Reaktivierung im spaten Kdnozoikum infolge der Indo-
Eurasischen Kollision, deren Deformation sich zunehmend nach Norden ausbreitete und dabei
Krustenverkiirzungen innerhalb der Eurasischen Platte verursachte. Im Tian Shan gibt es keine
dominanten GroBstrukturen. Stattdessen wird die FEinengung auf mehrere, weit verteilte
Uberschiebungs-Systeme verteilt. Diese fiihrten zur Entstehung einer Abfolge von annihernd Ost-
West streichenden Gebirgsketten und dazwischen liegenden Sedimentbecken die den heutigen Tian
Shan prigen. Da die meisten Uberschiebungen an pri-kinozoischen Schwichezonen gebildet wurden
stellt es sich oft als schwierig heraus die jiingeren Deformationsphasen von der jeweiligen
Vorgeschichte zu isolieren. Folglich bleibt der Zeitpunkt tektonischer Aktivitdt fiir weite Teile des
Gebirges unbekannt und zentrale Fragen zur Entwicklung und zum Wachstum der Gebirgskette
bleiben unbeantwortet.

Diese Arbeit liefert neue Daten, die sich mit fundamentalen und bisher offenen Fragen zur
Bildung des Tian Shan beschiftigen. Daten aus thermochronologischen Untersuchungen wurden unter
anderem verwendet um strukturelle Markerhorizonte aufzuzeigen, die ausschlieBlich spit-kidnozoische
Deformation anzeigen und es erlauben, Storungsversidtze und interne Strukturen der Gebirgsziige
(Terskey Range) zu erfassen, die ansonsten ausschlieBlich aus kristallinem Grundgebirge aufgebaut
sind. Gemeinsam mit neuen Daten und Altersbeziehungen intramontaner Beckensedimente, wurden
diese Daten auflerdem genutzt den Zeitpunkt verstirkter Erosionsereignisse zu dokumentieren, die im
Zusammenhang mit spét-kdnozoischer Deformation stehen. Dadurch lassen sich Deformationsphasen
fiir die meisten Gebirgsziige des zentralkirgisischen Tian Shan (~76.0-79.5°E) zeitlich bestimmen. In
Ubereinstimmung mit friiheren Studien zeigen meine Ergebnisse, dass das Einsetzen der Deformation
innerhalb der verschiedenen Gebirgsziige keiner gleichméBigen Abfolge entspricht, sondern
unsystematisch vonstatten ging (out-of-sequence). In dieser Studie kann erstmals die Reihenfolge der
Gebirgsentwicklung im Tian Shan dokumentiert werden, wodurch wesentliche Informationen iiber
deformation-auslosende Prozesse bestimmter Strukturen zu einem gewissen Zeitpunkt zur Verfiigung
stehen. Der Schliissel zur Beantwortung dieser Frage liegt in der Beobachtung, dass Deformation und
Hebung der friihen Gebirgsziige nicht vermindert wurde als die Deformation in anderen Abschnitten
begann. Dies ldsst vermuten, dass der Tian Shan nicht durch voranschreitende Deformation gewachsen
ist, sondern Hebungen das Resultat diskreter Phasen erhdhter Krustenverkiirzung innerhalb der Region
reflektiert.

In Kombination mit anderen Daten werfen diese Erkenntnisse ein neues Licht auf die
Entwicklung des zentralkirgisischen Tian Shan. Zum Beispiel zeigen Sauerstoff-Isotopendaten
datierter Sedimente des Issyk Kul Beckens, dass die Region nach einsetzender Deformation des
siidlichen Gebirgszuges (Terskey Range) feuchter wurde. Eine Erklarung dafiir konnten verstérkte
Niederschldge entlang neu gebildeter Topographie sein (orographische Barriere). Diese Kombination
aus tektonischen und klimatischen Daten gewéhrt einen einzigartigen Blick auf die Entstehung des
Tian Shan und stellt einen bedeutenden Schritt auf dem Weg zum besseren Verstindnis der Mechanik
und Interaktion tektonischer Deformation, Klima und Oberflichenprozessen wie Exhumation und
Sedimentation dar.
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Chapter 1 — Introduction

Chapter 1.
Introduction

In the last thirty years, an increasing body of evidence has suggested that the spatiotemporal
evolution of mountain belts is governed by interactions between tectonic deformation, climate and
surface processes [e.g. Davis et al., 1983; Koons, 1987; 1990; Molnar and England, 1990; Burbank,
1992; Willett et al., 1993; Avouac and Burov, 1996; Willett, 1999; Thiede et al., 2004; Simpson, 2006;
Whipple and Meade, 2006; Whipple, 2009]. Initially, most of this evidence came from analogue and
numerical modelling of critical Coulomb wedges, where links between deformation and erosion allow
the maintenance of a critical taper [Davis et al., 1983; Dahlen et al., 1984; Dahlen, 1990]. More
recently, the predictions of these models have been verified by empirical evidence from real-world
mountain belts [e.g. Berger et al., 2008]. However, in some orogens, where tectonic forces act upon a
mosaic of inherited structures and other pre-existing crustal weaknesses, these models often fail to
predict the spatiotemporal distribution of deformation [e.g. Hilley et al., 2005]. This type of orogen is
commonly found within intra-continental settings, where tectonic forces associated with distant
collisions exploit numerous pre-existing weaknesses, causing active deformation and mountain
building [e.g. Molnar and Tapponnier, 1975; Windley et al., 1990; Allen and Vincent, 1997].
Typically, within these settings, deformation will become focussed around pre-existing weaknesses,
reactivating structures that are frictionally weak and suitably orientated with respect to the maximum
horizontal stress [Holdsworth et al., 1997; Kley et al., 2005]. If these reactivated structures are widely
distributed, they will drive rock uplift in a series of fault-bounded blocks and eventually build a
succession of mountain ranges and intermontane basins [Jordan and Allmendinger, 1986; Sobel et al.,
2003; Strecker et al., 2011]. In other words, the morphology and spatiotemporal evolution of these
intra-continental mountain belts depends on a unique distribution and geometry of reactivated
structures [e.g. Mortimer et al., 2007; Neely and Erslev, 2009]. Therefore, in order to understand
orogenic development of a particular intra-continental mountain belt, it is first necessary to constrain
the timing and effects of tectonic deformation, climate changes and surface processes, such as erosion
and sedimentation, in every mountain range and intermontane basin.

The world’s largest active intra-continental mountain belt is the Tien Shan of Central Asia
(Figure 1.1a+b). Tectonic deformation related to the India-Eurasia collision first reached the Tien
Shan in the late Oligocene—early Miocene [Windley et al., 1990; Hendrix et al., 1994; Métivier and
Gaudemer, 1997; Yin et al., 1998; Sobel and Dumitru, 1997; Dumitru et al., 2001; Sobel et al., 2006a;
Heermance et al., 2007, 2008; Glorie et al., 2011; De Grave et al., 2011a, 2013; Macaulay et al.,
2013]. Since then, a series of sub-parallel mountain ranges and intervening basins have developed
(e.g. Figure 1.1d), forming a deformational zone that stretches ~2500 km east-west along strike and in
places exceeds 400 km in width (Figure 1.1b). Deformation in different mountain ranges appears to
have occurred diachronously and often involved the out-of-sequence tectonic reactivation of inherited
structures (e.g. Figure 1.1d). However, to date, the sequence of deformation has not been well-
constrained across multiple mountain ranges, and many fundamental questions about the spatial
distribution of deformation through time and what triggers rock uplift at a particular location remain
unanswered. Today, deformation is widely distributed throughout the Tien Shan, with slip on
numerous structures accommodating up to 20 mm/a of horizontal crustal shortening (Figure 1.1c+d).
This maximum amount of shortening across the Tien Shan is achieved between longitudes of 76 and
78°E, where it corresponds to nearly two-thirds of the total India-Eurasian convergence [Zubovich et
al., 2010]. At these longitudes, most of this shortening is accommodated in the series of mountain
ranges and intermontane basins east of the Talas-Ferghana Fault (TFF) that form the Central Kyrgyz
Tien Shan (Figure 1.1c).
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In the Central Kyrgyz Tien Shan, most mountain ranges are bounded on at least one side by high
angle reverse faults, which often correspond to reactivated Paleozoic structures, particularly Permian
strike-slip faults [Bazhenov and Mikolaichuk, 2004; Selander et al., 2012]. Most of these mountain
ranges have been sufficiently eroded to remove younger lithologies, leading to the exhumation of
basement rocks (Figure 1.1d). Structural marker beds, fault kinematic and other geological data from
within these basement-cored ranges typically record the cumulative effects of multiple deformational
phases that cannot easily be differentiated. Consequently, in most of the basement-cored ranges in the
Central Kyrgyz Tien Shan, the underlying structural architecture as well as the timing and magnitude
of the late Cenozoic deformation therein remains largely unquantified. Such information is essential
for understanding the construction and development of individual mountain ranges and the tectonic
evolution of the entire Central Kyrgyz Tien Shan.

Two possible ways to address this deficiency and tackle this problem are by using low-
temperature thermochronological data from basement-cored ranges and through the sedimentary
record of the various intermontane basins. The onset of contractile deformation in a mountain range
will usually lead to an increase in exhumation, which can often be detected and dated using
thermochronological age-clevation relationships [e.g. Fitzgerald et al., 1995], thereby constraining the
timing of deformation. Furthermore, within intermontane basins, the onset of deformation in a nearby
mountain range will typically affect the amount and composition of sediment delivered to the basin,
while surface uplift will increase the topographic load and therefore the amount of flexurally-driven
accommodation space in the adjacent basin [e.g. Allen et al., 2013]. As a result, dating increases in
sedimentation rates or changes in sediment composition are well-established methods for inferring the
timing of nearby deformation, and constraining the erosion history of the sources areas, providing vital
insights into interactions between tectonic and surface processes that have controlled the development
of nearby mountain ranges and the intermontane basin [e.g. Charreau et al., 2005]. Similar insights
into tectonic and surface processes can also be obtained by using thermochronological data to quantify
the exhumation of basement-cored ranges through time, either by exploiting age-elevation
relationships or through modelled cooling histories of individual samples [Ketcham, 2005]. Moreover,
the modelled cooling histories of a collection of samples taken across a basement-cored ranges can
also be used to determine which samples were hotter and therefore structurally deeper prior to the
onset of deformation. Provided samples from similar elevations and modern structural positions are
compared, this approach can be used to differentiate recent and older deformation, ultimately to infer
the underlying structural architecture and identify which inherited structures have been reactivated.

In this thesis, I have studied the spatiotemporal evolution of a ~47000 km” portion of the Central
Kyrgyz Tien Shan in the south-east corner of Kyrgyzstan (Figure 1.1d). Using a broad array of
techniques, I have helped address the shortage of data on the timing and magnitude of deformation and
erosion in the Central Kyrgyz Tien Shan. This new information is primarily obtained by using the
low-temperature thermochronologic systems of apatite fission track (AFT), apatite (U-Th)/He (AHe)
and zircon (U-Th)/He (ZHe) to constrain the exhumation history of various mountain ranges, which in
turn can be used to infer the onset of deformation. These thermochronology-based inferences about
the timing of deformation are supplemented and in places independently verified by new data,
particularly the magnetostratigraphically-derived age controls on the stratigraphy of the Issyk Kul
basin (Figure 1.1d). Together with paleoclimate proxy data obtained from stable isotope analysis of
sediments, this combination of thermochronologic and geologic data allows me to identify and date
many of the key changes in tectonic deformation, climate and surface processes that have affected the
Central Kyrgyz Tien Shan’s orogenic evolution. Moreover, this new data allows the causes and
feedbacks associated with changes in tectonic deformation, surface uplift, climate, erosion and
sedimentation to be investigated. In particular, the combination of thermochronologic, sedimentologic
and climate proxy data from the well-studied Terskey Range and southern Issyk Kul basin suggests
that significant surface uplift occurred shortly after the onset of late Cenozoic deformation, which
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resulted in orographically enhanced precipitation. These different datasets are explained and
interpreted in four manuscripts, each of which is presented here as a chapter.

In chapter two, I have used thermochronological data to constrain exhumation in part of the
basement-cored Terskey Range, located to the south of the Issyk Kul basin (Figure 1.1d). More
significantly, together with geological observations, this dataset is used to construct new
thermochronologically-derived structural markers, which have only experienced the most recent, late
Cenozoic deformational phase. These structural markers provide unique insights into the underlying
structural architecture of the basement-cored range and can be used to quantify the amount of
deformation.  This chapter has been published in Tectonics, vol. 32, 487-500, 2013, doi:
10.1002/tect.20040 by Euan A. Macaulay, Edward R. Sobel, Alexander Mikolaichuk, Angela
Landgraf, Barry Kohn and Finlay Stuart.

In chapter three, new thermochronological data from 80 samples is presented and used to infer the
onset of deformation in many mountain ranges of the Central Kyrgyz Tien Shan. Based on this data
and geological evidence from adjacent intermontane basins, I have been able to unravel the timing of
deformation across a series of mountain ranges and establish the likely sequence in which they were
constructed. I link the new constraints on the timing of deformation and structural observations with
previously published sedimentary data [4bdrakhmatov et al., 2001] in order to develop a new
evolutionary model for the Central Kyrgyz Tien Shan, which highlights the importance of the region’s
numerous inherited structures in controlling the spatiotemporal distribution of late Cenozoic
deformation. This chapter was submitted in May 2013 to Tectonics by Euan A. Macaulay, Edward R.
Sobel, Alexander Mikolaichuk, Barry Kohn and Finlay M. Stuart.

In chapter four, paleomagnetic data are used to date the first syn-tectonic sedimentary unit
(Shamsi group) deposited in the Issyk Kul basin. Importantly, the basal age of this unit provides
independent constraints on the timing of deformation inferred from thermochronological data in the
Terskey Range, which was presented in the previous two chapters. Work for this chapter was
primarily conducted by colleagues in Munich, in particular as part of Michael Wack’s doctoral thesis.
I was responsible for field measurements of bedding and sedimentary thicknesses, and was involved in
sample collection, interpreting the regional significance of derived age constraints and correcting the
manuscript. In May 2013, it was submitted by Michael R. Wack, Stuart A. Gilder, Euan A. Macaulay,
Edward R. Sobel, Julien Charreau and Alexander Mikolaichuk to a special issue of Tectonophysics in
tribute to Graham Borradaile. This chapter has been included to provide details about the
magnetostratigraphically-derived age constraints for the first syn-tectonic sediments, which are used
and discussed further in the following chapter.

Chapter five uses stable isotope, zircon U-Pb provenance, paleocurrent and conglomerate clast
count data from the two magnetostratigraphically-dated sections (chapter 4) to investigate the climatic
and tectonic evolution of the Issyk Kul basin and the surrounding mountain ranges (Figure 1.1d). This
is the first time climate variations have been identified from a stable isotope record of an intermontane
basin within the Tien Shan. In particular, the new data supplies valuable insights into the surface
uplift history of the Terskey Range and potential feedbacks between tectonic deformation, climate and
sedimentation (Figure 1.1d). Moreover, comparing the stable isotope data from the two sections
provides additional constraints on the timing of deposition and allows the magnetostratigraphically-
derived age models presented in chapter 4 to be improved. This chapter was submitted in the
November 2013 to Basin Research by Euan A. Macaulay, Edward R. Sobel, Alexander Mikolaichuk,
Michael Wack, Stuart Gilder, Andreas Mulch, Alla B. Fortuna, Scott A. Hynek and Farid Apayarov.

In chapter six, the key conclusions of the previous four chapter are summarized and their
significance in terms of understanding the overall spatiotemporal evolution of the Central Kyrgyz Tien
Shan are discussed. Finally, I summarize several significant unresolved research questions and
suggest possible ways in which these could be addressed in the future.
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Figure 1.1. (a) Location of Kyrgyzstan (highlighted in red) and Figure 1.1b (black outline). Land shown in
light brown from the Kaartlagen van de Wereld dataset (http://www.geodan.nl). Grid lines have 20° intervals.
Map in World Winkel II projection. (b) Digital elevation model (DEM) of the Tien Shan based on GTOPO90
data. Blue arrows denote the velocity of Global Positioning System (GPS) stations with respect to stable Eurasia
[Zubovich et al., 2010]. Political borders shown by red lines. TFF= Talas Ferghana Fault. Hatching shows
location of transect used to construct Figure 1.1c. Map in Mercator projection. (c) Plot of northwards velocity
of all GPS stations located in hatched area of Figure 1.1b, shows ~20 mm/a of shortening is accommodated by
deformation throughout the Central Tien Shan. (d) Map of Kyrgyzstan showing the distribution of Precambrian
and Paleozoic basement (brown) and Mesozoic—Cenozoic sediments (grey). Study area is outlined by red line.
Locations of major cities are shown. Corresponding references for selected estimates for the onset of
deformation. 1: Bullen et al. [2001, 2003], Sobel et al. [2006b]; 2: De Grave et al. [2013]; 3: Selander et al.
[2012]; 4: Makarov et al. [2010]; 5: Glorie et al. [2011]. Map in Mercator projection.

19



Chapter 2 — Thermochronologic insight into late Cenozoic deformation

Chapter 2.
Thermochronologic insight into late Cenozoic deformation in the basement-
cored Terskey Range, Kyrgyz Tien Shan

Published by Euan A. Macaulay, Edward R. Sobel, Alexander Mikolaichuk, Angela Landgraf, Barry
Kohn and Finlay Stuart (2013) in Tectonics, vol. 32, 487-500, doi: 10.1002/tect.20040, 2013

Abstract

Basement-cored ranges formed by reverse faulting within intra-continental mountain belts are often
composed of poly-deformed lithologies. Geological data capable of constraining the timing,
magnitude and distribution of the most recent deformational phase is usually missing in such ranges.
In this chapter, we present new low temperature thermochronological and geological data from a
transect through the basement-cored Terskey Range, located in the Kyrgyz Tien Shan. Using this
data, we are able to investigate the range’s late Cenozoic deformation for the first time.
Displacements on reactivated faults are constrained and deformation of thermochronologically-derived
structural markers is assessed. These structural markers post-date the earlier deformational phases,
providing the only record of Cenozoic deformation and of the reactivation of structures within the
Terskey Range. Overall, these structural markers have a southern inclination, interpreted to reflect the
decreasing inclination of the reverse fault bounding the Terskey Range. Our thermochronological data
is also used to investigate spatial and temporal variations in the exhumation of the Terskey Range,
identifying a three stage Cenozoic exhumation history: (1) virtually no exhumation in the Paleogene,
(2) increase to slightly higher exhumation rates at ~26-20 Ma, and (3) significant increase in
exhumation starting at ~10 Ma.

2.1. Introduction

Contractional intra-continental mountain belts are usually composed of numerous sub-parallel
ranges and intermontane basins [e.g. Tapponnier and Molnar, 1979; Jordan and Allmendinger, 1986].
Structurally, every range is different with deformation significantly influenced by the distribution of
pre-existing weaknesses and other crustal heterogeneities [ Hilley et al., 2005]. Most ranges are bound
on at least one side by high angle reverse faults (dips >30°); typically, these are mechanically
unsuitable for accommodating slip and require pre-existing weaknesses that can be reactivated
[Sibson, 1985], or assist in their initiation [Selander et al., 2012]. Other ranges consist of broad arch
anticlines that developed at upper crustal temperatures by slip on numerous pre-existing fractures and
discontinuities [Schmidt et al., 1993; Garcia and Davis, 2004]; these are often interpreted to
correspond to blind reverse faults at depth [e.g. Jordan and Allmendinger, 1986]. Frequently
structures have been reactivated or initiated out-of-sequence, with deformation not simply
propagating into adjacent basins. Instead the migration of deformation is controlled by rock uplift and
erosional processes that respectively build and reduce topography, and the suitability of variably-
orientated inherited weaknesses to reactivation [Hilley et al., 2005]. Constraining the timing,
magnitude and distribution of deformation and exhumation is therefore essential for understanding the
construction and development of these ranges. Unfortunately, appropriate geological data, such as
marker beds, is absent in many ranges. Typically, these are basement-cored ranges that have been
sufficiently eroded to completely remove younger lithologies that have only experienced the most
recent deformational phase, when the range was constructed. Geological data from the remaining
basement rocks tends to record the cumulative effects of multiple deformational phases that cannot be
easily differentiated to isolate and quantify the recent deformation. This deficiency poses a significant
challenge for understanding the underlying structural architecture of these basement-cored ranges, and
often prevents the spatiotemporal evolution of many ranges from being constrained.
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Figure 2.1. (a) Elevation map of Central Asia constructed using GTOPO data. Light grey <2000 m; dark grey
>2000 m. Tien Shan highlighted with yellow diagonal lines. Kyrgyzstan outlined in blue (shown in Figure
2.1b). Black box denotes location of Figure 2.1c. Localities of selected estimates for the onset of Cenozoic
deformation in the Tien Shan are shown with dots: red identifies thermochronology based estimates and yellow
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Figure 2.1. continued. shows sedimentation based estimates. a: Kyrgyz Range [Bullen et al.,2001, 2003; Sobel
et al., 2006b]; b: Sobel et al. [2006a]; c: Hendrix et al. [1994]; d: Charreau et al. [2006]; e: Charreau et al.
[2005]. Map in Behrmann projection. (b) Map showing the distribution of basement-cored ranges (dark grey)
and intermontane basins (light grey) in Kyrgyzstan. Terskey Range is highlighted by red diagonal lines. Lake
Issyk Kul shown by blue. Black box denotes location of Figure 2.1c. Map in UTM43N projection. (c)
Geological map of central Terskey Range, adapted from Zhukov [1969], Turchinskiy [1970], and Burgette
[2008]. Studied transect outlined by dashed black box. MTF: Main Terskey Fault; CTF: Central Terskey Fault;
TF: Tyulek Fault. Red circles show sample locations. Purple circles shows AFT data from De Grave et al.
[2013]. Sample names shown in bold. AFT and AHe ages stated underneath; AHe ages in italics. Green
squares show locations of fault kinematic analysis. Triangular fault tags denote reverse faults and point to dip
direction. Arrows around faults show inferred strike-slip displacement from Bazhenov and Mikolaichuk [2004].
MTUC = Late Mesozoic—Tertiary basement unconformity.

One possible solution to this problem involves using thermochronological data to determine the
internal structure of basement-cored ranges. Relative structural depths of different samples prior to
the onset of recent deformation can be quantitatively assessed by comparing thermochronological ages
and paleo-temperature estimates derived from thermal modelling.  Samples with similar
thermochronological ages are assumed to have cooled approximately simultaneously through the
relevant closure temperature isotherm, forming an isochron [Brandon et al., 1998; Thomson et al.,
2010]. Lateral extrapolation allows the position of this isochron to be mapped. Although not visible
in the landscape, this isochron has the potential to provide a record of deformation comparable to
traditional geological structural markers, such as sedimentary bedding.

In this study, we employ this approach to investigate late Cenozoic deformation in the basement-
cored Terskey (Ala-Too) Range in the Kyrgyz Tien Shan (Figure 2.1a+b). In total, fifteen samples
were collected at regular intervals along a transect perpendicular to the strike of the range and the
major structures (Figure 2.1c); these were analysed with apatite fission track (AFT) and (U-Th)/He
(AHe). New fault kinematic data are also presented and used to determine whether three structures
have a pre-Cenozoic deformational history. Our thermochronological data identifies a significant
cooling increase at ~26—20 Ma, which we relate to the onset of late Cenozoic deformation in the
Terskey Range. A second cooling increase at ~10 Ma likely dates an intensification of deformation in
the Terskey Range, when it appears that deformation stepped back into the range, reactivating two
inherited strike-slip faults.

Based on our relatively densely sampled transect, it is clear there are significant spatial variations
in the exhumation of the Terskey Range that we relate to the differences in tectonic rock uplift caused
by the underlying structure of the range. Comparing differences in the magnitude of exhumation
provides an insight into structures that have been active in the Cenozoic and the likely deformation of
the Terskey Range. To constrain this deformation, we construct an AFT isochron at 28 Ma that
slightly pre-dates the onset of late Cenozoic deformation at ~26-20 Ma. The present position of the
isochron reflects its initial geometry and the subsequent deformation of the surrounding rocks. The
initial geometry can be assumed to be horizontal, making it the ideal post-reactivation structural
marker. Additionally, our thermochronological data suggests that a low relief surface preserved in the
south of the Terskey Range is part of a pre-reactivation basement unconformity; this is used as another
structural marker to measure late Cenozoic fault displacements within the Terskey Range.

Our new thermochronologically-derived structural data provides the first constraints on late
Cenozoic deformation within the Terskey Range, and identifies reactivated basement structures within
the range. The techniques used here to constrain late Cenozoic deformation could easily be adapted
and applied to other basement-cored ranges to identify and quantify previously unconstrained
deformation.
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2.2. Geological setting

The 2500 km long Tien Shan, situated between the Tarim basin and the Kazakh Platform (Figure
2.1a) is presently the world’s largest intra-continental mountain belt. Most of the present topography
is related to late Cenozoic intra-continental deformation, the most recent orogenic episode in the Tien
Shan, which is driven by the India-Eurasia collision [Tapponnier and Molnar, 1979]. Multiple
deformational phases occurred in the Paleozoic, associated with the assembly of numerous terranes
[e.g. Burtman, 1975; Bazhenov et al., 2003] and the subsequent development of a series of large
strike-slip faults in the Permian [e.g. Bazhenov and Mikolaichuk, 2004]. Throughout the Mesozoic
and early Cenozoic, the Tien Shan has also been periodically reactivated in response to distal
collisions [Hendrix et al., 1992].

Estimates for the precise timing of late Cenozoic deformation vary across the Tien Shan.
Thermochronologic data from the southern and eastern Tien Shan suggest deformation started at ~24
Ma [Hendrix et al., 1994; Sobel et al., 2006a; Heermance et al. 2008]; later, at ~11 Ma, deformation
initiated in the Kyrgyz Range to the north-west (Figure 2.1a+b). The latter period in particular has
been shown to be coincident with sedimentation increases on both sides of the Tien Shan [Charreau et
al., 2005, 2006]. Selected estimates for the onset of deformation are shown in Figure 2.1a. Our study
area in the Terskey Range occupies a relatively central location within the Tien Shan (Figure 2.1a) and
provides an important marker for understanding the late Cenozoic development of the mountain belt.

The Terskey Range is a ~350 km long basement-cored range, located south of the Issyk Kul basin
in eastern Kyrgyzstan (Figure 2.1b). Our study area is located approximately in the center of the
Terskey Range (Figure 2.1b) around the ~N-S trending Barskoon valley (Figure 2.1c). Within the
study area, Precambrian and Paleozoic basement lithologies are separated from 4—5 km thick Cenozoic
sediments stored in the Issyk Kul basin by the Main Terskey Fault zone (MTF) [ Turchinskiy, 1970].
The MTF is composed of multiple fault strands that have collectively generated at least 4-5 km of
structural relief between the basement-cored Terskey Range and the Issyk Kul basin. The other
principle structures of the Terskey Range are the Central Terskey Fault (CTF) and the Tyulek Fault
(TF). These faults run approximately through the middle of the Terskey Range and exclusively offset
basement lithologies (Figure 2.1c). To the west, the TF has been shown to be a reactivated Paleozoic
fault that has accommodated 8 km of sinistral strike-slip displacement during the Cenozoic [Bazhenov
and Mikolaichuk, 2004].

Prior to the late Cenozoic deformational phase, the study area and much of the Kyrgyz Tien Shan
experienced a protracted period of tectonic quiescence starting in the late Mesozoic. Bedding
orientations are approximately consistent between Jurassic and early Cenozoic sediments, suggesting
that no tectonically driven tilting occurred during this period. Where preserved, Jurassic sediment
overlie a low relief basement unconformity; late Cretaceous— Eocene sediments (Suluterek Formation)
[Fortuna et al., 1994; Sobel and Arnaud, 2000] disconformably overlie these Jurassic sediments or lie
directly above a low relief erosional unconformity with Precambrian and Paleozoic basement
[Vakhrameev, 1964; Zhukov, 1969; Turchinskiy, 1970; Pomazkov, 1972; Cobbold et al., 1996]. From
this stratigraphy it is clear that two significant time gaps exist in Issyk Kul; one between Paleozoic
basement and Jurassic sediments, and a second between Jurassic and the overlying late
Cretaceous—Eocene Suluterek Formation. Therefore we suggest that two unconformities exist,
spanning the early-mid Mesozoic and late Mesozoic—Tertiary. The latter unconformity corresponds to
a well documented period of tectonic quiescence [Afonichev and Viasov, 1984; Bullen et al., 2001;
2003; Sobel et al., 2006b; De Grave et al., 2007a; 2011]. Many low relief surfaces cut into basement
rocks are often interpreted as being part of the late Mesozoic—Tertiary basement unconformity
[Cobbold et al., 1996]. There is one such low relief surface to the south of the TF in the study area
(Figure 2.1c); whether this surface is part of the same late Mesozoic—Tertiary basement unconformity
is discussed in Section 2.4.1.
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2.3. Methodology and results
2.3.1. Thermochronological data

Fifteen samples were collected from a transect running NNW-SSE through the Terskey Range
(A—-A’; Figure 2.1c). The transect consists of 3 topographic profiles, and an additional 2 spot samples
(Figure 2.1c). Samples are labelled according to their location. Northern topographic profile samples
are NP1-4, central profile samples are CP1-5 and southern profile samples are SP1-4; the 2 spot
samples are called the northern and southern spot samples (NS and SS). Within topographic profiles,
samples are numbered from highest to lowest elevations. Samples were analysed using apatite fission
track (AFT) and (U-Th)/He (AHe); details of analytical procedures are provided in the supplementary
material.

Both thermochronological systems are based on temperature dependent retention of
radiogenically-produced daughter products (fission tracks for AFT and ‘He for AHe). Over geological
timescales, daughter products are not preserved above a particular temperature. For AFT the
temperature corresponds to the bottom of the partial annealing zone (PAZ) [Ketcham et al., 1999]; for
AHe the temperature is the base of the partial retention zone (PRZ) [Wolf et al., 1998]. Above these
temperatures daughter products are only partially retained within the PAZ and PRZ: fission tracks are
shortened and eventually removed through annealing, while *He is lost through diffusion.
Temperatures of the PAZ and PRZ depend on crystal kinetic characteristics and cooling rates
[Brandon et al., 1998; Ehlers and Farley, 2003; Donelick et al., 2005]; typically, the PAZ extends
from ~140-120 to 60°C [Ketcham et al., 1999], and the PRZ from ~85 to 40°C [Wolf et al., 1998].
Resistance to AFT annealing can be assessed by measuring the diameter of fission tracks parallel to
the crystallographic axis (Dp.) [Ketcham et al., 1999]. Measuring AFT length distributions allows the
amount of annealing to be assessed, since fission tracks form at a constant rate over time and initially
have the same length [Green et al., 1989]. AHe diffusivity can be comparatively assessed by
measuring the effective uranium concentration, grain size and number of crystal terminations (see
supplementary material for more details about both methods).

For rapidly cooled samples, thermochronological ages correspond to cooling through a particular
closure temperature within the PAZ or PRZ [Ehlers and Farley, 2003; Donelick et al., 2005]. Rocks
hotter than the PAZ or PRZ have thermochronological ages reset to zero. Prior to an increase in
exhumation, rocks that had cooled sufficiently to retain fission tracks or *He have ages recording
earlier exhumation and subsequent modification whilst residing in the AFT PAZ or AHe PRZ. As
rocks are exhumed, deeper structural levels begin to cool below these temperatures, recording
progressively younger ages. Comparing ages of samples collected at different elevations can be used
to infer the exhumation history of a mountain range, thereby dating exhumational increases [e.g.
Fitzgerald et al., 1995]. The relationship between thermochronological age and present-day elevation
of reset samples is the apparent exhumation rate (km/Myr), provided samples have followed vertical
exhumation pathways and cooled through horizontal isotherms [Huntington et al., 2007]. Violating
these assumptions will lead to inaccuracies in the derived apparent exhumation rates.

2.3.2. Thermochronological results
2.3.2.1. Thermochronological ages

Our ages range from 17.3 + 1.4 to 92.5 + 5.3 Ma for apatite fission track (AFT), and from 6.8 =
0.2 to 143.1 £+ 8.9 Ma for apatite (U-Th)/He (AHe) (Table 2.1). Some samples have a high degree of
AHe age variability in different aliquots; these samples and the reasons for the variability are
discussed in the supplementary material. Crucially, many of these aliquots are reliable and can be
interpreted (Table 2.1). In addition to our ages, De Grave et al. [2013] report 4 AFT ages from within
this transect. Two of these ages are in close proximity to our samples and yield discordant results
(Figure 2.1c). Our AFT ages for samples NS and SP4 are 28.2 + 3.8 and 26.9 = 3.4 Ma, respectively;
significantly younger than the AFT ages of 38.1 £2.0 and 110.1 + 6.6 Ma obtained by De Grave et al.
[2013] from adjacent samples. NS has a relatively small mean D,, value of 1.78 pum, suggesting it
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may anneal quickly and have a relatively low closure temperature [Donelick et al., 2005].
Unfortunately, no kinetic parameters were reported by De Grave et al. [2013] to test whether the ~10
Myr age difference might relate to the annealing properties of these 2 samples. The ~83 Myr age
difference between SP4 and the proximal sample is more difficult to explain. However, sample SP4
has a relatively young AHe age of 9.3 £ 0.3 Ma, which is more consistent with our younger AFT age
than the nearby 110.1 + 6.6 Ma AFT age reported by De Grave et al. [2013]. The older ages of both
discordant samples can be matched with observed or expected ages from higher elevations. Therefore,
we suspect that one or both of the older samples may not have been collected in-situ.

Samples from similar elevations along the transect reveal that thermochronological ages are
youngest near the Main Terskey Fault zone (MTF) and increase towards the south (Figure 2.2a). This
trend is interrupted by sample SP4, which despite being collected from a higher elevation is younger
than sample SS (Table 2.1).
2.3.2.2. Age-elevation relationships (AERs)

Although 3 topographic profiles were sampled, the southern profile is offset by the Tyulek Fault
(TF) and possibly a second fault; therefore, its AER should not be interpreted. Before interpreting the
remaining 2 topographic profiles, we first discuss potential complications and inaccuracies in apparent
exhumation rates due to non-vertical exhumation and isothermal deflection caused by topography,
faulting and advection [Stiiwe et al., 1994; Mancktelow and Grasemann, 1997; Ehlers and Farley,
2003]. The magnitude of these effects depends on the orientation of the sampled profile with respect
to the geometry of non-planar isotherms and the horizontal component of exhumation [Huntington et
al., 2007]. The greatest inaccuracies are expected when the sampled topographic profile is sub-
parallel to inclined isotherms and the lateral transport direction. Our samples have a north-directed
horizontal component of transport imposed by the Main Terskey Fault zone (MTF).

The northern profile (NP) was collected between elevations of 2.2 and 2.7 km, covering a
horizontal distance of ~1.5 km. The profile increases in elevation towards the SSE and runs sub-
parallel to the dominant northward lateral transport direction and the N-S orientated long wavelength
topography (>100 km) of the Terskey Range. This topographic relief has undoubtedly increased
during the Cenozoic. Both lateral transport and topographic growth could result in apparent
exhumation rates under-estimating true rates [Braun, 2002; Huntington et al., 2007]. Faulting and
advection near the MTF could have deflected isotherms, potentially leading to an under- or over-
estimation of true rates. However, the apparent exhumation rates of >0.07 km/Myr around 19-16 Ma
and >0.2 km/Myr between ~8 and 6 Ma (Figure 2.2b) are likely to be too small to represent a
significant over-estimation caused by thermal advection. Instead, it is more likely that the rates will be
influenced by lateral transport and topographic growth, both of which may lead to an under-estimation
of the true rates; our apparent exhumation rates are therefore taken as minimum estimates.

The central profile (CP) was sampled at elevations between 2.6 and 3.5 km over a horizontal
distance of ~1.9 km. The profile is aligned approximately E-W and therefore is unlikely to have been
significantly affected by the growth of N-S long wavelength topography, northward lateral transport or
advection caused by the MTF [Huntington et al., 2007]. Furthermore, E-W orientated short
wavelength topography (~12 km) relating to the U-shaped Barskoon valley is probably too small to
cause significant errors in derived rates [Braun, 2002]. Generally, thermochronological ages increase
with elevation, except for apatite (U-Th)/He (AHe) ages of sample CP2, where all three aliquots are
anomalously old (25.2-36.4 Ma) with respect to the apatite fission track (AFT) age (27.2 + 2 Ma) and
the AER trend established by the youngest aliquots of the other samples (Figure 2.2¢). Since no
analytical or geological reason exists to account for this age difference, we assume the CP2 AHe ages
are incorrect and they have been discarded. The youngest aliquots of the remaining AHe ages (CP1,3
and 4) suggest an apparent exhumation rate of <0.12 km/Myr between ~20 and 10 Ma (Figure 2.2c).

The AFT age of sample CP1 (38.9 + 2.6 Ma) does not fit on a linear AER trend defined by the
lower elevation samples (Figure 2.2¢). The inflection point produced in the AER plot defines the base
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of an exhumed partial annealing zone (PAZ) which developed prior to an increase in exhumation.
Although the base of the exhumed PAZ is poorly constrained on the AER plot, an inflection point can
be placed between 33 and 20 Ma, suggesting that exhumation increased during this interval (Figure
2.2c). The imprecision of this estimate relates to the low apparent exhumation rate of <0.12 km/Myr
derived from the Central Profile’s AHe Age-elevation relationship following this increase. If
exhumation rates had been higher, rocks would have cooled more quickly through the PAZ, resulting
in a more distinctive break-in-slope on the age-elevation plot.
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Figure 2.2. (a) Thermochronological ages of samples through transect. (b+c) Age-elevation relationships
(AERs) for the northern (b) and central (c) profiles. Hatching denotes swath around possible linear AER, the
gradient of which equates to the apparent exhumation rate. In the central profile (c) an increase in exhumation is
observed by a kink in the AFT AER interpreted to represent an exhumed PAZ and an increase in apparent
exhumation between 33 (red) and 20 Ma (blue).
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2.3.2.3. Thermal modelling

Time-temperature histories for 12 samples were modelled using the HeFTy program [Ketcham,
2005]. The goal of this modelling was to test the feasibility of previously observed late Cenozoic
cooling increases (at ~26—20 Ma, 15-5 Ma and < 5 Ma), and to constrain the paleo-temperature range
of each sample prior to the onset of late Cenozoic deformation. Details of the modelling strategy and
time-temperature histories obtained from each sample can be found in the supplementary material.

Acceptable-fitting thermal models of sample CP1 are relatively tightly constrained and suggest
that the first late Cenozoic cooling increase occurred at ~26—-20 Ma (CP1; Figure 2.3a). Subsequently,
cooling rates generally remained low (<6°C/Myr), in keeping with a low apparent exhumation rate of
<0.12 km/Myr derived from the Central Profile (CP) age-elevation relationship (AER) at this time. As
a result, the ~26—20 Ma increase is not detected in thermal models of some samples, which instead
identify a pronounced cooling increase at ~10 Ma (e.g. CP4; Figure 2.3a). Prior to the ~26-20 Ma
increase, cooling rates were universally low. Higher elevation samples (e.g. SP1; Figure 2.3a) suggest
relatively monotonic cooling of <1.5°C/Myr since at least 110 Ma. Low cooling rates between ~110
and 20 Ma would have allowed a steady state thermal field to develop. As a result, paleo-temperatures
at 28 Ma, before the late Cenozoic cooling increase, can be assumed to directly correlate with a
sample’s structural depth.

Plotting paleo-temperature estimates from thermal modelling of individual samples along the
transect reveal significant spatial variations in exhumation since 28 Ma (Figure 2.3b). Paleo-
temperatures at 28 Ma were specifically selected to pre-date the onset of late Cenozoic deformation, as
inferred from our AERs and thermal models, and independently from an increase in clastic
sedimentation in the adjacent Issyk Kul basin at ~26 Ma (Chapter 4). Comparing samples from a
similar elevation (NP1, NS, SS; ~2.6-2.7 km) suggests paleo-temperatures at 28 Ma decreased away
from the Main Terskey Fault zone (MTF), meaning that exhumation is greatest near the MTF. If this
trend continues south of the Central Terskey Fault (CTF), sample SP4 ought to have had lower
temperature than SS at 28 Ma. Furthermore, if the present-day elevation of these samples reflects
structural depths at 28 Ma, SP4 should have a lower paleo-temperature than SS, since it has a higher
elevation (Table 2.1). For a reasonable geothermal gradient of 25°C/km, SP4 ought to have been at
least 18°C colder than SS. However, thermal models suggest that SP4 resided at temperatures >71°C
at 28 Ma, compared to 41-84°C for SS. The simplest interpretation of this difference in paleo-
temperature and therefore in structural depth is that the CTF has been reactivated in the late Cenozoic,
causing its southern side to be up thrown and more deeply exhumed than its northern side. Paleo-
temperature estimates also vary across the Tyulek Fault (TF): SP1 has a relatively well constrained 28
Ma paleo-temperature of 3-37°C. The elevation difference between SP1 and SP4 is 0.35 km and the
minimum temperature difference at 28 Ma inferred from thermal models is 34°C. If the TF has been
inactive since 28 Ma and the present-day elevation were to reflect structural depth, this would require
the geothermal gradient to be >97°C/km, which is unrealistic. Some of this variation may relate to a
continuation of the southward decreasing exhumational trend observed in northern block of the
Terskey Range. However, the magnitude of the difference suggests the TF must have also been
reactivated after 28 Ma, causing its northern side to be exhumed more than the southern side.

2.3.3. Structural data

Existing structural data from the Terskey Range is mostly unhelpful for assessing and quantifying
Cenozoic deformation. For example, present bedding geometries of Precambrian and Paleozoic
lithologies (Figure 2.1c) record multiple deformational phases and cannot be used to constrain
Cenozoic deformation. In this section we present results from fault kinematic analysis, and use our
thermochronological data to provide the first constraints on Cenozoic deformation within the Terskey
Range.
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Figure 2.3. (a) Selected time-temperature histories derived from thermal modelling of individual samples using
HeFTy software [Ketcham, 2005]. AFT and AHe input data for thermal models is included in the supplementary
material. Acceptable time-temperature pathway envelopes are colour coded to match the input constraints (faded
boxes), see key at bottom for list. Dotted lines = thermal models including old AHe aliquot component; Solid
lines = remaining AHe component. Diagonal lines = portion of time-temperature histories above the assumed
total AFT annealing temperature (~110°C); not constrained by thermochronological data. Vertical black lines
indicate possible temperature range at 28 Ma. Note that SP1 was only modelled with the basic constraint, since
it was cooler than model sensitivity by 28 Ma. (b) Paleo-temperature estimates at 28 Ma derived from thermal
modelling. Plotted for individual samples through the transect. Square points denote samples from similar
elevations (2.6-2.7 km); all other samples have circular points. Red denotes samples that have an upper paleo-
temperature estimate hotter than the assumed total AFT annealing temperature (~110°C); the upper limit is
unconstrained. Arrows show the throw of the main faults (MTF, CTF and TF) required to account for
differences in exhumation across them.

2.3.3.1. Fault kinematic data

Fault kinematic analysis was carried out at three locations near two separate strands of the Main
Terskey Fault zone (MTF), and along the Central Terskey Fault (CTF) (Figure 2.1c). Measurements
were made on slickensides at each location. Striations on these surfaces were measured when reliable
indicators to infer the sense of slip could be identified; these included subsidiary fractures (P-, T- and
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Riedel fractures) and ridge-in-groove lineations [Petit, 1987]. The primary objective of this analysis
was to determine whether the nearby faults have a pre-Cenozoic deformational history. Faults that
were initiated in the Cenozoic are more likely to yield consistent kinematic solutions, with tightly
clustering P-axes. On the other hand, faults that were reactivated in the Cenozoic have experienced
multiple deformational phases with different strain orientations, leading to a highly scattered
distribution of P-axes. Based on this criterion, the CTF is an inherited structure (Figure 2.4c). At the
other locations near the two strands of the MTF (Figure 2.1c), fewer measureable striations were
identified and it is unclear whether these faults have an earlier deformational history. However, based
on the degree of variability observed in fault plane orientations, it seems likely that the southern strand
corresponds to a pre-existing structure (Figure 2.4b), whereas the northern strand has a younger,
possibly exclusively Cenozoic deformation history (Figure 2.4a).

2.3.3.2. Thermochronologically-derived structural data

As discussed above, thermochronologically-derived structural data provides the only means of
quantifying Cenozoic deformation in the Terskey Range. A thermochronologic structural marker is
constructed by connecting samples of equal thermochronologic age, forming an isochron that records
the simultaneous cooling below an equal closure temperature. The position can also be determined by
interpolating ages from an age-elevation profile. The present position of an isochron records the initial
geometry of the closure temperature isotherm, shifted by subsequent deformation [Brandon et al.,
1998; Thomson et al., 2010].

We have constrained an isochron with an apatite fission track (AFT) age of 28 Ma by projecting
our samples onto a 2-dimensional cross section through the range (Figure 2.4d). The 28 Ma age for
the isochron was specifically selected to pre-date the onset of late Cenozoic deformation. The
isochron is constrained at the Central Profile (CP) by sandwiching it between samples CP1 at ~3.5 km
(38.9£2.5 Ma) and CP3 at ~3.0 km (23.3 £ 2.6 Ma). CP1 has a lower mean Dy, value than CP3 (1.36
compared to 1.71 um; Table 2.1), suggesting faster annealing and a lower closure temperature for CP1
[Donelick et al., 2005]. If CP1 had the same annealing characteristics as CP3, we would expect it to
have an even older AFT age; therefore, the isochron must lie below CP1. Comparing sample NS with
an AFT age of 28.2 + 3.7 Ma to the CP AER, we find that the isochron must lie between the AFT ages
of CP1 and CP3. NS and CP3 have similar mean D, value (1.71-1.78um; Table 2.1), suggesting
that they have similar closure temperatures and annealing properties. We apply an ~0.5 km elevation
uncertainty to the isochron’s position around NS, corresponding to the uncertainty on the CP AER.
These constraints around CP1-3 and NS are primarily used to determine the position of the isochron.
However, the remaining samples can also constrain the relative position of the isochron: samples with
AFT ages >28 Ma are likely to be above the isochron, while those with younger ages are below
(Figure 2.4d). Furthermore, the 28 Ma isochron formed towards the end of the long tectonic
quiescence period, when the late Mesozoic—Tertiary basement unconformity developed; at this time
the isochron would have been parallel to the unconformity surface. If the low relief surface exposed
south of the Tyulek Fault (TF) is part of the late Mesozoic—Tertiary basement unconformity, the
isochron should also dip ~5°S in that part of the transect.

Assuming the isochron is planar allows us to project it across the transect; between the CP and
NS constraints, a planar isochron is required to dip 5-29°S (Figure 2.4e). Extrapolating these
inclinations across the entire transect fits with the AFT ages of the other samples, provided that the
plane is displaced by the Central Terskey Fault (CTF) (Figure 2.4f). Furthermore, the minimum
inclination (~5°S) also matches the low relief surface south of the TF (Figure 2.4f). However, if the
Terskey Range basement has been folded, the isochron could be non-planar. Folding within the
basement is a real possibility, with compelling evidence from similar ranges suggesting that movement
along numerous pre-existing fractures and discontinuities at low temperatures could facilitate
deformation that is perceived as folding on the macro-scale [Schmidt et al., 1993; Garcia and Davis,
2004]. Although folding is possible, it is unlikely that multiple, tight folds developed in the

30



Chapter 2 — Thermochronologic insight into late Cenozoic deformation

(b) (c)

(d) © AFT age >28 Ma
o AFT age within
error of 28 Ma
@ AFT age <28 Ma

MTuC (~5°8)

SSE

(e)
- > "-a-u
.‘. ---------
SO IR N
06 g iy 5°S S
1k "~29°S
NNW - SSE
CTF TF
N
(@)

Syncline?

.,

Figure 2.4. (a—c) Fault kinematic data from three faults; locations shown in Figure 2.1c. Solid black lines
denote great circles of slickensides where striations were measured. Black points and arrows show the hanging
wall motion of the measured lineation. Abbreviations correspond to sense of slip on fault planes; N: Normal; T:
Reverse; L: Left-lateral; R: Right-lateral. Red points show calculated P-axes for individual measurements.
Approximate area of P-axes expected from N-S Cenozoic shortening is shown by faded red colour. Note that P-
axes outside these zones are likely to be inherited from an earlier deformational phase. Dashed grey lines show
fracture planes without lineation measurements. Plots created using FaultKin 5.1 [Marrett and Allmendinger,
1990; Allmendinger et al., 2012]. (d) Cross section along A—A’ (Figure 2.1c), summarizing new structural
constraints. Red dots show samples with AFT ages <28 Ma; yellow dots are those within error of 28 Ma, and
blue dots are samples >28 Ma. SP2 and SP3 are shifted south to fit with their locations with respect to TF,
which strikes slightly oblique to the transect. Colours of lithologies matches those used in Figure 2.1c. Faults
that are active in Cenozoic are solid black lines. Other faults are dashed lines. MTF orientation from
Abdrachmatov et al. [2002]. MTUC (red dashed lines) = Late Mesozoic—Tertiary basement unconformity.

predominantly crystalline basement of the Terskey Range below the AFT closure temperature (<110
°C). For this reason, we limit the number of potential folds within the Terskey Range to two, and
suggest any major Cenozoic fold must strike ~E-W with limbs dipping north or south, since the
maximum horizontal stress has been aligned N-S during the Cenozoic. The decreasing paleo-
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structural depth inferred from the thermochronological ages and paleo-temperatures at 28 Ma for
similar elevation samples (NP1, NS and SS) suggests that an anticline could exist over the northern
part of the transect; its axis could be located anywhere between the Main Terskey Fault zone (MTF)
and the NS sample (Figure 2.4g). Therefore, the most likely two fold combination is a northern
anticline and a southern syncline (Figure 2.4g).

2.4. Discussion
2.4.1. Isochron and late Mesozoic—Tertiary basement unconformity

As discussed above, the low relief surface exposed to the south of the Tyulek Fault (TF) could
correspond to the late Mesozoic—Tertiary basement unconformity. Our thermal modelling of sample
SP1 (Figure 2.3a), which was collected ~250 m below this low relief surface (Figure 2.4d), suggests
that near surface temperatures (<40°C) were maintained for much of the period of tectonic quiescence,
when this unconformity developed; only minor thicknesses of rock could have existed between SP1
and the surface at this time. Therefore, although low relief surfaces can be created by other
mechanisms [e.g. Nielsen et al., 2009], it seems likely that the low relief surface is part of late
Mesozoic—Tertiary basement unconformity.

The occurrence of the low relief late Mesozoic—Tertiary basement unconformity in both the
Terskey Range and beneath Cenozoic strata in the Issyk Kul basin suggests that the region was
relatively flat during the period of tectonic quiescence. The inference of low topographic relief is
supported by the late Cretaceous—Eocene sediments of the Suluterek Formation, which have been
interpreted as representing frequently reworked sediments and soils deposited in a low energy, distal
depositional setting [Chediya, 1986; Fortuna et al., 1994]. Furthermore, the Suluterek Formation is
universally thin (<60 m), suggesting that limited accommodation space existed and erosion rates were
low across the transect. Our thermal modelling results agree with the latter point, documenting low
cooling rates for >80 Myr during the period of tectonic quiescence between the mid—Cretaceous and
the Oligo—Miocene (e.g. SP1; Figure 2.3a). Since the 28 Ma isochron formed towards the end of this
period, it is unlikely to record a thermal field significantly warped by topography or advection. We
therefore assume that the isochron and the late Mesozoic—Tertiary basement unconformity were
horizontal at 28 Ma and that their present inclinations record the subsequent deformation of the
Terskey Range. If this assumption is incorrect and some residual topography existed, it is more likely
that the isochron and unconformity would dip north, since the Terskey Range and other basement-
cored ranges to the south would probably have been higher than Issyk Kul, which was a Jurassic
depocenter. Therefore, the southern inclinations of the isochron and unconformity inferred from our
structural data still records late Cenozoic deformation.

2.4.2. Cenozoic structural interpretation

Our new fault kinematic data suggests that the Central Terskey Fault (CTF) was reactivated as an
inherited structure (Figure 2.4c). Many P-axes are consistent with sinistral strike-slip faulting,
suggesting that it could have originated during the Permian transpressional phase, as did the Tyulek
Fault (TF) [Bazhenov and Mikolaichuk, 2004]. In the field, both structures are steeply dipping (>60°),
in keeping with their likely strike-slip origins. During the Cenozoic both structures were reactivated
as oblique slip faults with significant dip-slip components, causing the intervening block containing
sample SP4 to be preferentially exhumed (Figures 2a + 3b). We assume this dip-slip component has a
reverse displacement, since these faults strike approximately perpendicular to the ~N-S maximum
horizontal stress axis. The CTF and TF therefore have a north and south sense of vergence
respectively (Figure 2.4d).

Despite the existence of some south-vergent branches that likely correspond to back-thrusts, the
Main Terskey Fault zone (MTF) must have an overall north vergence that up-throws the Terskey
Range (Figure 2.4d). Based on our fault kinematic data, it appears that the southern branch is a pre-
existing structure (Figure 2.4b), whilst the more northern branch has more uniform faults planes and
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P-axes solutions (Figure 2.4a), suggesting that it only initiated in the Cenozoic. Interestingly it seems
that the MTF has propagated northwards into the Issyk Kul basin, as the branch presently separating
basement lithologies from Cenozoic sediments has remained inactive throughout the Holocene and
deformation has migrated into the Issyk Kul basin [Abdrachmatov et al., 2002]. If a south to north
propagation has occurred throughout the late Cenozoic, it is likely that the MTF initially reactivated a
pre-existing weakness, before propagating into the Issyk Kul basin along a series of newly initiated
foot wall short-cuts.

The MTF undoubtedly exerts a significant control on the Terskey Range’s exhumation; the most
deeply exhumed samples (NP1-2) are those nearest the MTF and exhumation generally decreases
towards the south (Figure 2.3b). Non-structural explanations for this exhumational decrease, such as
differences in erosional efficiency, can be ruled out as they are unlikely to account for the variability
in exhumation between such closely spaced samples (<15 km) taken from similar elevations and rock
types (e.g. NP1, CP4 and SS; Figure 2.3b). This exhumational decrease suggests that paleo-structural
depths increase towards the MTF (Figure 2.4g); this is incompatible with having a broad arch anticline
centered in the Terskey Range, which would require paleo-structural depth to decrease away from the
middle of the range. Instead, we interpret the decreasing exhumation to reflect differences in tectonic
rock uplift caused by the MTF’s sub-surface geometry. How these differences in tectonic rock uplift
are accommodated in the Terskey Range depends on the rigidity of the basement rocks; if strong
enough, the entire Terskey Range could have behaved as a rigid block that only deforms by faulting.
On the other hand, if the numerous fractures and discontinuities present in the basement that were
inherited from earlier deformational phases have been reactivated and accommodated Cenozoic slip,
individual fault-bounded blocks would be able to deform internally. Based on the available structural
data, both options are possible.

If the Terskey Range has behaved as a rigid block, arguably the simplest interpretation of the
available Cenozoic structural data involves block rotation around a concave upward MTF that has
caused the entire Terskey Range to be inclined ~5°S (Figure 2.5a) [Erslev, 1986]. If correct, this
would allow the isochron and the late Mesozoic—Tertiary basement unconformity to be reconstructed
across the entire transect as parallel planar features dipping at ~5°S. Calculating the distance between
them therefore allows one to be reconstructed from the other. The minimum distance between the
isochron and basement unconformity is defined by the maximum thickness of preserved basement
overlying the isochron around the NS sample (1.9 km: Figure 2.5a); the maximum distance cannot be
precisely constrained, but is unlikely to exceed 4.3 km based on a likely paleo-geothermal gradient
>20°C/km (Figure 2.5b). However, between the CTF and TF, neither the isochron or the late
Mesozoic—Tertiary basement unconformity is preserved and they can only be reconstructed by
converting the paleo-temperature of SP4 into a structural depth with respect to the isochron, based on
the paleo-geothermal gradient defined by the other samples (Figure 2.5b). The minimum calculated
vertical displacements of the CTF and TF are 0.8 and 0.3 km. The minimum structural relief between
Issyk Kul and the Terskey Range created by the MTF in the block rotation model is 8.6 km. In this
structural model, horizontal shortening within the range is 0.7 km; 0.6 km is accommodated by the
CTF and TF dipping at 60° and 0.1 km is accommodated by block rotation. This is relatively modest
in comparison with the >3.1 km of shortening accommodated by the MTF. This value corresponds to
the minimum shortening accommodated by a single fault dipping at 70°; however, it is likely that
multiple faults with shallower inclinations have accommodated significantly more horizontal
shortening.

Internal deformation between faults could also allow significantly more deformation to be
accommodated within the Terskey Range through folding and greater displacements along the CTF
and TF. Unfortunately, from the available data, the positions of a non-planar isochron and late
Mesozoic—Tertiary basement unconformity cannot be sufficiently constrained to calculate fault
displacement or fold geometry. However, as discussed in Section 2.3.3.2, the most likely fold
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geometry involves a northern anticline and a southern syncline (Figure 2.4g). We interpret this as
reflecting a single fault-bend syncline (Figure 2.5¢), where structural markers became inclined as the
passed through a kink band above a fault bend in the MTF from a relatively flat segment to a steeper
ramp [Suppe, 1983; Narr and Suppe, 1994]. In this model, vertical displacements of the CTF and TF
cannot be smaller than those calculated for the block rotation model (Figure 2.5¢), so the minimum
constraints of 0.8 and 0.3 km still apply. Uncertainty in the position of the isochron in the forelimb of
the northern anticline means the same is not true for displacement across the MTF, which could be
slightly less than the minimum constraint calculated for the block rotation model.
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Figure 2.5. (a) Block rotation model to explain structural constraints. The MTF has a slight concave upward
curvature that causes 5°S rotation of hanging wall. Faded colouring indicates eroded area. (b) Geothermal
gradient plot for the block rotation model. Hatched area denotes possible position of Late Mesozoic—Tertiary
basement unconformity. (c) Schematic illustration showing fault-bend syncline interpretation of structural data.

2.4.3. Exhumation and deformation history

Exhumation in the Terskey Range varied considerably through time. Thermal modelling suggests
that erosion rates were low for >80 Myr during the period of tectonic quiescence; cooling rates of
<1.5°C/Myr, defined by sample SP1, are converted into exhumation rates by assuming a geothermal
gradient of >20°C/km, giving rates of <0.08 km/Myr (Figure 2.6). Based on our new results, we can
sub-divide the subsequent exhumation of the Terskey Range into two stages (Figure 2.6): (1) low
exhumation rates in the Oligo—Miocene (starting at ~26-20 Ma), and (2) significantly increased
exhumation starting at ~10 Ma. Assigning representative exhumation rates to these two stages is
difficult given the degree of spatial variation in exhumation (Figure 2.3b). Furthermore, deformation
within the Terskey Range means that present-day elevation is unlikely to be a true representation of a
sample’s initial structural position, therefore violating a key assumption for deriving apparent
exhumation rates from age-elevation relationships (AERs). We suggest that future thermochronologic
studies consider spatial variations in exhumation and the effect of the underlying structure on AER-
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derived rates; employing a sampling strategy of multiple topographic profiles through a range would
allow these effects to be investigated and potentially constrained.

The first stage of the Terskey Range’s exhumation history is dated by an increase between 33 and
20 Ma to <0.12 km/Myr in the Central Profile (CP) AER (Figure 2.2c). The southern inclination of
the isochron around the CP (Figure 2.4e+g) means the 681 m elevation difference used to calculate
this apparent exhumation rate over-estimates the true structural difference, particularly if the southern
inclination is greater. Thermal modelling of sample CP1 refines the timing of this exhumation
increase estimate to ~26-20 Ma (Figure 2.3a). We interpret this ~26—20 Ma exhumation increases as
reflecting the onset of deformation in the Terskey Range, when the Main Terskey Fault zone (MTF)
became active. Our estimate is in good agreement with the 26-25 Ma onset of deposition proposed on
the basis of magnetostratigraphic dating of syntectonic sediments deposited in the Issyk Kul basin ~50
km along strike to the east (Chapter 5) [Wack et al., in review] and other late Oligocene—early
Miocene estimates for the initiation of Cenozoic deformation in the southern and western Tien Shan
[Hendrix et al., 1994; Sobel et al., 2006a].

A second exhumation increase at ~10 Ma is required by some well constrained thermal models
(CP4 and SP4; Figure 2.3a). Thermal models for CP4 suggest a cooling rate since 10 Ma of
~5-8°C/Myr, which converts to an exhumation rate of ~0.1-0.4 km/Myr when the geothermal gradient
is between 20—40°C/km (Figure 2.6). The Northern Profile (NP) AER (Figure 2.2b) identifies similar
apparent exhumation rates (>0.2 km/Myr) between ~8 and 7 Ma; unfortunately, because the structural
configuration around the NP remains poorly constrained (Figure 2.4f+g), this rate may be inaccurate.
However, it seems likely that around 10 Ma the MTF became more active, thereby increasing
exhumation of the Terskey Range. Furthermore, a more pronounced cooling increase at ~10 Ma is
identified by thermal models of sample SP4 compared to models of samples NS and SS (Figure 2.3a),
suggesting that the Central Terskey Fault (CTF) became active around this time as well. Increases in
exhumation and deformation at ~10 Ma have been identified throughout the Tien Shan [e.g. Bullen et
al., 2001, 2003; Charreau et al., 2005, 2006; Sobel et al., 2006b; Glorie et al., 2010; Jolivet et al.,
2010]. Evidently a significant event occurred at ~10Ma that affected deformation in the Tien Shan,
possibly as a result of tectonic changes to the south in the Himalayan-Tibetan realm that lead to a
significant increase in northward motion of the Tarim basin [e.g. Molnar and Stock, 2009; Sobel et al.,
2011].

Interestingly, in contrast to some parts of the Tien Shan, the Terskey Range shows no clear
evidence of a significant increase in exhumation at ~3 Ma. Thermal models hint at a minor increase in
cooling, but this typically occurs below 60°C, where thermal models are less sensitive and the increase
is relatively poorly defined. Bullen et al. [2003] suggests exhumation rates in the Kyrgyz Range more
than doubled at ~3 Ma, from <0.3 to ~0.8 km/Myr based on a 3.0 = 0.2 Ma apatite (U-Th)/He (AHe)
age. The youngest reliable AHe age identified in the Terskey Range is 6.8 + 0.2 Ma (NP3-1);
therefore, the Terskey Range has not experienced enough exhumation to bring AHe ages <3 Ma to the
surface. The magnitude of any <3 Ma exhumational increase in the Terskey Range must be less than
that experienced in the Kyrgyz Range, possibly relating to the Terskey Range being located within the
relatively arid interior of the Tien Shan rather than along its wetter margins.

2.5. Conclusions

The Terskey Range has a three stage Cenozoic exhumation history (Figure 2.6): (1) virtually no
exhumation in the Paleogene (<0.08 km/Myr), (2) an increase to slightly higher exhumation rates at
~26-20 Ma (<0.12 km/Myr), and (3) a significant increase in exhumation starting at ~10 Ma (0.1-0.4
km/Myr). We interpret the exhumation increase at ~26—20 Ma to correspond to the onset of late
Cenozoic deformation and the reactivation of the Main Terskey Fault zone (MTF) that lead to the
construction of the Terskey Range. The subsequent ~10 Ma exhumation increase likely corresponds
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Figure 2.6. Exhumation through time. Dashed lines indicate where the limits are unconstrained and could be
lower. Exhumation rates derived from AERs and modelled time-temperature histories (T-t models). Cooling
rates converted to exhumation rates by assuming a geothermal gradient of 20-40°C/km; see text for details.

to an intensification in the Terskey Range’s deformation, when the inherited Central Terskey Fault
(CTF) and Tyulek Fault (TF) within the range were apparently reactivated.

Paleo-temperature estimates for individual samples at 28 Ma suggest exhumation of the Terskey
Range has been spatially variable, with samples near the MTF residing at hotter temperatures prior to
the onset of deformation compared to similar elevation samples from farther away. Consequently,
exhumation rates determined in one part of the range are not the same as those obtained elsewhere,
making it difficult to quantify representative exhumation rates for the different stages. Furthermore,
new structural data within the Terskey Range suggests that the present-day elevation of samples is
unlikely to equal paleo-structural depth, leading to inaccuracies in apparent exhumation rates derived
from age-elevation relationships (AERs).

In this paper, we demonstrate how thermochronological data can provide an insight into recent
deformation in settings where suitable geological data is absent. In the Terskey Range, our thermal
modelling suggests that a low relief surface preserved in the south of the Terskey Range corresponds
to a late Mesozoic—Tertiary basement unconformity that is also found within the nearby Issyk Kul
basin. New Cenozoic structural data suggests that the Terskey Range generally dips towards the
south; planar structural markers would be required to have been rotated ~5°S, while non-planar
structural markers could have been folded into a northern anticline and a southern syncline, with most
limbs dipping south. We interpret both possibilities as reflecting a decrease in the MTF’s inclination
with depth, which has caused either block rotation or fault-bend synclinal folding.

Finally, our thermochronologically-derived structural data provides the first insight into the late
Cenozoic deformation responsible for constructing the Terskey Range. Our results suggest that
deformation has occurred internally within the Terskey Range, associated with the reactivation of the
CTF and TF, and potentially block rotation or basement folding. Although, the contribution of this
deformation in accommodating horizontal shortening is likely to be relatively minor in comparison
with deformation associated with the MTF, it has had significant consequences on the development of
the Terskey Range, altering the magnitude of tectonic rock uplift and influencing exhumation.

Acknowledgements

Funding was provided by an Endeavour Research Fellowship and grant SO 436/4-1 from the German
Research Foundation (DFG) to ERS. EAM thanks Universitit Potsdam and the Mathematisch-
Naturwissenschaftliche Fakultdt for additional support. The University of Melbourne
thermochronology laboratory receives infrastructure support under the AuScope Program of NCRIS.
Helpful comments from Jonas Kley and an anonymous reviewer greatly improved the manuscript.

36



Chapter 3 — Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan

Chapter 3.
Cenozoic deformation and exhumation history of the Central Kyrgyz Tien
Shan

Submitted by Euan A. Macaulay, Edward R. Sobel, Alexander Mikolaichuk, Barry Kohn and Finlay
M. Stuart (2013) to Tectonics. Presently in review.

Abstract

New low-temperature thermochronological data from 80 samples in south-east Kyrgyzstan are
combined with previously published data from 61 samples to constrain exhumation in a number of
mountain ranges in the Central Kyrgyz Tien Shan. All sampled ranges are found to have a broadly
consistent Cenozoic exhumation history, characterised by initially low cooling rates (<1°C/Myr)
followed by a series of exhumational increases that occurred diachronously across the region in the
late Cenozoic and that are interpreted to record the onset of deformation in different mountain ranges.
Combined with geological estimates for the onset of proximal deformation, our data suggests that the
Central Kyrgyz Tien Shan started deforming in the Oligocene—early Miocene, leading to the
development of several, widely-spaced mountain ranges separated by large intermontane basins.
Subsequently, more ranges have been constructed in response to significant shortening increases
across the Central Kyrgyz Tien Shan, notably in the late Miocene. The order of range construction is
interpreted to reflect variations in the susceptibility of inherited structures to reactivation. Similarly,
along strike geometric variations of inherited structures are shown to have influenced the development
and growth of individual mountain ranges by altering fault vergence and displacement. Finally, using
the sequence of range construction as a framework, we discuss the evolution and partitioning of
intermontane basins and the highly time-transgressive onset of late Cenozoic coarse clastic
sedimentation.

3.1. Introduction

Intra-continental deformation driven by the India-Eurasian collision initially started in the Tien
Shan of Central Asia (Figure 3.1a) during the Oligocene and early Miocene [Windley et al., 1990;
Hendrix et al., 1994; Meétivier and Gaudemer, 1997; Yin et al., 1998; Sobel and Dumitru, 1997,
Dumitru et al., 2001; Sobel et al., 2006a; Heermance et al., 2007, 2008; Glorie et al., 2011; De Grave
et al., 2011a, 2013; Macaulay et al., 2013]. Since then, numerous sub-parallel ranges and intervening
basins have developed, forming the world’s largest active intra-continental mountain belt — stretching
~2500 km east-west along strike and with widths in excess of 400 km (Figure 3.1b). Based on the
available constraints on the timing of deformation, it is clear that the Tien Shan has not grown
uniformly by progressively encroaching into the foreland. Instead, as in many other intra-continental
mountain belts, deformation is strongly influenced by the numerous pre-existing -crustal
heterogeneities, inherited from earlier orogenic phases, causing a highly irregular spatiotemporal
distribution of deformation [e.g. Allen and Vincent, 1997; Mortimer et al., 2007; Neely and Erslev,
2009]. Typically, the frictionally weakest, and most preferably orientated structures with respect to
the regional stress field, will be reactivated first, driving rock uplift and constructing ranges in their
hanging walls [Holdsworth et al., 1997; Kley et al., 2005]. As topography builds in these initial
ranges, lithostatic loading will increase and may eventually inhibit deformation, forcing it to migrate
to other inherited structures and weaknesses that were previously less suited to reactivation [Hilley et
al., 2005]. Unfortunately, across much of the Tien Shan reliable data on the timing of deformation is
presently lacking, preventing the sequence of deformation from being constrained. Addressing this
deficiency is essential for understanding the complex deformational mechanics of the mountain belt.
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In this context, we present new low-temperature thermochronological data from 80 basement
samples collected in south-east Kyrgyzstan (Figure 3.1b+c). Our study area spans several mountain
ranges of the Central Kyrgyz Tien Shan between Lake Issyk Kul in the north and the Kyrgyz-Chinese
border in the south, and extends from ~76°E to 80°E, covering an area of ~40,000 km? (Figure 3.1c¢).
Combined with previously published thermochronological data from 61 samples, this large dataset
constrains erosion and exhumation in most ranges within the study area, and can ultimately be used to
infer the sequence of range construction. This latter application of the dataset relies on the assumption
that the onset of deformation in a particular range will cause an exhumational increase that can be
detected in the thermochronological data. Fortunately, the Cenozoic exhumation history of the Central
Kyrgyz Tien Shan is well-suited for constraining the onset of deformation, with most ranges following
a broadly consistent two-stage exhumation history that involves: (1) low exhumation rates in the early
Cenozoic during a phase of tectonic quiescence, and (2) a diachronous exhumational increase in the
late Cenozoic. The tectonic quiescence of the early Cenozoic has been well documented in previous
studies [e.g. Trofimov et al., 1976; Makarov, 1977; Chediya, 1986; Fortuna et al., 1994; Bullen et al.,
2001; 2003; Sobel et al., 2006b; De Grave et al., 2007; 2013; Glorie et al., 2011]. At this time,
topographic relief is assumed to have been significantly reduced and low relief basement
unconformities developed that later were overlain by thin, low energy sediments [e.g. Cobbold et al.,
1996; Abdrakmatov et al., 2001]. In such a setting, a sudden, increase in exhumation (by an order of
magnitude) in the late Cenozoic is most readily explained by the initiation of deformation and the
subsequent construction of nearby ranges. Therefore, by dating this initial late Cenozoic exhumation
increase in different ranges, and by using geological estimates for the onset of deformation, we are
able to determine the sequence of range construction across the Central Kyrgyz Tien Shan for the first
time.

Most ranges within the Central Kyrgyz Tien Shan are exclusively composed of Precambrian and
Paleozoic basement lithologies that contain no marker beds or other structural data capable of
constraining late Cenozoic deformation (Chapter 2) [Macaulay et al., 2013]. Consequently, in these
ranges, our thermochronological data provides the first constraints on the spatiotemporal distribution
of deformation and the underlying structural architecture; both of which are essential for
understanding the development of a particular range through time. Our data identifies ranges that have
grown laterally by the along strike propagation of bounding reverse faults, and illustrates how many
ranges have expanded into adjacent intermontane basins as main bounding faults migrate along a
series of foot wall short-cuts.

Our constraints on the timing of deformation and the spatiotemporal development of ranges
provide new insights into the evolution of the Central Kyrgyz Tien Shan. Based on the order of range
construction, we are able to identify which intermontane basins were formerly connected and have
since been partitioned by out-of-sequence range construction [Burbank et al., 1999]. Furthermore, our
data provides a temporal framework of deformation that can be linked to syn-tectonic sedimentation in
many intermontane basins, and used to improve our understanding of the Cenozoic sedimentary
record, notably the apparent >10 Myr discrepancy between the onset of coarse clastic sedimentation in
different intermontane basins of the Central Kyrgyz Tien Shan (Chapter 4) [Abdrakhmatov et al.,
2001; Wack et al., in review]. Finally, we investigate the likely drivers of deformation migrations and
the subsequent construction of new ranges.

3.2. Geological setting

Our study area in south-east Kyrgyzstan (Figure 3.1b) is composed of three terranes (Northern,
Middle and Southern Tien Shan) that were assembled in the Paleozoic [Burtman, 1975, 2010;
Bazhenov et al., 2003]. Each terrane has a unique suite of basement lithologies: the Northern Tien
Shan predominantly consists of early—mid Paleozoic granitic rocks, while the Middle and Southern
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Figure 3.1. (a) Elevation map of Central Asia constructed using GTOPO data. Light grey <2000 m; dark grey
>2000 m. Tien Shan highlighted with yellow diagonal lines. Kyrgyzstan outlined in blue. Map in Behrmann
projection. (b) Digital elevation model (DEM) of the Tien Shan based on GTOPO90 data. Central Kyrgyz Tien
Shan highlighted by hatching. Political boundaries shown in red. TFF= Talas Ferghana Fault. Black box
outlines Figure 3.1c. Points and accompanying blue text denote previous estimates for the onset of significant
Cenozoic deformation (typically displacements >1 km), colour-coded by age. Corresponding references to
superscript numbers. 1: Bullen et al. [2001, 2003], Sobel et al. [2006b]; 2: Selander et al. [2012], De Grave et
al. [2013]; 3: Macaulay et al. [2013]; 4: Makarov et al. [2010]; 5: Glorie et al. [2011]; 6: De Grave et al.
[2011a]; 7: Coutand et al. [2002]; 8: Sun et al. [2004]; 9: Charreau et al. [2005]; 10: Ji et al. [2008], Charreau
et al. [2009a]; 11: Sun and Zhang [2009]; 12: Dumitru et al. [2001], Wang et al. [2009]; 13: Hendrix et al.
[1994]; 14: Avouac et al. [1993]; 15: Wang et al. [2008]; 16: Windley et al. [1990]; 17: Huang et al. [2006]; 18:
Charreau et al. [2006]; 19: Sun et al. [2009]; 20: Métivier and Gaudemer [1997]; 21: Yin et al. [1998]; 22: Sobel
et al. [2006a]; 23: Heermance et al. [2007, 2008]; 24: Sobel and Dumitru [1997]; 25: Scharer et al. [2004], Chen
et al. [2007]. (c) Simplified geological map of Eastern Kyrgyzstan showing distribution of Precambrian and
Paleozoic basement (colours) and Meso—Cenozoic sediments (grey). Different colours denote our sub-divisions
of the area, discussed in the text. Samples are coloured by age, with different symbols for pre-existing data.
Names of individual mountain ranges shown in blue text. Red dashed lines denote location of elevation swath
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Figure 3.1. continued. profiles shown in Figure 3.4a—c. Thick black lines show locations of major faults. KF:
Kungey Fault (Kemin- Chilik Fault slightly to north); MTF: Main Terskey Fault (W,C,E: West, Central, East
segments); CTF: Central Terskey Fault; TF: Tyulek Fault; BaF: Baidulla Fault; NL: Nikolaev Line; STSS:
Southern Tien Shan Suture; UchF: Uchchat Fault; KipF: Kipchak Fault.

Tien Shan terranes are mostly composed of Paleozoic passive continental margin sedimentary
sequences with relatively minor occurrences of Precambrian and late Paleozoic igneous rocks
[Bespalov, 1979; Chabdarov, 1962; Knauf, 1965; Pomazkov, 1971; Turchinskiy, 1970; Zhukov, 1969;
1970; 1984]. The Northern and Middle Tien Shan terranes are separated by the Nikolaev Line (NL) —
a strike-slip fault with 60 km of late Paleozoic sinistral displacement [Bazhenov and Mikolaichuk,
2004] that likely corresponds to the Narat (Nalati) fault in the Chinese Tien Shan [Jolivet et al., 2010],
where high-pressure metamorphic rocks related to a tectonic suture have been identified [e.g. Wang et
al., 2010]. The Middle and Southern Tien Shan terranes are separated by the 320-300 Ma Southern
Tien Shan Suture (STSS) [Hegner et al., 2010; Seltmann et al., 2011], which also has accommodated
late Paleozoic sinistral strike-slip displacement [Biske, 1995]. This late Paleozoic strike-slip
displacement primarily occurred during the Permian, when the Tien Shan experienced significant
transpressional deformation [Allen et al., 1995; Bazhenov and Mikolaichuk, 2004; Charvet et al.,
2011; Choulet et al., in press]. The Tyulek and Baidulla Faults (TF and BaF) were also active in the
Permian, and respectively accommodated 20 and 32 km of sinistral and dextral displacement
[Mikolaichuk and Kotov, 1999; Mikolaichuk, 2000].

During the Mesozoic and early Cenozoic, parts of the Tien Shan appear to have been periodically
reactivated in response to distal collisions [e.g. Hendrix et al., 1992; Sobel and Dumitru, 1997,
Dumitru et al., 2001]. Unfortunately, the Mesozoic and early Cenozoic sedimentary record in the
Central Kyrgyz Tien Shan is incomplete [ Grishenko, 1985; Severinov, 1990; Mikolaichuk et al., 2008],
and the extent and magnitude of any deformation remains poorly constrained. However, based on the
available sedimentary record and thermochronological data, it is clear that deformation in the Central
Kyrgyz Tien Shan had more or less ceased by the late Mesozoic when the region experienced a >100
Myr period of tectonic quiescence (Chapter 2) [Bullen et al., 2001; 2003; Sobel et al., 2006b; De
Grave et al., 2007; 2013; Glorie et al., 2011; Macaulay et al., 2013]. Sediments from this period
belong to the thin Kokturpak/Suluterek units (<0.13 km), deposited between the late Cretaceous and
Eocene [Fortuna et al., 1994; Sobel and Arnaud, 2000; Simonov et al., 2008]. These deeply
weathered, reddish silt and sandstones were significantly reworked and eventually become deposited
above a series of low relief basement unconformities or disconformably above thin Jurassic sediments
[Afonichev and Viasov, 1984]. These low relief basement unconformities are often exposed at high
elevations within mountain ranges and represent the only reliable structural markers of the subsequent
late Cenozoic deformation [Cobbold et al., 1996; Abdrakmatov et al., 2001; Macaulay et al., 2013];
herein these surfaces are collectively termed the late Mesozoic—Tertiary basement unconformities.

Following the deposition of the Kokturpak/Suluterek units, there was an abrupt sedimentary
change in the intermontane basins of the Central Kyrgyz Tien Shan, from irregular, limited deposition
to much thicker and more continuous red sandstones and conglomerates [Abdrakmatov et al., 2001].
This sedimentary change is interpreted to represent the onset of late Cenozoic deformation.
Subsequent sediments are lithostatigraphically grouped into the Shamsi, Chu and Sharpyldak units
[Abdrakhmatov et al., 2001; Omuraliev and Omuralieva, 2004]. In the Issyk Kul and Naryn basins
(Figure 3.1c), the collective thickness of these syn-tectonic sediments is estimated to be ~5 and 3.5
km, respectively [Turchinskiy, 1970; Omuraliev, 1978]. Only the Shamsi unit has been dated in both
the Issyk Kul and Naryn basins. Magnetostratigraphy suggests basal ages of 2622 and ~12 Ma in the
Issyk Kul and Naryn basins; upper ages are 13—11 and ~8 Ma (Chapter 4) [4dbdrakhmatov et al., 2001;
Wack et al., in review]. The large age discrepancy between the two basins highlights the dangers of
using lithostratigraphy to correlate sediments in different basins of the Central Kyrgyz Tien Shan and
suggests that deposition of syn-tectonic sediments is highly time-transgressive across the region. A
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similar strongly time-transgressive depositional style has previously been identified for the Xiyu
Formation along the southern flank of the Tien Shan, with basal ages ranging from ~15.5 to 0.7 Ma
[Heermance et al., 2007].

3.3. Methodology and results
3.3.1. Sample locations

Eighty samples from Precambrian and Paleozoic basement lithologies were analysed using apatite
fission track (AFT), apatite and zircon (U-Th)/He (AHe and ZHe) thermochronology. Combined with
recently published data from 61 samples [Glorie et al., 2011; De Grave et al., 2013; Macaulay et al.,
2013], this large thermochronological dataset contains samples from most mountain ranges in south-
east Kyrgyzstan (Figure 3.1c). To aid identification, our samples have been coded by location. The
text prefix corresponds to one of seven sub-divided regions, the first number to a sample group, and
the second number to the sample position within a group (Table 3.1). From north to south, the sub-
divided regions are: Issyk Kul Broken Foreland Ranges (IKBF), Terskey Range North and South
(TRN and TRS), Karakudjur Ranges (Kar), Jetym-Naryntoo-Akshyirak Ranges (NA), Sarajaz Range
(Sar) and At Bashi-Borkoldoy-Kaindy-Inylchek-Kokshaal Ranges (Bor) (Figure 3.1c). Group
numbers increase from west to east within each sub-divided region (Figure 3.1c). Samples within
groups are numbered from highest to lowest elevation or from north to south. The complete dataset is
summarized in Table 3.1, where locations, ages and basic interpretations are given for each sample.
The size of our dataset precludes a detailed discussion of every sample; rather, we use figures to
illustrate representative data pattern.

3.3.2. Thermochronological systems

Thermochronological systems are based on temperature-dependent retention of radiogenically
produced daughter products (fission tracks for AFT, *He for AHe and ZHe). Above a particular
temperature, daughter products are not preserved over geological timescales and thermochronological
ages are reset to zero. For AFT, this temperature forms the base of a partial annealing zone (PAZ)
[Ketcham et al., 1999]; for AHe and ZHe, the respective temperatures correspond to the bottoms of
partial retention zones (PRZs) [Wolf et al., 1998; Wolfe and Stockli, 2010]. Within the PAZ, fission
tracks are shortened and eventually removed through annealing, while *He is partially removed
through annealing in the respective PRZs of the AHe and ZHe systems. Temperatures for the PAZ
and PRZs depend on the crystal kinetic characteristics and cooling rates [ Brandon et al., 1998; Ehlers
and Farley, 2003; Reiners et al., 2004; Donelick et al., 2005]; typically the ZHe PRZ extends from
~200 to 130°C [Wolfe and Stockli, 2010], the AFT PAZ from ~140-120 to 60°C [Ketcham et al.,
1999] and the AHe PRZ from ~85 to 40°C [Wolf et al., 1998].

For rapidly cooled samples, thermochronological ages correspond to cooling through a particular
closure isotherm within the PAZ or PRZs [Ehlers and Farley, 2003; Reiners et al., 2004; Donelick et
al., 2005]. Subsequent annealing and diffusion may reduce the apparent thermochronological age.
Samples that have cooled slower undergo more annealing and diffusion, and generally have lower
closure temperatures. Since fission tracks form at a constant rate over time and initially have the same
length, the distribution of AFT lengths can be used to assess the amount of annealing a sample has
experienced [Ketcham et al., 1999], which combined with thermochronological age data can be
modelled to identify possible cooling pathways.
3.3.2.1. Apatite fission track (AFT)

AFT analysis was carried out on 76 samples and horizontal confined track lengths were measured
in 55 of these. Kinetic properties were assessed for every grain counted or containing measured
horizontal confined fission tracks by making at least four D, measurement [Donelick et al., 2005] that
were subsequently averaged and corrected following Sobel and Seward [2010]. All fission track data,
as well as additional details of sample preparation and AFT analytical procedure can be found in
Appendix 2 (Table A2.1). AFT ages and chi-squared values were calculated using the MacTrackX
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software, following the procedures of Galbraith [1981]. Most AFT ages are based on ~20 grains.
However, 29 samples contained less than 16 countable grains, resulting in less robust AFT ages with
large errors. Ages are reported as pooled ages (x16), unless they fail the chi-squared test (<5%) in
which case the central age is reported. New AFT ages range from 6.2 to 260.5 Ma (Table 3.1).

As many horizontal confined fission tracks as possible were measured. Only tracks-in-tracks
were measured, except in 5 samples, where this data was supplemented with measurements of tracks-
in-cracks. To increase the number of measured horizontal confined tracks, additional mounts of 27
samples were irradiated with either *°Cf [Carlson et al., 1999] or heavy ions [Jonckheere et al.,
2007]. The length histograms are included in Appendix 2 (Figure A2.1).
3.3.2.2. Apatite and Zircon (U-Th-Sm)/He analysis (AHe and ZHe)

AHe and ZHe analysis was performed on 37 and 4 samples, respectively (Table 3.1); AFT and
AHe data from one of the ZHe samples is presented in Chapter 2 [Macaulay et al., 2013]. At least
three aliquots were analysed per sample, except for the AHe analysis of TRN1.2, TRN2.2, TRN7.2
and Sar1.2. AHe analysis was carried out on 15 samples at the University of Melbourne using aliquots
of 2-3 grains, and at the Scottish Universities Environmental Research Centre (SUERC) on 22
samples using single grain aliquots. ZHe analysis was carried out at the University of Texas in Austin
with single grain aliquots. Corrections are made for the ejection of alpha particles (‘He) produced by
the decay of uranium and thorium (and samarium) atoms near the margins of the crystal [Farley et al.,
1996]. The correction factor is calculated using the grain size of single aliquots or from the mean
grain size of multi-grained aliquots. Anomalous AHe and ZHe aliquots that have been discarded are
discussed in Section 3.4.1. Weighted mean AHe ages from the remaining aliquots range from 5.5 to
377.0 Ma, and from 96.2 to 231.7 Ma for ZHe (Table 3.1). Data from all aliquots and additional
analytical details can be found in Appendix 2 (Table A2.2).

3.3.3. Thermal modelling

Thermal modelling has been carried out on 42 samples using the HeFTy (v.1.7.5) program
[Ketcham, 2005]. The HeFTy software models an individual sample’s time-temperature history by
generating synthetic thermochronological data, which is then compared to the observed data and
evaluated using a goodness-of-fit Kuiper’s statistic [Ketcham, 2005]. Presented time-temperature
paths were created using a Monte Carlo search method (inverse modelling).

To ensure the tightest possible temporal constraints, all compatible thermochronological data was
incorporated. In many cases, including multiple AHe and ZHe aliquots with slightly different
diffusion characteristics allowed time-temperature histories to be more tightly constrained. However,
studies into AHe standards reveal a reproducibility of ~6% for uncorrected ages [e.g. Reiners and
Nicolescu, 2006]; this is generally significantly higher than the AHe analytical error, which were as
low as 1.1% of the uncorrected AHe age, and therefore not representative of the uncertainties
associated with the method. To address this, the error of many individual AHe aliquots was adjusted
to at least 10% of the age, which gives a better approximation of the uncertainty surrounding AHe
analysis and also accounts for the uncertainty associated with the Ft correction. Even with this
adjusted error, some aliquots were found to be incompatible with either the AFT data or other aliquots
from the same sample, and it was often necessary to separate or discard aliquots (Table 3.1). This was
an important tool in identifying anomalous aliquots for both AHe and ZHe analysis (Section 3.4.1).

The primary aim of our modelling was to identify and date any cooling rate variations. Typically,
this involved multiple models for each sample. Initially, models were run with minimal constraints
defined by the user. In some cases, apparent inflection points were identified and subsequently
replaced by constraint boxes that were then shifted along the time axis, forcing cooling rate changes to
occur earlier or later, thereby texting the model’s precision and reliability (Figure 3.2a). In addition to
continuous cooling models, samples from the southern Terskey block (TRS), Karakudjur (Kar) and
Naryntoo-Akshyirak Ranges (NA) were also forced to undergo reheating in the Oligocene and
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Table 3.1. continued.

ZHe AFT AFT AHe
Alt., age’, ZHe Age, error, mmoﬁ AHe
No.” Sample Age/Lith. Lat. Long. m’ Ma error Ma +lo Ma  error Reference Note
TRN Kyr-42 diorite 42.0394 77.5978 2255 176 0.8 De Grave et al. [2013]
TRN  CP1(TS177) Of/granite 41.9831 77.6009 3520 389 25 219 3.0 Macaulay et al. [2013]
TRN  CP2 (TS176) O/granite 41.9859 77.6074 3282 277 22 294 28 Macaulay et al. [2013]
TRN  CP3 (TS178) O/granite 41.9842 77.6113 3040 233 26 146 0.1 Macaulay et al. [2013]
TRN  CP4(TS179) O/granite 41.9832 77.6163 2839 21.2 1.6 143 47 Macaulay et al. [2013]
TRN CP5(8TS386)  Ofgranite 41.9766 77.6229 2626 21.8 2.7 Macaulay et al. [2013]
TRN NS (mav105) O/granite 41.9703 77.6377 2605 282 38 172 64 Macaulay et al. [2013]
TRN Kyr-35 diorite 41.9697 77.6361 2450 38.1 2.0 De Grave et al. [2013]  Anomalously old compared to nearby ages: not in-situ?
TRN  SS (mav104) O/granite 41.9397 77.6564 2721 58.5 6.6 213 6.4 Macaulay et al. [2013]
TRN3.1 7TS323 O/granite 42.1613 78.0818 3594 59.1 82  28.1 1.7 this paper AFT data and single compatible AHe aliquot modelled; TRN3.1(young)
cooling increase at 29-22 Ma (Figure 3.2a)
TRN3.2 7TS324 O/granite 42.1649 78.0800 3438 64.2 8.4 28.1 1.2 this paper AFT data and two single AHe aliquots modelled; TRN3.2(middle and
young) not sufficiently constrained.
TRN3.3 7TS325 O/granite 42.1739 78.0910 3095 517 87 384 14 this paper
TRN3.4 7TS326 O/granite 42.1827 78.0931 2939 29.1 2.8 9.6 0.4 this paper AFT data and two compatible AHe aliquot modelled; TRN3.4(young)
cooling increase at 10 + 5 Ma (Figure 3.2b)
TRN3.5 7TS327 O/granite 422114 78.0757 2534 215 27 75 0.3 this paper AFT data and two compatible AHe aliquot modelled; TRN3.5(young)
cooling increase at 10 + 5 Ma (Figure 3.2b)
TRN3.6 7TS322 O/granodiorite  42.2240  78.0655 2407 302 3.6 8.3 0.3 this paper AFT data and three AHe aliquots modelled in two groups; TRN3.6(old,
young) cooling increase in last 10 Ma (Figure A2.3).
TRN4.1 9TS502 O/granite 42.2864 78.3605 3445 23.9 2.1 this paper
TRN4.2 9TS496 O/granite 42.2745 78.3215 2508 1132 46 937 09 this paper Anomalously old for lower elevation sample: not in-situ?
TRNS.1 7TS316 O/granite 42.3238 78.4892 2866 13.4 1.5 this paper Modelled — not sufficiently constrained
TRNS.2 7TS317 O/granite 423219 78.4820 2752 144 25 this paper Modelled — not sufficiently constrained
TRNS.3 7TS318 O/granite 423213 78.4749 2569 20.4 1.9 this paper Modelled — not sufficiently constrained
TRNS5.4 7TS319 S/granite 423139 78.4771 2551 319 7.1 this paper
TRNS5.5 7TS320 Of/granite 423601 78.4697 2402 394 118 this paper
TRNS.6 7TS321 O/granite 42.3948 78.4532 2188 105.0 5.8 this paper Modelled — not sufficiently constrained
TRN IK-13 granite 42.4519 78.5517 1970 26.3 1.3 114 07 De Grave et al. [2013]
TRNG6.1 7TS330 O/granite 42.5433  78.9368 3410 219 22 11.6 05 this paper AFT data and two compatible AHe aliquot modelled; TRN6.1(young) not
sufficiently constrained.
TRNG6.2 7TS331 O/granite 42.5476  78.9362 3262 19.1 1.4 10.8 0.5 this paper AFT data and two compatible AHe aliquot modelled; TRN6.2(young)
cooling increase in last 10 Ma (Figure A2.3).
TRN6.3 7TS332 O/granite 42.5517 78.9380 3106 15.7 1.7 9.3 0.3 this paper Modelled — increased cooling in last 10 Ma (Figure A2.3).
TRN6.4 7TS333 O/granite 42.5609 78.9268 2704 17.9 1.8 10.9 0.4 this paper Modelled — not sufficiently constrained.
TRNG6.5 SJTC-6 O/granite 42.5322 789172 2540 10.7 1.3 7.0 0.3 this paper AFT data and two compatible AHe aliquot modelled; TRN6.5(young)
cooling increase in last 10 Ma (Figure A2.3).
TRN6.6 7TS328 O/granite 42.5012  78.9362 2719 17.2 1.9 7.9 0.3 this paper Modelled — increased cooling in last 10 Ma (Figure A2.3).
TRN7.1 9TS456 S/granite 424436 78.9584 3264 502 74 this paper
TRN7.2 SJITC-5 S/granite 42.4345 78.9501 2893 46.7 149 290 13 this paper
TRN7.3 9TS458 S/granite 42.4498 78.9476 2875 384 55 this paper
TRN7.4 9TS452 O/granite 42.4173 78.9504 2816 379 69 this paper Modelled — not sufficiently constrained
TRN IK-12 granite 42.4308 78.9511 2900 38.6 144 De Grave et al. [2013]
Terskey Range South (TRS)
TRSI.1 8TS411 O/granite 42.0054 76.3093 3835 647 3.7 199 05 this paper Modelled — increased cooling in last 30 Ma (Figure A2.3)
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Table 3.1. continued.

ZHe AFT AFT AHe
Alt., age’, ZHe Age, error, mmoﬁ AHe
No.” Sample Age/Lith. Lat. Long. m’ Ma error Ma +lo Ma  error Reference Note
Akshyirak — Al-20(1) granite 42.1998 79.1161 2781 1335 6.0 570 34 Glorie et al. [2011]
Akshyirak  Al-20(2,3) granite 42.1998 79.1161 2781 1335 6.0 1257 75 Glorie et al. [2011]
Sarajaz Range (Sar)
Sarl.1 8TS431 P/granite 42.0541 79.1014 3430 16.6 2.2 this paper Modelled — not sufficiently constrained
Sarl.2 8TS432 P/granite 42.0535 79.0981 3204 21.5 4.8 n/a n/a this paper All AHe ages discarded; Figure A2.3
Sarl.3 8TS433 P/granite 42.0545 79.0944 2992 18.7 44 this paper
Sarl .4 8TS434 P/granite 42.0548 79.0944 2992 153 28 this paper
Sarl.5 8TS436 P/granite 42.0545 79.0913 2857 146 3.8 this paper
Sarl.6 8TS435 P/granite 42.0545 79.0912 2857 1009 4.7 124 2.1 this paper
Sarl.7 8TS437 P/granite 42.0542  79.0847 2698 13.7 33 this paper
Sarl.8 8TS438 P/granite 42.0569 79.0807 2568 23.0 3.7 this paper Anomalously old for lower elevation sample: not in-situ?
Sarl.9 SJTC-1 P/granite 42.0426 79.0758 2611 6.9 0.7 5.9 0.4 this paper
Sarl.10 SITC-2 P/granite 42.0695 79.0833 2612 11.3 1.7 107 0.7 this paper
Sar Al-11 granodiorite ~ 42.0420  79.1027 2663 9.8 1.1 Glorie et al. [2011]
Sar Al-13(1) granite 42.0643  79.0872 2660 2254 18.0 7.9 0.5 6.6 0.4 Glorie et al. [2011]
Sar Al-13(2,3) granite 42.0643  79.0872 2660 2254 18.0 7.9 0.5 338 2.0 Glorie et al. [2011] Anomalously old AHe ages — discarded
Sar Al-14(1,2) granite 42.0624 79.0841 2619 12.8 0.8 14.9 0.9 Glorie et al. [2011] Anomalously old AHe ages — discarded
Sar Al-14(3) granite 42.0624 79.0841 2619 12.8 0.8 50.6 3.0 Glorie et al. [2011] Anomalously old AHe ages — discarded
Sar2.1 7TS302 O/granite 42.2772  79.7506 3812 96.1 7.7 this paper Modelled — not sufficiently constrained
Sar2.2 7TS305 Pt/granite 422998 79.7627 3538 1109 12 this paper
Sar2.3 7TS304 Pt/granite 423102  79.6467 3580 200.1 115 this paper Modelled — not sufficiently constrained
Sar2.4 7TS308 Pt/granite 423338  79.6848 3202 161.6 162 this paper
At Bashi-Borkoldoy-Kaindy-Inylchek-Kokshaal Ranges (Bor)
At Bashi Kyr-21 gneiss 41.2439 76.4072 2615 8.4 0.9 Glorie et al. [2011]
Borkoldoy — Al-16(1) granodiorite  42.0198  79.1404 3543 554 44 589 27 169.0 10.0 Glorie et al. [2011] ZHe < AFT < AHe — all discarded.
Borkoldoy Al-16(2,3) granodiorite ~ 42.0198 79.1404 3543 554 44 589 2.7 4350 260 Glorie et al. [2011] Anomalously old AHe ages — discarded
Borl.1 8TS427 P/granite 42.0782  79.2750 3506 103.1 15.1 this paper
Borl.2 8TS428 P/granite 42.0796 79.2755 3367 62.8 1.0 this paper
Borl.3 mav65/8 P/granite 42.0814 79.2463 2835 1052 8.6 this paper Modelled — not sufficiently constrained

* Sample name used in text; based on the range a sample was collected from and its location within that range. First number represents the sample group, which increase from west to east, and the second number indicates
relative elevation within that sample group — numbers increase from highest to lowest.

® Altitude (meters) for new samples taken from Shuttle Topography Radar Mission (STRM) dataset.

¢ Mean of compatible ZHe aliquots (Figure A2.3).

¢ Weighted mean of compatible AHe ages (Figure A2.3).
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Figure 3.2. Representative time-temperature histories from thermal modelling of individual samples using
HeFTy software [Ketcham, 2005]. Annealing and calibration models of Reiners et al. [2004], Ketcham et al.
[2007] and Flowers et al. [2009] were used for the ZHe, AFT and AHe data, respectively. AFT lengths were
projected to the c-axis [Ketcham et al., 2007], and the **Cf-irradiation option was used to model the 27 samples
that underwent *’Cf or heavy ion irradiation. (a) Acceptable (goodness-of-fit of >0.05) time-temperature
pathway envelope for TRN3.1, colour-coded to match input constraints (dashed boxes). Increased cooling after
29-22 Ma. (b) Combined model runs with shifted constraint boxes, as shown in Figure 3.2a, for two samples
collected in the same fault bounded block (TRN3.4 and TRN3.5; Figure 3.3c). Grey and white boxes indicate
the range cooling achieved by individual acceptable time-temperature pathways; grey corresponds to the overlap
in cooling achieved by the two samples. These have been compiled from each acceptable time-temperature
history identified by three thermal model runs. Models suggest significant cooling increase at 10 £ 5 Ma. (c)
Four different models for the same sample (NA2.2) using different combinations of ZHe data and testing the
feasibility of reheating. Significant cooling increase identified in all models at ~200 Ma. See text for additional
interpretation of these thermal models.

Miocene. These areas often contain outcrops of Cenozoic sediment at high elevation and could have
experienced significant burial reheating. The aim of the reheating modelling was to investigate the
likely thickness of sediment and further constrain the timing of deposition. Unfortunately, both
objectives proved to be beyond the resolution of our data.

Well constrained time-temperature histories were obtained from 14 samples (Table 3.1); all of
these models are included in Appendix 2 (Figure A2.3), while model results from four representative
samples are shown in Figure 3.2. Thermochronological data from many samples requires a significant
Oligocene—early Miocene cooling increase; e.g. thermal models of TRN3.1 identify a 29-22 Ma
cooling increase (Figure 3.2a). Interestingly, it is often the case that thermal models from the same
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sample group identify two different cooling increases. For example, TRN3.4 and TRN3.5, collected
2.5 and 5.6 km away from TRN3.1, were hotter than the PAZ at 29-22 Ma and therefore could not
record this cooling increase. Instead, TRN3.4 and TRN3.5 identify a significant cooling increase at 10
+ 5 Ma (Figure 3.2b); similar late Miocene cooling increases are identified in thermal models from
many lower elevation samples collected in the Terskey Range (Figure A2.3). The higher elevation
sample from this group (TRN3.1) had cooled below 40°C, where thermal models typically have lower
resolution, and the data was unable to tightly constrain the 10 = 5 Ma inflection point. These three
TRN3 samples illustrate why analysing multiple samples collected along a topographic profile yields a
more robust thermal history than can be obtained from a single spot sample.

Including the higher temperature thermochronological data from ZHe analysis allows the
Mesozoic and early Cenozoic cooling histories to be constrained. The best example is thermal models
of NA2.2 (includes ZHe, AFT and AHe data), which shows rapid cooling at ~200 Ma, followed by
negligible cooling or reheating up to temperatures of ~80°C in the late Mesozoic, and finally increased
cooling in the Cenozoic (Figure 3.2c). Precise timing and details of the ultimate cooling episode
cannot be determined, as the sample resided at near-surface temperatures where the
thermochronological data was less sensitive to cooling fluctuations. Poorly constrained cooling in the
late Cenozoic occurs in many samples from the Issyk Kul Broken Foreland, southern Terskey Range
block, Karakudjur and Naryntoo- Akshyirak Ranges (Table 3.1).

3.4. Data interpretation
3.4.1. Data evaluation

Although the vast majority of our thermochronological data are reliable and mutually compatible,
some anomalous and unexpected ages were obtained that warrant additional interpretation and
discussion. Primarily this relates to some AHe and ZHe aliquots yielding anomalous ages with respect
to other aliquots from the same sample or the corresponding AFT age. For the former, some of the
ZHe and AHe variability may be related to differences in the diffusion characteristics between aliquots
caused by grain size variations [Reiners and Farley, 2001; Reiners et al., 2004], radiation damage
[Reiners et al., 2004; Shuster et al., 2006; Flowers et al., 2007; 2009], or for AHe, the number of
intact crystal terminations [Brown et al., 2011] (see Table A2.2 for relevant parameters). If so, aliquot
age variations could be accurate and potentially be used to further constrain a sample’s cooling history
during thermal modelling (Section 3.3.3). However, aliquots can also yield erroneous ages due to
unrecognised inclusions, *He implantation and U-Th(-Sm) zonation [Farley, 2002; Dobson et al.,
2008]. In those cases, ages are not geologically meaningful and need to be removed from the dataset.
The problem is identifying erroneous aliquots whilst retaining those that are accurate.

In total we have discarded 2 of 12 ZHe aliquots and 27 of 96 AHe aliquots (Figure 3.3a). The
one discarded ZHe aliquot was Karl.4(3); it yielded a ZHe age of 124.6 £ 10.0 Ma, younger than the
sample’s 154.9+ 6.7 Ma AFT age. The remaining two ZHe aliquots from this sample were older than
the AFT age and were compatible with the data during thermal modelling. Kar1.4(3), the discarded
aliquot, had a uranium concentration of 539.2 ppm and has likely been strongly affected by radiation
damage, thus accounting for the anomalously young ZHe age; two ZHe aliquots of sample Sarl.6 also
contained high concentrations of uranium, possibly resulting in radiation damage and anomalously
young ages, and have been discarded [Guenthner et al., 2013]. Thermochronological age inversion
also occurred in some samples analysed with both AHe and AFT (AHe > AFT age) (Figure 3.3b).
During thermal modelling, 13 AHe aliquots older than the corresponding AFT age were found to
produce no acceptable time-temperature histories and have been discarded. However, four AHe
aliquots that are older than the corresponding AFT age were found to be compatible during thermal
modelling. These all have AHe ages >100 Ma and likely reflect prolonged slow cooling when the
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Figure 3.3. (a) All Ft-corrected AHe ages obtained from different samples. Solid symbols denote aliquots that
were used to calculate the weighted mean (grey square points); hollow symbols denote discarded aliquots.
Colour-coding denotes whether samples were modelled and the reason for discarding. (b) AFT-AHe age plot
with 1 to 1 black dashed line. Aliquots are coloured coded to show if they were compatible with AFT data
during thermal modelling. Many aliquots with AHe ages older than the corresponding AFT age are incompatible
and have been discarded; interestingly, this is not always true for AHe aliquots >100 Ma, which have likely been
affected by radiation damage and were found to be compatible with the AFT data. (c) Simplified geological map
of area where TRN3 samples were collected in the Terskey Range, overlain with colour coded contour lines.
Ages for each sample are from AFT (above) and AHe (below). Samples were collected along a topographic
profile that crossed two inherited structures. Comparatively old thermochronological ages in the foot wall side
suggests that the fault between TRN3.5 and TRN3.6 has been active in the Cenozoic; the fault between TRN3.1
and TRN3.2 might also have been active, although these are unreset samples and the AFT age difference might
reflect different annealing properties. (d) Cross section through TRN3 samples, location shown on Figure 3.3c.
Dashed grey line = maximum elevation from swath shown in Figure 3.3c. Fault geometries calculated by
structural contours derived from Figure 3.3c map. Trishear zone based on the interpretation of Burgette [2008].
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crystal accumulated radiation damage, leading to a significant reduction in the rate of “He diffusion
[Flowers et al., 2009]. Of the remaining 14 discarded AHe aliquots, a further 8 aliquots were found to
be incompatible with the AFT data during thermal modelling, while the last 6 were discarded because
they were significantly older than the sample’s other 2 aliquots and likely contain unrecognised
inclusions (Figure 3.3a).

Another anomalous aspect of our data is observed when comparing thermochronological ages
obtained from nearby samples. In the Central Kyrgyz Tien Shan where topography has dramatically
increased during the late Cenozoic, ages at lower elevations ought to be younger than those obtained
from samples at higher elevations [e.g. Braun, 2002]. Of our 18 sample groups, 5 contain a lower
elevation sample that is older than higher elevation samples. Note this does not include sample groups
with Mesozoic and early Cenozoic ages that have cooled slowly through the PAZ or PRZs, and are
therefore not necessarily expected to display a positive age-elevation correlation. In some cases
(TRN3:Figure 3.3c+d), the samples are separated by inherited structures that were likely reactivated in
the late Cenozoic, causing differential exhumation that can account for comparatively old ages at
lower elevations. Similarly, unexpectedly old ages from lower elevation samples at TRNS, and
possibly at TRS1 as well, can be explained by splays from larger fault zones (Table 3.1). In the other
two sample groups with older ages at lower elevations (TRN4 and Sarl), no structural explanation
exists to explain these anomalous ages. Instead, it is likely that these samples were not collected in-
situ, but reflect large blocks derived from higher elevations. In some areas, accidentally sampling
such a rock is hardly surprising given the numerous enormous boulders that are observed.

Finally, in addition to our new data, we have also evaluated previously published
thermochronological ages. Based on similar criteria outlined above, we identify at least 5 samples that
appear to have inaccurate thermochronological ages and have been discarded from our interpretations.
Three of these have inexplicable thermochronological age inversions, and at least one is unlikely to be
in-situ (Table 3.1). The last one (AI-05) has an AFT age of 5.0 = 0.5 Ma [De Grave et al., 2013],
which is anomalously young in comparison to the Mesozoic ages derived from nearby samples that
were collected in the same fault-bounded block at comparable elevations (<0.2 km altitude difference;
Table 3.1). We therefore assume that there were analytical problems leading to an erroneous AFT
age.

3.4.2. Spatial distribution of thermochronological ages

Significant variations are observed in the spread of thermochronological ages obtained from
different ranges and fault-bounded blocks in the study area (Figure 3.4). To better visualise these age
variations and assess whether they reflect differences in the amount of late Cenozoic exhumation,
thermochronological ages are sub-divided into those that are less than and more than 25 + 5 Ma. This
value was selected to separate samples that were reset during the late Cenozoic; it is based on the
earliest documented late Cenozoic exhumational increases obtained from our thermal models (Section
3.3.3) and age-elevation relationships (Section 3.4.3), as well as previous estimates on the timing of
increased exhumation in the study area [Glorie et al., 2011; Wack et al., in review; Macaulay et al.,
2013].

The most striking thermochronological age differences are found between ranges. The Terskey
and Sarajaz Ranges contain many AFT ages <25 + 5 Ma; whereas, in the Karakudjur, Naryntoo and
Akshyirak Ranges such ages are almost completely absent (Figure 3.4a—c), suggesting that less late
Cenozoic exhumation occurred in those ranges. Significant thermochronological age variations are
also found within ranges. In the eastern and central swath profiles, reset thermochronological ages
young towards the north in the Terskey Range (Figure 3.4a+b), indicating that exhumation increases
near the Main Terskey Fault (MTF). In Chapter 2 [Macaulay et al., 2013], this was related to
horizontal-axis block rotation or fault-bend synclinal folding caused by a decreasing inclination of the
MTF with depth.

50



Chapter 3 — Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan

(a) Eastern swath

Issyk Kul Terskey Range Inylchek-Kaindy
Broken Foreland Terskey Range-North -South Akshyirak Sarajaz Range Ranges
_ (IKBF) (TRN) (TRS) Range (Sar) (Bor)
nwoo ~ .SE
- 5_ ik f -
E g %1100
l ! I 5 2
o o @
S 3 KRR o
5 25 52
= | %M05S
w n @ x
14 s Bl AFT
AFT + AHe Reset AFT + AHe AFT Unreset AFT + AHe Reset Unreset
«——— Decrease Unreset AHe? AHe? 1
T \,‘ N T T
0 V20 40 . 60 80 .
v S Karakudjur Naryntoo Borkoldoy
(b) Central swath_ ! N Ranges Jetym Range : Range
6 ' S (Kar) ‘.  Range (NA) ,/  (Bor)
N ' S
. J M. 21
£ Lo 1100
< 44 £
5 saond 8
P $ . 51105
w ol - 2 e
14 = = )
AFT + AHe Reset AFT + AHe AFT + AHe
«———Decrease Unreset Unreset 1
0 20, 80
(c) Western swath
6_
NE SW
51 = -
— [H]
o I S ey 2+100
g 4- ‘ too : P g
§ 3 bovssoepasnsascdend S
f N 7]
32 ~ e 81105
W - L m oy
14 S AFT+ O AFT+ @
x5 vertical AHe AHe
exaggeration Unreset Reset AFT Unreset 1
0 20 40 60 80
Distance (km)
Vertical distance from maximum elevation on swath (km) | WM. ZHe
<05 ©0.5-1.0 ©1.0-1.5 01520 02025 >25 | ©AFT
. o W.M. AHe

€ Expected younger ages
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Thermochronological age differences between relatively closely spaced samples (<5 km apart)
that straddle the Central Terskey Fault (CTF), Tyulek Fault (TF) and Southern Tien Shan Suture
(STSS) suggest that these structures have been reactivated in the late Cenozoic with a significant dip-
slip component. Based on the differences in thermochronological ages, the up-thrown side can also be
identified (Figure 3.4). Interestingly, this reveals that the vergence of the CTF varies along strike. In
the eastern Terskey Range, the northern side of the CTF has been up-thrown (Figure 3.4a); in the
central and western Terskey Range, the southern side is upthrown, with >0.8 km of vertical
displacement accommodated in the Barskoon region (Chapter 2) [Macaulay et al., 2013].

3.4.3. Age-elevation relationships (AERs)

AERs of samples collected at regular elevation intervals (~200 m) along steep topographic
profiles are frequently exploited to date exhumational increases and quantify exhumation rates [e.g.
Wagner and Reimer, 1972; Fitzgerald et al., 1995; Valla et al., 2010]. Typically, an increase in
exhumation will result in a distinctive break-in-slope on age-clevation plots. AFT ages from TRN6
samples collected in the eastern Terskey Range display such a break-in-slope, dating an exhumational
increase at 18—16 Ma (Figure 3.5b). A similar exhumational increase is suggested by TRN3 samples,
although in this case the break-in-slope is only constrained by one sample and can be placed anywhere
between 33 and 19 Ma (Figure 3.5a); however, thermal models refine this estimate to 29-22 Ma
(Figure 3.2a). In these AERs, thermochronological ages above the break-in-slope record a
combination of earlier exhumation and significant age reduction whilst residing in the AFT PAZ; such
ages are commonly referred to as being partially reset or unreset. Samples below the break-in-slope
were hotter than the PAZ before the increase in exhumation and have a reset thermochronological age.
Another break-in-slope is suggested by the AHe data at TRN3 and TRN6 at ~10 Ma (Figure 3.5a+b).
At TRN3, the break-in-slope coincides with a pronounced change in the reproducibility of AHe ages,
with samples above (TRN3.2 and TRN3.3) having more AHe age variability than those below
(TRN3.4 and TRN3.5). We interpret this as reflecting relatively slow cooling through the PRZ for
higher elevation samples compared to the lower two, which has amplified the effects of diffusional
differences between aliquots from higher TRN3.2 and TRN3.3 samples, causing more AHe age
variation [Reiners, 2007].

The gradient of reset AERs can also be used to calculate the apparent exhumation rate (km/Myr),
provided rocks are exhumed vertically and isotherms are horizontal [Stiiwe et al., 1994; Mancktelow
and Grasemann, 1997; Braun, 2002; Ehlers and Farley, 2003]. Inaccuracies in apparent exhumation
rates caused by violating these assumptions typically depend on the orientation of a sampled
topographic profile with respect to the lateral transport direction and the geometry of any deflected
isotherms [Huntington et al., 2007]. Samples from TRN3 and TRN6 were collected along ~N-S
orientated profiles (Figure 3.1c), meaning that any derived rates will be primarily affected by
northward lateral exhumation imposed by the north-vergent Main Terskey Fault (MTF) and the
topography between the Terskey Range and Issyk Kul (Figure 3.4a). Northward exhumation will
cause apparent rates to underestimate true rates [ Huntington et al., 2007]; while the impact of the latter
depends on whether topographic relief has changed through time. If, as expected, topographic relief
between the Terskey Range and Issyk Kul has increased during the late Cenozoic, lower elevation
samples will record younger thermochronological ages than would otherwise be the case, thereby
decreasing the AER gradient and also underestimating true exhumation rates [Braun, 2002]. Since the
combination of lateral transport and increasing relief are likely to cause an underestimation of true
exhumation rates, the values obtained from the gradient of reset samples at TRN3 and TRNG6 are taken
as lower estimates. Therefore, gradients of reset ages from the Terskey Range suggest that
exhumation rates were greater than 0.17 km/Myr between ~10 and at least 8 Ma (Figure 3.4a), and
0.31 km/Myr between 18 and 16 Ma (Figure 3.4b).

AFT ages from the western Sarajaz Range (Sarl samples) plotted against elevation suggest
apparent exhumation rates of 0.11 km/Myr between ~19 and 12 Ma (Figure 3.5¢). Since this rate is
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comparable with those derived from reset AFT ages in the Terskey Range (TRN3 and TRNG6), it is
unlikely that these samples are partially reset and we assume that this apparent exhumation rate is
valid. However, in contrast to the other topographic profiles discussed, Sarl samples were collected
along an ~E-W orientated topographic profile (Figure 3.1c) on the side of a steep N-S trending gorge.
Consequently, rates are unlikely to be significantly affected by N-S long wavelength topography or
non-vertical exhumation imposed by the Sarajaz fault and Southern Tien Shan Suture, which bound
the range to the north and south, respectively (Figure 3.4a). Instead, the greatest inaccuracies are
likely caused by increasing the topographic relief of the gorge, which will lead to an underestimation
of the true rates [Braun, 2002]. The derived rate of 0.11 km/Myr is therefore also taken as the possible
minimum exhumation.

3.5. Discussion
3.5.1. Mesozoic and Cenozoic exhumation history

At least three phases of Mesozoic intra-continental deformation have been inferred in the Tien
Shan from the sedimentary record and thermochronological data [e.g. Hendrix et al., 1992; Dumitru et
al., 2001; Jolivet et al., 2010]. These are typically interpreted as delayed responses to the accretion of
terranes along the southern Eurasian margin or the Mongol-Okhotsk orogeny. Unfortunately, in the
Central Kyrgyz Tien Shan, the sedimentary record for this period is missing and the spatiotemporal
distribution of Mesozoic deformation remains poorly constrained. However, recent
thermochronological studies have identified multiple, temporally-variable deformation phases in the
Mesozoic [De Grave et al., 2007; 2011a; 2011b; 2013; Glorie et al., 2011]. Evidence for these
deformation phases comes from clusters of partially reset thermochronological ages and poorly-
constrained thermal models, neither of which necessarily require phases of increased exhumation and
cooling. More data is therefore required to firstly verify these deformational phases, and secondly, to
constrain the spatial extent and magnitude of the associated exhumation.

Our thermochronological data only clearly identifies one significant Mesozoic cooling event,
occurring in the early Jurassic. This cooling is particularly well constrained in thermal models that
include ZHe data, like NA2.2 (Figure 3.2c) and Kar1.4 (Figure A2.3). Importantly, zircon U-Pb ages
of 303 + 3 and ~450 Ma from the sampled igneous bodies [Mikolaichuk et al., 1997; Seltmann et al.,
2011] suggest that rapid early Jurassic cooling (~200 Ma) is not related to the intrusion of the rocks
and instead must represent a period of enhanced exhumation. Similar early Jurassic exhumation
increases have been identified in the eastern Tien Shan (Figure 3.1b) and interpreted to relate to intra-
continental deformation caused by the accretion of the Qiantang block [Dumitru et al., 2001].
Following this, Mesozoic cooling rates in these two well constrained thermal models remain relatively
low (<1°C/Myr for NA2.2 in Figure 3.2¢) until the Cenozoic. Other Mesozoic phases of elevated
cooling are absent or poorly expressed in our thermal models. The only additional Mesozoic increased
cooling phase occurs around 100 Ma in models of TRN3.1 (Figure 3.2a); the timing of this phase
approximately coincides with some events identified elsewhere in the Central Kyrgyz Tien Shan and
may be a delayed response to the accretion of the Lhasa terrane in the early Cretaceous [ Glorie et al.,
2011; De Grave et al., 2013].

During the Cenozoic, most well constrained thermal models suggest two stages of cooling: (1)
universally low rates during the tectonic quiescent period extending from the late Mesozoic through
much of the early Cenozoic (<1°C/Myr for the overlap of models in Figure 3.6) and (2) increased
cooling in the late Cenozoic (Figure 3.6). Importantly, the timing and magnitude of exhumation differ
between ranges. In the northern block of the Terskey Range and the Sarajaz Ranges, our age-elevation
relationships (AERs) and thermal models suggest continuous exhumation and cooling since the
Oligocene—early Miocene (Figure 3.5). In contrast, the data from the Karakudjur and Naryntoo-
Akshyirak Ranges is less conclusive and significant heating, associated with sedimentary burial, could
have occurred in the late Cenozoic (Figure 3.2c). Unfortunately, thermal modelling is unable to
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resolve the magnitude or precise timing of this reheating. However, the lack of late Cenozoic AHe
ages (<25 + 5 Ma) from these ranges (Figure 3.4) suggests that samples were not reheated above the
base of the AHe PRZ at 85 to 40°C [Wolf et al., 1998].

The Oligocene—early Miocene cooling history is constrained by many thermal models of higher
elevation samples (e.g. TRN3.1; Figure 3.2a) and AERs obtained from the AFT ages of TRN6
samples (18-16 Ma; Figure 3.5b). These exhumation increases are in good agreement with other
thermochronological data from the Central Terskey Range (Chapter 2) [Macaulay et al., 2013], and
magnetostratigraphic constraints on deposition in the Issyk Kul basin, which dates the onset of coarse
clastic sedimentation at 25-22 Ma (Chapter 4) [Wack et al., in review]. Minimum apparent
exhumation rates from TRN6 are >0.31 km/Myr in the early Miocene (between 18 and 16 Ma; Figure
3.5b). For this relatively high TRN6 estimate, thermal models suggest that the true exhumation rate
cannot be significantly greater than 0.31 km/Myr, as it would require an unrealistically low geothermal
gradient of less than 20°C/km (Figure 3.6). Early Miocene exhumation in the eastern Sarajaz Range
(Figure 3.1c¢) is constrained to >0.11 km/Myr between ~19 and 12 Ma by the AER of AFT ages from
Sarl samples (Figure 3.5¢). In addition to the Oligocene—early Miocene exhumation increase, many
thermal models of lower elevation samples with reset AFT ages identify a second, stronger cooling
increase at 10 £ 5 Ma (Figures 2b + 6). This is also suggested by AHe AERs from TRN3 and TRN6
samples (Figure 3.5a+b), and has previously been identified in the Central Terskey Range (Chapter 2)
[Macaulay et al., 2013]. The minimum apparent exhumation rate suggested by the TRN3 AER
following the ~10 Ma increase is 0.17 km/Myr (Figure 3.5a); note however, that the true rate is likely
significantly higher and could be as much as 0.7 km/Myr based the overlap of thermal models of
TRN3.4 and TRN3.5 and a geothermal gradient of 20°C/km (Figure 3.2b).

Unfortunately, most other ranges in the study area have not been sufficiently eroded to exhume
reset thermochronological ages and AERs cannot be used to constrain the late Cenozoic exhumational
increases. These spatial variations in the amount of late Cenozoic exhumation can be attributed to
differences in exhumation rates or the duration of active exhumation. As discussed in the next section,
geological evidence suggests that much of these spatial exhumation variations relate to differences in
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Figure 3.6. Compilation of exhumation and cooling data from the northern Terskey Range (TRN samples).
Grey boxes corresponding to the left y-axis show range of cooling achieved in 5 Myr intervals for all well
constrained thermal models of TRN samples (9 samples: TRN2.2, 3.1, 4, 5, 6, 6.2, 3, 5, 6). These have been
compiled from every acceptable time-temperature history identified by thermal modelling. Darker grey boxes
show overlap in cooling achieved in 5 Myr intervals for all samples. AER derived minimum exhumation rates
(right y-axis) are shown by thick black lines and hatching. Younger estimates for exhumation increase lead to
higher subsequent exhumation rate; preferred rates and onsets (black stars) calculated on the basis of thermal
modelling of nearby samples. The right and left y-axis match for a geothermal gradient of 20°C/km; this
relatively low geothermal gradient was selected to get maximum constraints on exhumation, which together with
the minimum constraints derived from AERs, provides the range of possible exhumation rates.
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3.5.2. Onset of late Cenozoic deformation

The timing of late Cenozoic deformation in different ranges can be estimated by assuming that
structural reactivation and the onset of deformation will lead to a detectable exhumation increase. As
discussed in Section 3.2, prior to the late Cenozoic, the Central Kyrgyz Tien Shan experienced a
protracted period of tectonic quiescence, when ranges were not actively exhuming and were likely
mantled by thin pre-orogenic sediments of the Kokturpak/Suluterek unit. In this landscape, potential
non-tectonic triggers of exhumation increases, such as climatically-induced increases in erosional
efficiency, would be ineffective; the only feasible cause for increased exhumation is therefore the
onset of deformation. Unfortunately, the lag time between the onset of deformation and the
exhumational response cannot be constrained from the available data. Our thermochronologic-derived
exhumation constraints therefore provide minimum estimates for the onset of deformation.

In agreement with studies conducted elsewhere in the Tien Shan, our earliest estimates for the
onset of deformation are in the Oligocene and early Miocene [e.g. Windley et al., 1990; Hendrix et al.,
1994; Métivier and Gaudemer, 1997; Yin et al., 1998; Sobel and Dumitru, 1997; Dumitru et al., 2001;
Sobel et al., 2006a; Heermance et al., 2007, 2008; Glorie et al., 2011; De Grave et al., 2011a, 2013;
Macaulay et al., 2013]. Our preferred estimates for the onset of exhumation in the Terskey Range are
~25-20 and 18 Ma at TRN3 and TRn6, respectively. Previous thermochronological and
magnetostratigraphy data have suggested similar estimates of ~25 Ma and 22 Ma from the Barskoon
region in the central Terskey Range and near the TRN3 samples (Figure 3.7) (Chapters 2 and 4) [ Wack
et al., in review; Macaulay et al., 2013]. The AER from Sarl (Figure 3.5c) suggests that the Sarajaz
Ranges was actively exhuming by 19 Ma and therefore also must have started deforming by the early
Miocene. Furthermore, Oligocene and early Miocene estimates for the onset of deformation have
been proposed for the Kokshaal Range in NE China (~25 Ma) and the At Bashi Range (<30 Ma) to the
south-west of our study area, and from thermochronological data from the Zailiy Range (Figure 3.1c)
[Sobel et al., 2006a; Glorie et al., 2011; De Grave et al., 2013].

Other ranges within the study area lack suitable thermochronological data to constrain
exhumation, and the timing of late Cenozoic deformation has to be inferred from geological data.
Typically, evidence of proximal deformation can be found in adjacent intermontane basins. However,
as mentioned in Section 3.2, constraints on the chronology of these basins are limited and relative ages
can only be inferred by lithostratigraphic correlations. These geological-based estimates for the onset
of deformation are therefore not as reliable or precise as those obtained from our thermochronological
data, and should be interpreted with caution. What follows below is a summary of key geological
observations from intermontane basins that we have used to infer the relative age of initial
deformation in adjacent mountain ranges.

The Chu unit in the upper Naryn basin contains an abundance of conglomerate clasts sourced
from the Middle Tien Shan passive continental margin sedimentary sequence (Appendix 2, Figure
A2.4), that were likely derived from the Jetym Range to the north of the basin (Figure 3.7). Nearby,
the Chu unit has been magnetostratigraphically dated to <8 Ma [Abdrakhmatov et al., 2001],
suggesting that parts of the Jetym Range were sub-aerially eroding at this time, and rock uplift and
deformation had started by the late Miocene. In other areas however, the Jetym Range appears to have
started deforming in the Pliocene—Pleistocene, during the deposition of the Sharpyldak unit [ Fortuna
et al., 1994], suggesting that the range developed diachronously.

Bedding measurements along the un-faulted margins of many ranges, where late Cenozoic
sediment can be found onlapping Precambrian and Paleozoic basement, can date tectonic rotation and
can be used to infer the likely onset of deformation. Above many of Issyk Kul Broken Foreland
(IKBF) Ranges for example, the Shamsi and Chu units are separated by slight angular unconformities,
indicating that deposition of the Chu unit at <13—11 Ma [Wack et al., in review] was coincident with
tectonic rotation in some of the range forming basement blocks. Along the northern, un-faulted
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Figure 3.7. Map of study area showing the timing of the initial onset of Late Cenozoic deformation, divided
into the three phases of range construction. Distribution of Cenozoic sediments is also shown, with the locations
of selected unconformities (red lines) and disconformities (blue lines). White dots show the location of all
samples. Key geological evidence of deformation shown by circles and corresponding numbers. 1:
Unconformities and growth strata in hanging walls of some IKBF ranges suggest deformation started after 13—11
Ma; 2: Remnants of Cenozoic sediment preserved above relatively flat Late Mesozoic—Tertiary basement
unconformities (MTUC); 3: Sediment sourced from Jetym Range suggesting basement sub-aerially exposed
before 8 Myr. Data suggesting that sediment in eastern Naryn basin is sourced from Jetym Range can be found
in Appendix 2. Corresponding references to superscript italic numbers. 1: Wack et al. [in review]; 2: Macaulay
et al. [2013]; 3: De Grave et al. [2013].

margin of the Naryntoo Range, bedding of the Chu unit is sub-parallel to the underlying sediments and
the local late Mesozoic—Tertiary basement unconformity (MTUC), implying that no tectonic rotation
occurred in the Naryntoo Range until after 8 Ma, when the Chu unit started being deposited
[Abdrakhmatov et al., 2001]. If correct, this suggests that the south-vergent reverse fault bounding the
south of the range was inactive at the time of deposition, meaning that late Cenozoic rock uplift and
deformation started later, probably during the Pliocene—Pleistocene when growth strata is observed in
nearby sediments. Similar sub-parallel relationships between the late Mesozoic—Tertiary basement
unconformity (MTUC) and much of the overlying late Cenozoic sediments are observed in numerous
basins between Karakudjur Ranges, with clear evidence of growth strata and significant angular
unconformities only found in the lattermost fill stages. Taken together, this suggests that tectonic
rotation and deformation of the Karakudjur Ranges post-date the bulk of sedimentation in these
intermontane basins, implying that these ranges are relatively young and probably initiated in the
Pliocene—Pleistocene (Figure 3.7). As discussed, a younger onset of deformation in the Karakudjur
and Naryntoo Ranges, compared to the thermochronologically-derived Oligocene—early Miocene
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estimates for the Terskey and Sarajaz Ranges, at least partly provides an explanation for the observed
differences in the amount of late Cenozoic exhumation.

In summary, the combination of thermochronological and geological data suggests at least three
stages of range construction: (1) Oligocene—early Miocene when the Terskey, Sarajaz, At Bashi and
Kokshaal Ranges developed, (2) late Miocene when deformation started in the Issyk Kul Broken
Foreland and Jetym Ranges, and (3) the Karakudjur and Naryntoo Ranges in the Pliocene—Pleistocene
(Figure 3.7). This only leaves the onset of deformation unassigned in the Akshyirak and Borkolodoy-
Kaindy-Inylchek Ranges. However, as discussed there appears to be a correlation between the amount
of late Cenozoic exhumation and duration of tectonic activity, thus providing a means of inferring the
likely onset of deformation. Based on our thermochronological data, the Akshyirak Range has
experienced very little exhumation, and exposures of the late Mesozoic—Tertiary basement
unconformities (MTUC) remain relatively undeformed (Figure 3.4). We therefore suggest that such
limited deformation and exhumation is indicative with a relatively short duration of tectonic activity
and favour a Pliocene—Pleistocene onset of deformation, like the Karakudjur and Naryntoo Ranges. In
contrast to these ranges, the late Mesozoic—Tertiary basement unconformities (MTUC) appear to have
been completely removed in the Borkolodoy-Kaindy-Inylchek Ranges (Figure 3.4a), suggesting
significantly more exhumation has occurred, and deformation likely started earlier, possibly in the
Oligocene—early Miocene.

3.5.3. Geological history

Thermochronological and geological data suggest that ranges within the study area have
developed out-of-sequence (Figure 3.7). In this section, using our constraints for the onset of
deformation as a temporal framework, we first discuss the evolution of the Central Kyrgyz Tien Shan:
describing the structural architecture and discussing the likely causes of deformation migration, from
the construction of the earliest ranges in the Oligocene—early Miocene to the present-day (Figure 3.8).
Finally, we relate the structural evolution of the Central Kyrgyz Tien Shan and the out-of-sequence
range construction to the sedimentary record of intermontane basins.

As discussed in Section 3.5.2, the Zailiy, Terskey, Sarajaz, At Bashi, Kokshaal Ranges and
possibly the Borkoldoy-Kaindy-Inylchek Ranges were the first to be constructed in the Central Kygryz
Tien Shan. The construction of these ranges in the Oligocene—early Miocene likely reflects the first
manifestation of intra-continental deformation in the Central Kyrgyz Tien Shan, following the India-
Eurasian collision and subsequent transfer of compressional stresses into the Asian continent.
Typically, these early ranges are bounded on at least one side by a pre-existing structure that has been
reactivated as a high angle reverse fault [e.g. Tozer, 2004; Macaulay et al., 2013]. Interestingly, this
contrasts with many younger ranges, where bounding faults appear to have only developed in the late
Cenozoic; for instance, the high-angle reverse faults along the southern margin of the Kungey Range
that initiated in the Pliocene—Pleistocene [Selander et al., 2012]. Clearly, the locations of these early
ranges must reflect the distribution of inherited structures that were predisposed to being reactivated as
high angle reverse faults, suggesting that differences in the susceptibility of structures to reactivation
have facilitated the observed out-of-sequence range construction. However, from the available data,
the precise controls on what makes some inherited structure more suited to late Cenozoic reactivation
remains unclear, although it probably relates in some way to the strength and orientation of these
structures [e.g. Holdsworth et al., 1997, Kley et al., 2005]. For example, many ~E-W trending,
Permian strike-slip faults have near vertical inclinations that are not well suited to accommodating
significant amounts of ~N-S horizontal shortening and have therefore only been reactivated in a few
locations with a dip-slip component. Interestingly, where these faults have been reactivated, their
steep inclinations have meant that even minor along strike variations have drastically altered the sense
and magnitude of post-reactivation displacement. As discussed in Section 3.4.2, this provides an
explanation for the observed along strike changes in the late Cenozoic vergence of the Central Terskey
Fault (CTF) (Figure 3.4a—c). Similarly, in our study area, only the eastern part of the Nikolaev Line
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(NL) appears to have been reactivated with a significant dip-slip component (Figure 3.4a—c).
Therefore, although the late Cenozoic displacements on these Permian strike-slip faults are usually
relatively minor [e.g. Macaulay et al., 2013], these structures have likely had a pronounced effect on
the development of ranges and in some younger ranges that are not bounded by inherited structures,
like the Kungey Range, may have assisted deformation [e.g. Selander et al., 2012].

Some of these early, Oligocene—early Miocene ranges appear to have grown laterally along strike,
possibly reflecting the propagation of bounding structures away from areas that were the best suited to
reactivation. In the Terskey Range, our estimates for the onset of deformation vary along strike
(Figure 3.7), suggesting that like the Kyrgyz Range to the north-west of our study area [Sobel et al.,
2006b], the range grew laterally as fault propagated along strike. In the Terskey Range however, this
lateral propagation is complicated by the segmentation of the Main Terskey Fault zone (MTF), which
bounds the range to the north and primarily drives rock uplift (Figure 3.1c) (Chapter 2) [Macaulay et
al., 2013]. Each fault segment is likely to have commenced independently before coalescing; the
18-16 Ma estimate for activity along the eastern segment, obtained from TRN6 samples, therefore
reflects a different propagation history to the trend established by estimates from the central segment
(Figure 3.7).

In the late Miocene, the Issyk Kul Broken Foreland (IKBF) Ranges started developing along a
series of predominantly south-vergent reverse faults (Figure 3.7). Paradoxically, these reverse faults
appear to collectively up-throw the Issyk Kul basin rather than the Terskey Range to south. Burgette
[2008] addressed this problem and suggested that these structures lie on inherited weaknesses that
were reactivated by trishear deformation ahead of a north-vergent reverse fault at depth (Figure 3.8a).
If this interpretation is correct, it is likely that the north-vergent reverse fault at depth corresponds to a
foot wall short-cut of the MTF. Also in the late Miocene, deformation started in the Jetym Range
(Figure 3.7), and other ranges in the Central Kyrgyz Tien Shan such as the Kyrgyz Range to the north-
west of our study area (Figure 3.1b) [Bullen et al., 2001, 2003; Sobel et al., 2006b]. Importantly, the
construction of these younger ranges does not coincide with a decrease in the exhumation of those
ranges that initiated earlier, in the Oligocene—early Miocene. Such a decrease would be expected if
the locus of deformation had shifted in the late Miocene and the overall magnitude of crustal
shortening had remained constant, as a cessation or reduction in deformation across pre-existing
ranges would lead to less rock uplift and presumably exhumation of older, Oligocene—early Miocene
ranges, like the Terskey Range. Instead, exhumation in the Terskey Range actually increases in the
late Miocene (Figure 3.6), and possibly also increased in the At Bashi Range at ~10 Ma [ Glorie et al.,
2011]. These changes can be interpreted to reflect an increase in either rock uplift or erosional
efficiency. The former possibility would suggest an overall intensification of deformational processes
in the Terskey and At Bashi Ranges at the same time as the initiation of deformation in the IKBF,
Jetym and Kyrgyz Ranges, implying that shortening across the Central Kyrgyz Tien Shan must have
increased. On the other hand, if the late Miocene exhumational increases were caused by more
efficient erosion, then topographic and lithostatic loading within the pre-existing Terskey and At Bashi
Ranges ought to decrease, allowing more deformation to occur and reducing the requirement for
deformation to migrate elsewhere [Hilley et al., 2005]. In this scenario, rock uplift in the Terskey and
At Bash Range must have significantly outpaced erosion, such that it was still necessary to construct
new ranges. Again, this suggests that construction of new ranges in the late Miocene is driven by an
overall shortening increase across the Central Kyrgyz Tien Shan. The idea that deformation and
shortening in the Tien Shan intensified in the late Miocene has previously been suggested [e.g.
Abdrakhmatov et al., 2001; Sobel et al., 2006a; Glorie et al., 2010, 2011]. Furthermore, a late
Miocene (~10 Ma) age for the onset of deformation in the Central Kyrgyz Tien Shan has even been
inferred by calculating the time taken to accommodate the total Cenozoic shortening of 203 + 50 km,
determined from the amount of the crustal thickening [Avouac et al., 1993], with the present GPS-
derived convergence rates (20 = 2 mm/yr) [e.g. Abdrakhmatov et al., 1996; Zubovich et al., 2010].
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Figure 3.8. Conceptual model of the geological history of the Central Kyrgyz Tien Shan, based on the available
constraints and geological data. Red arrows represent the inferred qualitative magnitude of shortening across the
region. Numbers in white circles correspond to explanatory comments. Kyrgyz border and position of Issyk Kul
are kept throughout for reference. Solid black line denotes location of Cenozoic faults; dashed line shows faults
were Cenozoic activity is unclear. (a—b) Mid-Miocene and late Miocene: Grey lines with short dashes show
location of pre-existing structures (Permian Strike-slip faults) that are interpreted to subsequently core
Pliocene—Pleistocene ranges. (c) Present-day illustration of Central Kyrgyz Tien Shan. Positions of cross
section A—A’ and B-B’ shown on block illustration. Sub-surface structure modified after Selander et al. [2012]
for the Kungey Range, Burgette [2008] for the Issyk Kul Broken Foreland (IKBF) Ranges, and Goode et al.
[2011] for the Jetym Range and Naryn basin.

Taken together this suggests that, although crustal shortening across the Central Kyrgyz Tien Shan
started in the Oligocene—early Miocene, rates must have significantly increased in the late Miocene.
Additionally, this increase is supported by a late Miocene increase in the northward motion of the
Tarim basin, which has been inferred from the deceleration of strike-slip faulting along the basins
western boundary with the Pamir [Sobel et al., 2011]. Therefore, it seems likely that the significant
shortening increase identified in the Central Kyrgyz Tien Shan was part of a much larger
geodynamical change in the late Miocene that affected much of Central Asia, possibly relating to the
proposed delamination of lithospheric mantle under the Tibetan Plateau [Molnar et al., 1993; Molnar
and Stock, 2009] or in the Tien Shan [Li et al., 2009].

In terms of the sedimentary record, the first episode of deformation in the Oligocene—early
Miocene is recorded by the deposition of the Shamsi unit. As this unit overlies a hiatus in
sedimentation, it is not surprising that the onset of deformation and exhumation in the ranges and
Shamsi deposition are temporally linked. However, as mentioned in Section 3.2, the basal age of the
Shamsi unit varies by >10 Myr between the Naryn and Issyk Kul basins (Chapter 4) [4bdrakhmatov et
al., 2001]. We suggest that this time lag reflects the highly time-transgressive deposition of the initial
syn-tectonic sediments, and has been exacerbated by the sheer size of the basin that extended between
the Terskey and At Bashi Ranges until the late Miocene (Figure 3.8c). The older ages from the Issyk
Kul basin (26-25 Ma) were obtained from a proximal setting, presently located within <10 km of the
Terskey Range, and therefore experienced a minimal time lag. In contrast, the younger basal ages
(~12 Ma) from the Naryn basin, were obtained from sections that would have been located roughly in
the middle of the formerly large basin between the Terskey and At Bashi Range (Figure 3.8¢), and
therefore likely have a significantly delayed onset of syn-tectonic sedimentation. Furthermore, in this
part of the Naryn basin, without the tectonic loading of adjacent ranges, it is unlikely that significant
accommodation space would have been generated [e.g. Strecker et al., 2011], and could potentially
explain the relatively thin Shamsi unit (~200 m thick) [ Omuralivev, 1978; Goode et al., 2011] (Figure
3.8¢).

Despite only being constrained at a few localities [Abdrakhmatov et al., 2001], the basal ages of
the Chu unit are approximately coincident with the late Miocene intensification of deformation,
discussed above. We therefore favor a tectonic driver, over a possible change in regional climate, to
explain the onset of Chu deposition, and suggest that changes in the lithostratigraphic record for these
two units primarily reflect the evolution of tectonism in the Central Kyrgyz Tien Shan. Either way,
the onset of deformation in the IKBF and Jetym Ranges in the late Miocene would have led to the
removal of the overlying sediments. Such an influx of reworked sediments could at least partly
explain the observed increase in the textural and mineralogical mature of the Chu unit compared to the
underlying Shamsi [e.g. Abdrakhmatov et al., 2001]. Out-of-sequence range construction in the
Central Kyrgyz Tien Shan has therefore had pronounced impacts on sedimentary routing and basin
development that need to be further explored to fully understand the geological evolution of the
region. In accordance with earlier studies [ Cobbold et al., 1996; Burbank et al., 1999; Abdrakhmatov
et al., 2001], our data suggests that many intermontane basins have been partitioned by the
construction of new ranges and further decreased in size as their margins were overthrust by the
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surrounding ranges and range bounding fault systems encroached into basins along foot wall short-
cuts.

3.6. Conclusions

We present new thermochronological data that constrains Late Cenozoic exhumation of various
mountain ranges within the Central Kyrgyz Tien Shan. Age-elevation relationships and thermal
modelling reveal a three stage exhumation history for the Terskey Range in the north of our study area
(Figure 3.1c): (1) low cooling rates and exhumation in the Early Cenozoic (<1°C/Myr), (2) increased
exhumation likely occurring between ~25 and 18 Ma to rates of 0.2—0.3 km/Myr, and (3) a second
exhumation increase at 10 + 5 Ma (Figure 3.6). Exhumation rates of >0.11 km/Myr between ~19 and
12 Ma are also constrained in the Sarajaz Range by a new age-clevation relationship (Figure 3.5¢).
Other sampled ranges typically have experienced insufficient exhumation to bring reset
thermochronological ages to the surface and the timing of exhumation increases cannot be precisely
constrained. However, thermal modelling from these ranges indicates that cooling rates have
increased in the Late Cenozoic (e.g. Figure 3.2¢). By using geological data from these ranges and by
interpreting the initial Late Cenozoic exhumation increase as reflecting the onset of deformation, we
have constrained the order of range construction for the first time, and can show that out-of-sequence
deformation has occurred (Figure 3.7). The first phase of range construction occurred in the
Oligocene—Early Miocene, when the Zailiy, Terskey, Sarajaz, At Bashi, Borkoldoy and Kokshaal
Ranges developed. Subsequently in the Late Miocene, the Issyk Kul Broken Foreland and Jetym
Ranges started forming, and then in the Pliocene—Pleistocene, the Kungey, Karakudjur, Naryntoo and
Akshyirak Ranges were constructed (Figure 3.7). This order of range construction presumably relates
to the susceptibility of pre-existing structures to reactivation, implying that the Main Terskey Fault
(MTF), Sarajaz Fault (SarF) and parts of the Southern Tien Shan Suture (STSS) were the most suited
to accommodating ~N-S horizontal shortening.

Following structural reactivation, our data suggest that some ranges have grown laterally along
strike (Figure 3.7), and possibly coalesced with other fault segments (Figure 3.8). Furthermore, parts
of the Terskey Range have propagated into the foreland along foot wall short-cuts (e.g. Figure 3.3d);
other ranges are likely to have expanded similarly. Therefore, over time, intermontane basins get
smaller, with overthrusting around the margins as well as the partitioning and subsequent removal of
sediments by following the out-of-sequence construction of ranges (Figure 3.8). Based on our inferred
order of range construction, we suggest that the Naryn basin was formally much larger, extending
between the Terskey Range in the north and the At Bashi-Bordolodoy Range to the south. Our
constraints on the timing of deformation provide a temporal framework that will allow future studies
to further investigate the geological evolution of the Central Kyrgyz Tien Shan and better understand
the development of intermontane basins.

Finally, the timing of the three phases of range construction (Oligocene—Early Miocene, Late
Miocene and Pliocene—Pleistocene) is interpreted to relate to shortening increases across the Central
Kyrgyz Tien Shan. Our data indicates that younger ranges have not been constructed at the expense of
deformation and rock uplift in older pre-existing ranges, which suggests that the locus of deformation
has not simply migrated between ranges and instead requires an overall increase in shortening. In
particular, we suggest that a significant shortening increase in the Late Miocene is required to account
for the increased exhumation of the Terskey Range at a time when new ranges were being constructed
in the study area and elsewhere in the Central Kyrgyz Tien Shan.

Acknowledgements

Funding was provided by an Endeavour Research Fellowship and grant SO 436/4-1 from the German
Research Foundation (DFG) to ERS. EAM thanks Universitit Potsdam and the Mathematisch-
Naturwissenschaftliche Fakultit for additional support. AM thanks the German Academic Exchange

62



Chapter 3 — Cenozoic deformation and exhumation history of the Central Kyrgyz Tien Shan

Service (DAAD) for supporting three visits to Germany. The University of Melbourne
thermochronology laboratory receives infrastructure support under the AuScope Program of NCRIS.
Douglas Burbank and Mike Oskin are thanked for providing 6 samples. We thank Christina
Trautmann for her help with heavy ion irradiations performed at GSI Helmholtzzentrum fiir
Schwerionenforschung in Darmstadt. Markus Safaricz, Misha Yaremovich, Andryj Derzhulo and
Vasyl Hyshchyn are thanked for providing field assistance.

63



Chapter 4 — Magnetostratigraphy and rock magnetism of the southern Issyk Kul basin

Chapter 4.
Cenozoic magnetostratigraphy and rock magnetism of the southern Issyk-
Kul basin, Kyrgyzstan

Submitted by Michael R. Wack, Stuart A. Gilder, Euan A. Macaulay, Edward R. Sobel, Julien
Charreau and Alexander Mikolaichuk (2013) to Tectonophysics.

Abstract

We present paleomagnetic data from the northern flank of the Tien Shan mountain belt, southeast of
Lake Issyk-Kul (Kyrgyzstan). 613 cores were collected in two parallel sections with a total thickness
of 960 m (Chon Kyzylsuu, CK) and 990 m (Jeti Oguz, JO), as well as 48 cores at six sites in a nearby
anticline. Rock magnetic analyses identify both magnetite and hematite in the fluvial-lacustrine
sediments. The concentration of both minerals, the magnetite:hematite ratio, and the average
magnetite grain size increase upward in both sections. Anisotropy of anhysteretic remanent
magnetization defines a tectonic fabric with sub-horizontal maximum axes that are parallel to the
strike direction together with intermediate and minimum axes that streak out about a great circle
orthogonal to the maximum axes. Stepwise thermal demagnetization isolates interpretable
magnetization components in 284 samples that define 26 polarity chrons in CK and 19 in JO. A
positive fold test, dual polarities and systematic changes in rock-magnetic parameters with depth
suggest that the high temperature magnetization component was acquired coevally with deposition.
An age model based on a visual magnetostratigraphic correlation of both sections with the
geomagnetic polarity time scale defines absolute ages from 26.0 to 13.3 Ma, with a fairly constant
sedimentation rate of 9—10 cm/ka. A correlation based on a numerical algorithm arrives at a slightly
different conclusion, with deposition ages from 25.2 to 11.0 Ma and sedimentation rates from 5-8
cm/ka. In comparison with sedimentation rates found at other magnetostratigraphic sections in the
Tien Shan realm, we infer that the sedimentary record in this part of the Issyk-Kul Basin preceded the
more rapid phase of uplift of the Kyrgyz Tien Shan. The onset of deposition and concomitant erosion
of the adjacent Terskey Range is in good agreement with independent assessments of the exhumation
history of this mountain range, with erosion increasing at 25-20 Ma and accelerating after 11-13 Ma.

4.1. Introduction

The 2500 km long Tien Shan mountain belt in Central Asia is a product of deformation driven by
the India-Asia continental collision superimposed on older episodes of Paleozoic orogenesis [Molnar
and Tapponnier, 1975; Tapponnier and Molnar, 1979; Cobbold et al., 1993; Mikolaichuk et al., 1997,
Burtman, 2006]. Its imposing topography, with peaks up to 7000 m, and plethora of exposures in a
fairly arid environment provide exceptional conditions to study tectonic deformation and mountain
building processes. Late Quaternary slip rates and present GPS data suggest that deformation is
distributed across the central Tien Shan [Thompson et al., 2002; Zubovich et al., 2010]. While the
overall compressional deformation regime is evident, the timing and mode of local deformation are
much less well understood.

One way to study the uplift and erosion history of a mountain range is to examine the sediments
shed from it. Deriving two-dimensional accumulation rates from the sediments and extrapolating
them into a three-dimensional volume quantifies the amount and timing of mass removal from the
system. For this reason, magnetostratigraphic studies can be extremely useful to develop a precise
chronology of otherwise fossil-poor sediments, and ultimately to derive deposition rates.
Complimented with ancillary rock magnetic analyses, clues on sediment source and the hydrodynamic
regime acting during sedimentation can also be ascertained [Gilder et al., 2001]. Such studies are
becoming commonplace in the Tien Shan range [Bullen et al., 2001; Charreau et al., 2005, 2006,

64



Chapter 4 — Magnetostratigraphy and rock magnetism of the southern Issyk Kul basin

2009a,b, 2011; Heermance et al., 2008; Huang et al., 2006; Sun et al., 2004, 2009; Sun and Zhang,
2009]. Together with fission track cooling ages, these studies converge on the interpretation that the
modern phase of Tien Shan growth began at around 25 Ma and accelerated around 11 Ma (Chapters 2
and 3) [Abdrakhmatov et al., 2001; Bullen et al., 2001; Charreau et al., 2006; Sobel et al., 2006a;
2006b; Heermance et al., 2008; Li et al., 2011; Macaulay et al., in review]. Exceptions naturally exist
and most of the work has taken place within the Chinese portion of the Tien Shan.

To better understand the Cenozoic uplift history of the central part of the Tien Shan range, we
studied fluvial-lacustrine sediments deposited within the Issyk-Kul basin, Kyrgyzstan. Our intention
was to date the fossil-poor strata via magnetostratigraphy and use the magnetostratigraphy to establish
sedimentation rates. A suite of rock magnetic experiments on the same rocks were carried out to
constrain the magnetic remanence carriers and identify potential changes in sediment composition and
depositional environment, and to establish the extent that deformation or compaction may have
affected the sediments and paleomagnetic directions. The results from this work are described below.

4.2. Geology, Sampling and Methodology

We sampled two parallel sections in the Tien Shan Mountains, southeast of Lake Issyk-Kul in
Kyrgyzstan (Figure 4.1). The sections are located in NNW-trending river valleys, separated by ~13
km. The western section lies close to Chon Kyzylsuu village and the eastern section near the village
of Jeti Oguz (Dzhety-Ogyuz). We assigned them the abbreviated names of CK and JO, respectively.
Both sections have similar stratigraphies, consisting of fluvio-lacustrine siltstone, sandstone and
conglomerate. They have a distinct red pigment near the base that gradually fades towards the top
(Figure 4.1c). We use the naming scheme proposed by Abdrakhmatov et al. [2001] for the various
Mesozoic and Cenozoic formations of separate basins in Kyrgyzstan (i.e.  four units:
Kokturpak/Suluterek, Shamsi, Chu and Sharpyldak). Local formation names are appended in brackets
below and shown in the stratigraphic column (Figure 4.2). Both sections begin at the base of a coarse
clastic unit which directly overlies an apparently fine grained, covered unit which is interpreted to
represent the Chonkurchak Formation, lithostratigraphically equivalent to the Kokturpak/Suluterek
unit. Regional geological maps [Knauf, 1965] place the JO section wholly within the Shamsi group
(local Dzhety-Oguz formation, upper Paleogene to lower Neogene, Pg;?+Nkr;.,) while CK is mapped
as extending into the Chu group (local Issyk-Kul or Soguty/Djunky formation, Nis;,,), although no
correlative lithologic change was noted (Figure 4.1b). Two tortoise shells (A and B in Figure 4.1b)
constrain the published age of the sediments. Shell A, found within the sediments of our JO section,
was dated as Oligocene — Early Miocene [Ryabinin, 1927]; shell B, found above our JO section, was
dated as Middle Pliocene [Kuznetsov et al., 1964]. The JO section spans nearly the entire Dzhety-
Ogyuz Formation as defined by Cobbold et al. [1996], which belongs to the Shamsi (Kyrgyz) group
(Figure 4.2). It is overlain by the Chu (Issyk- Kul) group and underlain by the Kokturpak
(Chonkurchak) Formation, which marks the basal portion of Tertiary sediments that unconformably
overlie Jurassic quartzite [Cobbold et al., 1996]. No significant discontinuity or unconformity was
identified in either section. Strike directions between the sections together with their similar
lithologies suggest significant stratigraphic overlap exists between the two. Thomas et al. [1993]
reported paleomagnetic and anisotropy of magnetic susceptibility data from 5 sites collected in the JO
section.

Two 24 mm diameter cores per horizon were collected using gasoline-powered or slowly rotating
battery-powered drills. The cores were oriented using magnetic and, whenever possible, sun compass
measurements with an automated orientation sensor linked to a small portable computer. The average
measured magnetic declination anomaly of 4.0° + 1.7° (N= 341) conforms well with that predicted by
the international geomagnetic reference field (4.3°). The measured values were used to correct dip
directions and core azimuths. Bedding orientations (N= 146 for CK; N= 129 for JO) define an average
dip direction of 338° + 19° for CK and 355° & 13° for JO; dip angles change with stratigraphic
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Figure 4.1. (a) Topographic map of the Tien Shan based on the ASTER GDEM model from METI and NASA.
(b) Cenozoic geologic map of the sampling area indicated in (a). The location of every second core from the
Chon Kyzylsuu (CK) and Jeti Oguz (JO) magnetostratigraphic sections are shown in blue and red, respectively.
Locations of six sampling sites in the anticline north of Chon Kyzylsuu are labeled IK. Formation boundaries
follow the regional geological map of Knauf [1965]. Pg= Paleogene, N= Neogene, Q= Quaternary, 2 and 3=
late, 1= early. A more detailed stratigraphic column is given in Figure 4.2. A and B indicate sampling localities
of tortoise fossils that constrain the age of sediments [Ryabinin, 1927; Kuznetsov et al., 1964]. (c) Panoramic
photo of the Chon Kyzylsuu section (view toward the east).

position. At CK, dips steepen from 27° at the bottom to 37° at the top, whereas at JO they flatten from
41° at the bottom to 33° at the top. Cobbold et al. [1996] also observed a flattening in dip at JO. One
interpretation of the bedding attitudes is that both sections belong to the same anticlinal structure with
CK located closer to the fold axis. In this way, the shallowing in bedding dip at JO does not reflect
syn-sedimentary folding and concomitant deposition.

To average out measurement errors, we linearly interpolated dip and dip direction along
stratigraphic height which mimics a running average of 25 data points. Stratigraphic depth was
measured relative to the lowest core in each section. When direct measurements were not feasible
because the lateral distance between drilling sites was too large, we calculated the stratigraphic
distance from bedding attitude and GPS locations. Samples were selected from the finest-grained
horizons available with an average spacing of six and seven meters over a total thickness of 960 and
990 meters for CK and JO, respectively.

To perform a fold test, we sampled six sites (IK1-6) of light gray, fine-grained, lacustrine
sediments (mapped as Pliocene) on both limbs of an anticline that lies 14 km north of the CK section
(Figure 4.1). At each site we drilled eight cores spread over three to nine meters of stratigraphic
thickness. Table A3.1 lists the GPS coordinates, the number of cores obtained and the bedding
orientations for all sites. Cores were cut into 22 mm-high specimens. The specimens from the deepest
part of the cores were assigned an “A” sub-designation and the shallower core, if available, a “B” sub
designation. One "A" specimen per horizon was thermally demagnetized while "B" cores were used
for alternating field (AF) demagnetization and anhysteretic remanent magnetization (ARM)
experiments. Small chips from the deepest part of the core were used for rock magnetic
measurements.

Thermal demagnetization was done with an ASC Scientific TD-48 oven over approximately 20
steps up to 685°C. We placed the samples at the same location inside the oven and flipped the
samples’ z-axes each heating step to identify potential stray field contamination (none was detected).
We used our homemade automated system, called the SushiBar [Wack and Gilder, 2012], which
facilitates AF demagnetization and ARM acquisition experiments and measures the magnetic moment
of the samples with a 2G Enterprises, three-axis superconducting magnetometer [software after Wack,
2010]. The oven and SushiBar are housed in a magnetically shielded (~500 nT) room at Ludwig
Maximilians Universitdt (LMU), Munich. The performed principal component analysis is from
Kirschvink [1980], the statistical analyses are from Fisher [1953] and VGP (virtual geomagnetic pole)
calculations were performed with PMGSC 4.2 [R. J. Enkin, unpublished] and PaleoMac [Cogné,
2003]. Rock magnetic experiments were carried out with a Petersen Instruments, variable field
translation balance (at LMU) [Krasa et al., 2007] using the RockMagAnalyzer [Leonhardt, 2006] for
data interpretation.

4.3. Results
4.3.1. Magnetic Mineralogy

To constrain the unblocking temperatures of the minerals present in the rock, we imparted an
artificial TRM on six samples from the JO section by exposing them to a 40 uT field during cooling
from 700°C to room temperature. The resulting magnetizations are 1.1 £ 0.3*¥10"° Am? with a
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Figure 4.2. Stratigraphic column of Cenozoic sediments in the Jeti Oguz area drawn after Shenderovich and
Makarov [1967]. Estimated stratigraphic placement of the CK and JO sections for both proposed age models is
shown on the right. Names of sedimentary units proposed by Abdrakhmatov et al. [2001] are shown right and
corresponding local names left of the stratigraphic column. Thicknesses were calculated from bedding dips and
distances.

tendency of higher magnetization toward the top of the section. Subsequently, we exposed the
specimens to the same 20-step thermal demagnetization procedure that was used to demagnetize the
natural remanent magnetizations (NRM) of the specimens (Figure 4.3). Figure 4.3 reveals two Curie
temperatures with a broad decay from 400 to 580°C, followed by a kink at 580°C, the Curie
temperature of stoichiometric magnetite, then a sharp drop in magnetization at 680°C, the Curie
temperature of stoichiometric hematite.

With the variable field translation balance, we measured thermomagnetic curves, hysteresis loops,
isothermal remanent magnetization (IRM) acquisition and backfield curves on 21 specimens
distributed along the two sections (Figure 4.4). IRM acquisition curves (Figures 4.4a+c) rise quickly
in fields below 150 mT, which indicates a low coercivity mineral, although saturation is not reached
even at the highest fields of 0.81 T, due to the presence of a magnetic phase with high coercivity.
Samples towards the top of both sections show a faster increase in IRM acquisition, and a flatter
acquisition profile at higher fields, which likely reflects an increasing magnetite concentration with
stratigraphic height. Thermomagnetic curves were measured with an applied field of 600 mT for CK
samples and 60 mT for JO samples (Figures 4.4b+d). Despite differences in the magnetizations
between the cooling 160 and heating curves as a function of applied field strength, both reveal Curie
temperatures around 580°C followed by a gently decay to 680°C — typical of magnetite and hematite.
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We speculate that 600 mT fields are strong enough to partially magnetize a high coercivity phase that
transforms to a non-magnetic phase with increasing temperature; 60 mT are insufficient to magnetize
the high coercivity phase thus obscuring the transformation.

Coercive force (Bc), saturation magnetization (Ms), saturation remanent magnetization (Mrs) and
coercivity of remanence (Bcr) were determined from hysteresis loops (Figure 4.4e) and backfield
curves (Figure 4.4f) for 21 samples. Hysteresis parameters show general trends with stratigraphic
height, with Bc and Bcr decreasing and Mrs and Ms (Ms defined as the magnetic moment at 810 mT)
increasing toward the top of both sections; the remanence ratio (Mrs/Ms) decreases toward the top.
Bulk susceptibility (X), ARM moment (90 mT AF field, 0.1 mT bias field), room temperature moment
(also called natural remanent magnetization, NRM) as well as the moment remaining after AF
demagnetization in a 90 mT peak field from the CK (99 B-cores) and JO (65 B-cores) sections all
increase towards the top of the section (Figure 4.5). These data indicate that magnetite (best reflected
by X and ARM) and hematite concentrations (best reflected by moment remaining after AF
demagnetization) increase upward in both sections. The intensity of red pigment does not correlate
with hematite content. An abrupt increase in several rock magnetic parameters occurs around the 700
m level in JO and the 600 m level in CK (Figure 4.5) that can potentially help tie the two sections
together during magnetostratigraphic correlation.

In order to examine potential changes in magnetite grain size with depth, we measured the partial
ARM spectra of 164 samples (Figure 4.6). While peak ARM moments increase toward the top, the
peak coercivity shifts slightly towards lower fields, which indicates an increase in median magnetite
grain size from about 3 pm at the bottom to 4 um at the top [Jackson, 1991]. The narrowing of the
PARM spectra towards the top could reflect an increase in the magnetite to hematite ratio, even though
the absolute concentrations of both phases increase; e.g., lower magnetite to hematite ratios widen the
ARM spectra toward the bottom of the sections.

580°C  680°C
| |

|
|
1 + JO539A(0.60-10¢ Am?2, 155 m |
4 JO575A (1.06-10¢ Am 2,337 m
06 =1 ¢ JO611A (1.30-105 Am?,459 m
2 JO 647A (1.00-10¢ Am? 576 m

N JO677A(1.201105Am 2,713 m
3¢ JO723A (1.3310¢ Am2 857 m
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o O =
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Figure 4.3. Normalized magnetic moments of stepwise thermal demagnetization of an artificial thermoremanent
magnetization imparted to six samples from the Jeti Oguz (JO) section. Initial magnetic moments used for
normalization are given in the inset diagram.
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Figure 4.4. continued. Representative strong-field magnetization measurements of samples from the Chon
Kyzylsuu (CK) and Jeti Oguz (JO) sections. (a + c) Isothermal remanent magnetization acquisition. (b + d)
Thermomagnetic curves for the same samples as in (a + ¢). Heating curves are shown in red, cooling curves in
blue. (e + f) hysteresis loop and backfield curve for sample JO766. Thermomagnetic curves were corrected for
paramagnetic contributions with the RockMagAnalyzer software [Leonhardt, 2006]. Stratigraphic level is given
in brackets following the sample name; samples with higher numbers lie toward the top of the sections.

4.3.2. Anisotropy of Anhysteretic Remanence

We measured ARM acquisition using a switching field window from 20 to 0 mT with a DC bias
field of 0.1 mT in 12 independent directions for 60 and 98 B-cores from the JO and CK sections,
respectively. Magnetic moments of the three components from the 12 experiments were converted to
anisotropy tensors to then calculate eigenvector directions [ Wack and Gilder, 2012]. Maximum (k1)
principal axis directions of the remanent anisotropy ellipsoids are well defined, lying predominantly in
the horizontal plane parallel to the strike direction (Figure 4.7; Table A3.2). Intermediate (k2) and
minimum (k3) axis directions are streaked along a great circle, orthogonal to k1 and the maximum
stress axis of deformation, characteristic of prolate, tectonic fabrics [ Graham, 1966; Borradaile and

71



Chapter 4 — Magnetostratigraphy and rock magnetism of the southern Issyk Kul basin

b+ +
- + +
800 *
+
600 = n
o
S -
k]
T 400 =
<
| - +
200 ==
- +
(a) (b) (c) (d)
. e U 4
U L L | ! I I ! N ! I !
0 40 80 120 OE+0 1E-6 2E-6 OE+0 2E-7 4E-7 OE+0 1E-7
SUS 1E-5 (SI) ARM (Am?) NRM (Am?) AF3 (Am?)
+
+
. + +
800 == +
600 =
o
> -
3
T 400 =
e - u
200 == N
N (e) (f) (9) (h)
+ + +
0 UL UL ! ! ! ! ! ! I ! !
0 40 80 120 OE+0 1E-6 2E-6 OE+0 2E-7 4E-7 OE+0 1E-7
SUS 1E-5 (S) ARM (Am?) NRM (Am?) AF3 (Am?)

Figure 4.5. Stratigraphic variation of (a + e) bulk susceptibility (SUS), (b + f) anhysteretic remanent
magnetization (ARM) (90-0 mT peak AF field, 0.1 mT bias field), (¢ + g) natural remanent magnetization
(NRM) and (d + h) moment remaining after 3 axis 90 mT peak field alternating field demagnetization (AF3)
from the Chon Kyzylsuu (CK- a—d, 99 cores) and Jeti Oguz (JO- e-h, 65 cores) sections (5 points omitted to
better see trends). Red lines are running averages with window width of 9 points. 1c uncertainties in gray.

Tarling, 1981; Hrouda, 1982; Winkler et al., 1997]. Principal axis directions lower in the sections
define triaxial fabrics, with those in JO shifted toward oblate fabrics with well-grouped k3 directions
and k1 and k2 directions that streak along a great circle. Anisotropy of magnetic susceptibility (AMS)
measured by Thomas et al. [1993] from sites surrounding the Issyk-Kul basin including JO yield a
virtually identical k1 axis direction yet the k3 axes are vertical. They argued that the AMS data fabrics
originate from the alignment of hematite grains. We think that both the AMS and ARM fabrics stem
from magnetite due to its higher susceptibility and lower coercivity compared to hematite, although
hematite likely influences ARM more than AMS.
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Figure 4.7. Principal directions for anisotropy of anhysteretic remanent magnetization (AARM) tensors for the
Chon Kyzylsuu (CK) and Jeti Oguz (JO) sections in bedding corrected coordinates. All data are shown twice:
original (left) and bootstrapped (right). Geographic north is up, east to the right; directions are plotted on the
lower hemisphere. First row shows the entire data set from each section (strike lines of both sections provided
for comparison). Subsequent rows show data from each fourth of the section: 1/4 is the bottom and 4/4 is top.
Large symbols are the average direction based on the mean of the normalized individual tensors.

Following Jelinek [1981], we calculated the degree of anisotropy (P), the shape parameter (T: -1
206 prolate; 0 triaxial; +1 oblate), the lineation (L), and the foliation (F), and plotted them as a
function of stratigraphic position (Figure A3.1). The degree of anisotropy (7.8 £ 2.4% for JO and 7.6
+ 2.8% for CK) remains constant in both sections. Although individual shape parameters show
considerable scatter (CK= -0.15 + 0.41, JO= 0.01 £ 0.43), nine-point running averages for CK are
fairly constant at -0.15, whereas those from JO change from oblate (T ~0.2) at the bottom to prolate (T
~ -0.4) towards the top. CK has both constant L and F, while the change in T in JO is roughly
mimicked by a decrease in F and increase in L. Flinn [1962] diagrams of the data show a high degree
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of scatter for individual samples (Figure A3.2). Average values for each quarter of the sections are
closely clustered and solely prolate for the CK section, yet vary systematically from oblate/triaxial to
prolate for the JO section towards the top as seen in T and in Figure 4.7. Taken together the
anisotropy data are best interpreted as the remnants of a sedimentary fabric near the base of the
sections that gets systematically more overprinted by a tectonic fabric towards the top. This
interpretation is consistent with the evolution seen on the Flinn diagram for the JO section when
compared with the progressive superimposition of two such fabrics from numerical simulations
[Housen et al., 1993]. The increase in tectonic fabric with stratigraphic height likely does not reflect
an increase in stress from the top down, but rather the propensity for the strata to strain under a given
stress, such as a systematic change in clay content or clay type. In this way, the amount of red
pigment inversely correlates with the degree of tectonic fabric.

4.3.3. Magnetic Remanence

Magnetization component directions were isolated via stepwise thermal demagnetization up to
685°C and alternating field demagnetization up to 90 mT. Owing to the presence of hematite,
alternating field demagnetization removed only a minor fraction of the NRM in most cases (on
average 28% for JO, 24% for lower half of CK and 53% for upper half of CK) and did not yield
interpretable Zijderveld [1967] plots. NRM moments range from 5.2*10 to 4.0¥10” for CK and from
2.7%10” to 1.3*10° Am? for JO, with averages of 5.1 + 5.6%10® and 1.1 £ 2.3*10”7 Am?, respectively.
The samples exhibit a wide variety of demagnetization behavior as follows: well defined single
component demagnetization trajectories of normal or reverse polarity that decay toward the origin
(Figures 4.8a+b), two well-defined magnetization components, one that does not trend toward the
origin at low temperatures (<300—400°C) and another that does at higher temperatures (Figure 4.8c),
demagnetization trajectories that follow great circle paths that might or might not reach a stable
endpoint (Figure 4.8d) and noisy data that cannot be interpreted (Figure 4.8¢).

Of note is that the unblocking temperatures indicative of the magnetite and hematite fractions
yield the same direction (i.e. directions above and below 580°C are coherent), which suggests that
both magnetic phases recorded the same paleofield and argues against the secondary growth of one of
the magnetic phases. The tectonic correction and relatively high degree of scatter among the samples’
directions make it difficult to unambiguously distinguish overprints along the present Earth’s magnetic
field direction (IGRF: D= 4.3°, I= 62.2°; geocentric axial dipole: D= 0°, I= 61.2°) from a primary
signal in samples with normal polarity. Because the low temperature overprint component in the
samples with reversed polarity was removed around 300°C, we assume the same is true for the
samples with normal polarity and hence did not exclude any samples with north and down directed
magnetization components at high temperature. Altogether, 133 (CK) and 99 (JO) high temperature
magnetization component directions were determined by principal component analysis [Kirschvink,
1980] (Figure 4.9). For both sections, inclinations from samples with reverse polarity are ~7° steeper
than those with normal polarity, which we attribute to unremoved present day field overprints. The
overall tilt corrected mean directions from both sections are indistinguishable at 95% confidence
limits; the tilt corrected mean direction of the JO section (D= 4.3°, I= 44.7°, a95= 4.9°) is
indistinguishable within 95% confidence limits of that obtained by Thomas et al. [1993] (D= 0°, I=
44°, a95=11°, N=5 sites).

Stepwise demagnetization of the samples from the anticline north of the magnetostratigraphic
sections yielded well defined linear magnetization components with coherent magnetization directions
(Figure 4.8 - IK samples) except for sites IK3 and IK5 that have high dispersion with a95s >15° (Table
A3.3). To apply the fold test, we considered the mean normal and reverse polarity directions from
each magnetostratigraphic section as a site and used the site mean directions from the anticline whose
a95s are <15° (Figure A3.3 and Table A3.3). The direction-correction fold test [Enkin, 2003] is
positive with an optimum degree of untilting of 111.6 + 18.6%. The parametric simulation fold test
[Watson and Enkin, 1993] yields an optimum degree of untilting at 95.5 £ 5.9%. We conclude that the
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Figure 4.8. Representative thermal demagnetization data of 12 samples. For each sample a Zijderveld plot in
tilt corrected coordinates (left) and the decay of normalized magnetic moment with temperature (right) are
shown. (a) A single magnetization component with normal polarity. (b) a single magnetization component with
reverse polarity. (c) reversed polarity high temperature magnetization component with low temperature
magnetization component. (d) magnetization directions do not decay toward the origin and become unstable at
high temperatures - polarity can be inferred by great circle fitting. (e) data not interpretable. JO, CK and IK
designate samples from Jeti Oguz, Chon Kyzylsuu and Issyk-Kul anticline sections, respectively.
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geographic tilt corrected
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Lower D s
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Figure 4.9. Characteristic high temperature magnetization directions isolated by stepwise thermal
demagnetization. Circles are maximum angular deviation uncertainties on the best-fit line segments. Directions
identified as positive or negative polarity for the CK (113 specimens) and JO 557 (85 specimens) sections are
shown in geographic (left) and tilt corrected (right) coordinates. Blue points have upward-directed inclinations,
green points downward inclinations.

remanence was acquired before folding, which occurred after the Pliocene. The mean direction of all
sites (D= 2.7°, I= 52.0°, a95= 6.2°) is indistinguishable within 95% confidence limits of the mean
direction obtained by Thomas et al. [1993] for the entire Issyk-Kul basin (D= 2°, I= 49°, a95= 6°, N=
13 sites). Comparison of our results with the synthetic 20 Ma paleomagnetic pole of Eurasia [Besse
and Courtillot, 2002] reveals an insignificant counterclockwise rotation of 6 = 7° and a paleolatitude
difference of 10 £ 5° that implies a 1100 = 500 km translation towards the north. The paleolatitude
difference likely stems from an artifact due to inclination shallowing, which is frequently observed in
sedimentary rocks in central Asia [e.g. Gilder et al., 2001, 2003; Tan et al., 2003; Yan et al., 2005].
Interestingly, the remanence directions of magnetite and hematite are shallowed to the same extent.
4.3.4. Magnetostratigraphy

Great circles were fit to 52 samples that did not reach stable end points. Polarities were assigned
to them depending on the trend during progressive demagnetization. Together with the best-fit data,
we classified the 284 paleomagnetic demagnetization data into three categories: normal, reverse or
intermediate—the latter being a direction that deviates more than 45° away from the normal or
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Figure 4.10. Polarity chrons (a + d) based on principal component analysis and great circle fitting (b + ¢) for the
Chon Kyzylsuu (CK) and Jeti Oguz (JO) sections (a + d) plotted as a function of depth. Both (a) and (d) were
combined into a composite magnetostratigraphic column (e) that was then visually correlated with the
geomagnetic polarity timescale (f) from Gradstein and Ogg [2004], referred to as “Model A”. Gray chrons were
not used to match the magnetostratigraphies between both sections but they were considered when correlating
the composite magnetostratigraphy with the reference scale. Arrows indicate the stratigraphic levels of the
sudden rise in ARM acquisition.
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Figure 4.11. Polarity chron mapping of the Chon Kyzylsuu (CK) and Jeti Oguz (JO) sections with the
geomagnetic polarity timescale from Gradstein and Ogg [2004] based on the two consistent correlations found
by the Cupydon computer program of Lallier et al. [2013], referred to as “Model B”. Arrows indicate the
stratigraphic levels of the sudden rise in ARM acquisition.

reversed polarity mean direction. The former two were used to define 26 and 19 polarity chrons in the
CK and JO sections, respectively (Figure 4.10).

From the measured strike directions, geographic position of the samples and lithologic
similarities, we expect a significant stratigraphic overlap between the two sections. Based on this
assumption we propose two potential age models (A and B — Figures 4.10 and 4.11) and their
corresponding sedimentation rates (Figure 4.12). Model A represents our best eyeball match of the
polarity patterns (Figure 4.10e). When correlating the sections, we sometimes ignored short (< 100
ka) polarity chrons and neglected chrons defined by a single sample. Minor local hiatuses and/or
incomplete sampling can explain the incoherency in chron matching between the two sections, as
indicated in gray in Figure 4.10. These discrepant chrons were not used to correlate the two sections
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polarity chron as well as fitted slopes are shown in (b). One point was omitted in (b) for better scaling.
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but they were considered when comparing against the reference polarity timescale of Gradstein and
Ogg [2004] (Figure 4.10f). Model A, which lacks only five chrons versus the reference scale, yields
absolute sedimentation ages ranging from 26.0 to 16.2 Ma for CK and 22.8 to 13.3 Ma for JO. If true,
this correlation imposes a 4 Myr time difference in the sudden rise in ARM between the two sections,
which reflect a significant amount of along-strike progradation. Model A implies similar and largely
constant sedimentation rates of 9.1 + 0.4 cm/ka for CK and 9.7 = 0.4 cm/ka for JO (Figure 4.12),
which are in good agreement with published estimates of ~7 cm/ka for the Issyk-Kul Basin [7rifonov
et al., 2008].

Model B was constrained by a numerical magnetostratigraphic correlation method based on the
Dynamic Time Warping algorithm [Lallier et al., 2013]. Since the algorithm only considers missing
chrons in the stratigraphic record, but not in the reference polarity scale, this method could not be used
to directly correlate the two sections. Therefore we ran the program independently for each section to
find 5000 potential matches with the timescale of Gradstein and Ogg [2004]. From a plot of the least
expensive (i.e. best matching) correlations for each section, we picked the ones that have the highest
probability, significant temporal overlap and compatible sedimentation rates (Figure A3.4), which
leaves only one option (Figure 4.11), resulting in absolute ages from 25.2 to 11.0 Ma for CK and 22.2
to 11.1 Ma for JO. Sedimentation rates are constant at 7.5 = 0.6 cm/ka for JO, whereas an increase
from 4.5 + 0.8 to 8.5 £ 1.6 cm/ka occurs around 16.5 Ma in CK (Figure 4.12). The lower scatter in
sedimentation rates among individual chrons in Model B than in Model A (Figure 4.12b) is expected
because the algorithm specifically minimizes variations in sedimentation rate. On the other hand, the
algorithm correlation results in a much higher number of missing chrons (20 for CK, 14 for JO) in the
magnetostratigraphic record.

4.4. Discussion and Conclusions

Hematite and magnetite carry the magnetic remanence in the sediments of the two
magnetostratigraphic sections. Stepwise demagnetization isolates a high temperature component,
encompassing the unblocking spectra of both magnetic minerals, with dual polarities that passes the
fold test. Rock magnetic parameters show systematic differences with stratigraphic height. The
overall mean direction for both sections and the nearby anticline are indistinguishable at 95%
confidence limits with an earlier study by Thomas et al. [1993]. The sum of these observations leads
us to conclude the high temperature magnetization component represents a primary, detrital remanent
magnetization.

The polarity chrons defined by the high temperature component do not lead to a straightforward
correlation — either with respect to each section or with respect to the reference geomagnetic polarity
timescale. Two independent correlation methods yield sedimentation ages ranging from 26.0 to 13.3
Ma (Model A) or from 25.2 to 11.0 Ma (Model B). Model A, based on visual matching, requires a 4
Myr offset in the sudden rise in magnetite concentration (ARM moments) between the two sections.
The five, rather short (<100 ka) missing chrons in the stratigraphic polarity pattern are plausible when
considering the time resolution of the record. Model B identifies the highest likelihood correlations
defined by the numerical algorithm of Lallier et al. [2013]. It predicts more homogeneous
sedimentation rates for individual polarity intervals and requires only a small stratigraphic offset
between the two sections, matching the magnetite increase to within less than 1 Myr. Conversely, it
implies many chrons were missed (20 and 14), one up to 340 ka in duration (C5Dn), which seems
unlikely given the sampling density and reversal frequency. Moreover, Model B shows a sudden
increase in sedimentation rate in the CK section from 4.5 to 8.5 cm/ka at ~16.5 Ma which is not seen
in the JO section, which has a fairly constant sedimentation rate of 7.5 cm/ka. Despite the ambiguity
in the correlations derived from Models A and B, both give relatively comparable age estimates and
sedimentation rates, thus conclusions drawn from either one would yield similar interpretations. So,
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we can reasonably conclude the Chon Kyzylsuu and Jeti Oguz sections lie within 26 to 11 Ma with
sedimentation rates on the order of 5 to 10 cm/ka. A finer interpretation would be unwarranted.

Geological maps suggest that the top of the CK section reaches into the Chu group (Figures 4.1b
and 4.2), which is not supported by our lithological observations (Figure 4.1c). Indeed, our field
observations suggest that the stratigraphic transition occurs up-section of the youngest CK sample.
Therefore, we infer that the base of the Chu group at Issyk-Kul is younger than ~11.0 Ma. Previous
age constraints on the sediments are based on low resolution biostratigraphy from tortoise shell
remnants or from lithostratigraphic correlation [Afonichev and Viasov, 1984; Krilov, 1960; Simonov et
al., 2008] — both of which have large uncertainties (for the latter see below) and therefore can only
provide a rough timeframe. The ages proposed for the base of the sections in our study (26 to 23 Ma)
are compatible with estimates for the initiation of exhumation in the Oligo—Miocene of the source
mountains, namely the FEastern Terskey Range (Chapter 3) [Macaulay et al., in review].
Magnetostratigraphy of other intermontane basins in the Tien Shan (e.g., Naryn ~200 km to the
southwest of our sections) find younger deposition ages of ~12 to 8 Ma for the Shamsi group
[Abdrakhmatov et al., 2001]. However, farther east in the Tien Shan within China, seemingly
identical lithostratigraphies can have age differences exceeding 10 Myr from basin to basin [e.g.,
Heermance et al., 2008]. A 3 Myr difference for the base of the Xiyu Formation, which is a thick
conglomerate unit found throughout the Tien Shan realm, was found for two sections lying 60 km
apart [Charreau et al., 2009b]. Thus any conclusions based on lithostratigraphic correlation should be
exercised with caution. Likely the depositional history of individual basins is more representative of
local deformation, i.e. the formation of adjacent ranges.

Calculated sedimentation rates of 5 to 10 cm/ka are low compared with rates of 20-30 cm/ka
published for the front of active mountain ranges in central Asia [e.g., Gilder et al., 2001; Charreau et
al., 2005, 2006, 2009b, 2011; Sun et al., 2009]. The growing consensus is that the Tien Shan
underwent an accelerated phase of exhumation around 11 Ma (Chapter 3) [4bdrakhmatov et al., 2001;
Bullen et al., 2003; Charreau et al., 2005, 2006, 2009b, 2011; Heermance et al., 2008; Macaulay et
al., in review]. Rates of 5 to 10 cm/ka are similar to those reported of sediments older than 15 Ma
from the Jingou River section in the Tien Shan [Charreau et al., 2009a]. Hence, we infer that the
Chon Kyzylsuu and Jeti Oguz sediments likely pre-date the most active phase of uplift of the Kyrgyz
Tien Shan. This interpretation agrees with thermochronologic results obtained from the Terskey range
(Chapter 3) [Macaulay et al., in review], directly south of our study area.
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Abstract

A broad array of new provenance and stable isotope data are presented from two
magnetostratigraphically dated sections in the south-eastern Issyk Kul basin of the Central Kyrgyz
Tien Shan (presented in Chapter 4) [Wack et al., in review]. A combination of zircon U-Pb
provenance, paleocurrent and conglomerate clast count analyses are used to determine sediment
provenance. Importantly, this analysis reveals that the first coarse-grained, syn-tectonic sediments
(Dzhety Oguz formation) were sourced from the nearby Terskey Range, supporting previous
thermochronology-based estimates of ~29-26 Ma for the onset of deformation in the range. Climate
variations are identified using stable isotope (8'*0 and 5'"°C) data from 53 samples collected in the two
sections and are compared to the compositions of modern water from 128 samples. Two key features
are identified in the stable isotope dataset derived from the sediments: (1) isotope values, in particular
3"C, decrease between ~26.0 and 23.6 Ma, and (2) the scatter of 'O values increased significantly
after ~22.6 Ma. The first feature is interpreted to reflect progressively wetter conditions. Based on the
fact that this feature slightly post-dates the onset of deformation in the Terskey Range, we suggest that
it has been caused by orographically enhanced precipitation. This provides the first solid evidence that
surface uplift accompanied late Cenozoic deformation and rock uplift in the Terskey Range. We
interpret the increased scatter of the second feature to reflect variable moisture source or availability
caused by global climate change following the onset of Miocene glaciations at ~22.6 Ma.

5.1. Introduction

The sedimentary record preserved in basins linked to the Tien Shan mountain of Central Asia
(Figure 5.1a) contains important clues about how regional climate has varied over millions of years
[e.g. Graham et al., 2005; Sun and Zhang, 2008; Charreau et al., 2012]. Previous work exploiting
this sedimentary record has suggested that the Central Asian climate has often deviated from the
overall global trend [Akhmetyev et al., 2005], and that the development of the Tien Shan and other
mountain belts in Central Asia have altered atmospheric circulation and affected the regional climate
during the Cenozoic [Kent-Corson et al., 2009; Bershaw et al., 2012]. However, most of these studies
were based in the foreland basins to the north and south of the Tien Shan, leaving a large gap in our
understanding of how climate has varied over million year timescales within the orogen. In particular,
the climate of these foreland settings has been influenced by the growth of multiple mountain ranges
and the signal cannot easily be disentangled to investigate the surface uplift history of one specific
mountain range. Furthermore, although the timing of deformation has been inferred in many
locations, it has usually been based on coincident exhumational increases identified through
thermochronological or sedimentary data, and provides no indication of the magnitude of surface
uplift [e.g. Hendrix et al., 1994; Charreau et al., 2005; 2006; 2009a; Heermance et al., 2007; 2008;
Jolivet et al., 2010; Macaulay et al., 2013; in review]. Consequently, constraints on the surface uplift
history of individual mountain ranges are relatively rare.

The sedimentary record of the numerous intermontane basins within the Tien Shan could supply
unique insights into the effects of global and regional climate changes within the orogen and could
contain vital clues about the surface uplift histories of surrounding mountain ranges. The Issyk Kul
basin in eastern Kyrgyzstan is one of the largest of these intermontane basins (Figure 5.1a). Today,
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Figure 5.1. (a) Digital elevation model (DEM) of the Tien Shan based on GTOPO90 dataset. ~ Selected large
intermontane basins highlighted in yellow. Major sedimentary basins labelled with black text. TFF = Talas-
Ferghana Fault, which separates Eastern and Central Kyrgyz Tien Shan. Political boundaries shown in red.
Blue dashed box outlines extent of Figure 5.1b. (b) Geological map of Eastern Kyrgyzstan showing distribution
of Precambrian and Paleozoic basement assemblages (coloured coded by terrane) and Meso-Cenozoic sediments
(grey). NTS: Northern Tien Shan terrane; MTS: Middle Tien Shan terrane; STS: Southern Tien Shan terrane.
Isochore map from the Issyk Kul basin based on a spline interpolation of depth to Precambrian and Paleozoic
basement map [Omuraliev, 1988]; corresponds to a total Meso-Cenozoic sediment volume of 32590 km®. Extent
of Lake Issyk Kul shown in blue. Watershed of Issyk Kul basin delineated with red line. Main faults shown
with black lines; MTF: Main Terskey Fault; CTF: Central Terskey Fault; NL: Nikolaev Line.
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Figure 5.1. continued. STSS: Southern Tien Shan Suture. Political boundaries shown with dashed black lines.
Extent of Figure 5.2 shown by blue dashed box. (c) Map showing available zircon U-Pb ages; samples were
predominantly collected from intrusive igneous rocks and have been coloured by age (see Appendix 4 Table
A4.2). (d) Map showing distribution of modern water samples, coloured by §'*0 value.

the basin has a semi-arid climate [Aizen et al., 1997] that is controlled by the Central Asian and Arctic
air masses [Araguas-Araguas et al., 1998]. Most precipitation falls in the summer months, when the
Siberian High Pressure Cell migrates northward, allowing moisture-bearing air masses from the west
to reach the Central Kyrgyz Tien Shan [Aizen et al., 1995]. This moisture is originally sourced from
the Atlantic and Mediterranean and is recharged by evaporation from intervening water bodies, such
as the Black and Caspian Seas [Aizen et al., 2001]. Presently, the basin is internally drained and
contains a large lake with a hydrological catchment area of ~39370 km” (Figure 5.1b). However, this
has not always been the case, and there were wetter periods in the past when the lake was higher and
the basin was connected to the foreland via the Chu river, which presently is located a few kilometers
west of the basin [Ricketts et al., 2001].

The preserved sedimentary record of the Issyk Kul basin was deposited intermittently in the
Mesozoic and Cenozoic [e.g. Cobbold et al., 1996; Abdrakhmatov et al., 2001]. In places, these
sediments can reach thicknesses of 5 km [Knauf, 1965; Turchinskiy, 1970; Fortuna, 1983]. Until
recently, the fossil-poor sediments of the basin could not be precisely dated, preventing the full
potential of the sedimentary record from being utilised. The magnetostratigraphic correlations from
two adjacent sections presented in Chapter 4 [Wack et al., in review] represent the first age controls
for a kilometer-thick portion of the stratigraphy. These magnetostratigraphically derived ages provide
a temporal framework for the new data presented herein.

In this paper, we present a broad array of new data to investigate the climatic and tectonic
evolution of the Issyk Kul basin and the surrounding region over million year timescales. Climate
variations are primarily identified by using stable isotopic (3'°0 and 5"°C) data from authigenic
carbonate in the two adjacent magnetostratigraphically-dated sections. Additionally, 8'°0 data from
128 modern water samples are presented and found to be relatively consistent with the values derived
from sediments. This climate proxy dataset is supplemented with previously published pollen data
[Fortuna, 1983], and used to infer climate changes between the main Cenozoic stratigraphic
formations of the Issyk Kul basin (Section 5.2.3). New paleocurrent, conglomerate composition and
zircon U-Pb provenance data are also presented and used to determine sediment sources and the
location of drainage divides through time. This provenance data provides constraints on the timing of
active exhumation in mountain ranges and can be used to infer the local onset of late Cenozoic
deformation. Based on the inferred onsets of local deformation and our climate proxy data, we are
able to constrain the timing of surface uplift in the mountain range to the south of the basin. Together
with sedimentological data, these new constraints on provenance, climate changes and surface uplift
provide important insights into many aspects of the development of the Issyk Kul basin and
surrounding region, and allow the interactions between tectonic deformation, climate and surface
processes to be investigated.

5.2. Setting
5.2.1. Tectonic history of the Central Kyrgyz Tien Shan

The Issyk Kul basin is located in the Central Kyrgyz Tien Shan. At these longitudes (70—80°E),
the Tien Shan presently accommodates ~20 mm/a of north-south horizontal crustal shortening,
equivalent to nearly two-thirds of the total India-Eurasian convergence [Zubovich et al., 2010]. The
present deformation phase represents the latest in a series of orogenic events in the Tien Shan,
stretching back to the Paleozoic, when the terranes of the region were first assembled [Korolev, 1956;
Knauf, 1972; Burtman, 1975; Bakirov and Maksumova, 2001; Bazhenov et al., 2003].
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The Central Kyrgyz Tien Shan is composed of three Paleozoic terranes (Northern, Middle and
Southern Tien Shan terranes), each of which contain a distinctive suite of basement lithologies. The
Issyk Kul basin is located in the Northern Tien Shan terrane (Figure 5.1b). This terrane predominantly
consists of subduction-related granitoids, which typically yield Ordovician and Silurian zircon U/Pb
ages (Figure 5.1c). Minor occurrences of Precambrian metamorphic rocks, as well as other Paleozoic
igneous and sediments, are also found in the terrane (e.g. Figure 5.2). In contrast, the igneous bodies
of the Middle and Southern Tien Shan terranes mostly have Precambrian and Devonian—Permian
zircon U/Pb ages (Figure 5.1c). Additionally, these two terranes contain large Paleozoic passive
continental margin sequences. The Northern and Middle Tien Shan terranes are separated by the
Nikolaev Line, while the Middle and Southern Tien Shan terranes are separated by the 320-300 Ma
Southern Tien Shan Suture [Bakirov and Burtman, 1984; Hegner et al., 2010; Seltmann et al., 2011].
Both terrane boundaries were exploited in the Permian when a system of large strike-slip faults
developed across the region, which also included the Central Terskey Fault (Figure 5.1b) [Bazhenov
and Mikolaichuk, 2004].

In the Mesozoic and early Cenozoic, parts of the Tien Shan were reactivated in response to distal
collisions [e.g. Hendrix et al., 1992; Sobel and Dumitru, 1997; Dumitru et al., 2001]. In the Central
Kyrgyz Tien Shan, conclusive evidence of Mesozoic and early Cenozoic deformation has not been
identified in the sedimentary record, although increased cooling indicative of active deformation has
been suggested by some models of thermochronologic data [e.g. Glorie et al., 2011; De Grave et al.,
2013]. Instead, most of the available data suggests that between the late Mesozoic and the early
Oligocene, the Central Kyrgyz Tien Shan experienced very little erosion and likely experienced a
prolonged (>100 Myr) period of tectonic quiescence (Chapters 2 and 3) [Chediya, 1986; Fortuna et
al., 1994; Bullen et al., 2001; 2003; Sobel et al., 2006b; Macaulay et al., in review].

Subsequently in the late Cenozoic, deformation occurred throughout the region. Initially,
numerous Paleozoic structures were reactivated, building a series of widely-spaced mountain ranges
separated by large intermontane basins. Since then, many more ranges have been constructed in an
out-of-sequence fashion [Macaulay et al., in review], leading to the partitioning of these large
intermontane basins (Chapter 3) [Makarov, 1977; Cobbold et al., 1996; Burbank et al., 1999].
Thermochronological data from the region suggests that the Terskey Range, located immediately
south of the Issyk Kul basin (Figure 5.1b), was one of the first ranges in the Central Kyrgyz Tien Shan
to start deforming. This data has identified a series of late Oligocene—early Miocene exhumational
increases (29—16 Ma) that have been interpreted to record increased rock uplift following the initial
onset of late Cenozoic deformation and the along strike propagation of range-bounding faults. Similar
late Oligocene—early Miocene onset ages have also been inferred for many ranges in the Southern Tien
Shan terrane (Section 3.5.2) [Macaulay et al., in review]. In contrast, most of the mountain ranges
composed of basement belonging to the Middle Tien Shan terrane have younger onset ages and appear
to have developed out-of-sequence. North of the Issyk Kul basin, deformation in the Kungey Range
has been inferred to have initiated in the Pliocene—Pleistocene on the basis of paleocurrent data
[Selander et al., 2012]. Farther north in the Zailiy Range (Figure 5.1b), thermochronological data
suggests that deformation started in the late Oligocene—early Miocene [De Grave et al., 2013]. If
correct, this implies that the Issyk Kul basin has been an intermontane basin since the late
Oligocene—early Miocene; this earlier basin was later reduced in size in the Pliocene—Pleistocene by
the development of the Kungey Range.

5.2.2. Issyk Kul basin stratigraphy

In the past, a lack of precise age control meant that the Cenozoic strata of the different
intermontane basins in the Central Kyrgyz Tien Shan could only be correlated by lithostratigraphy.
This was primarily based on colour and average grain size, leading to four regionally correlated
lithostratigraphic groups: the Kokturpak/Suluterek, Shamsi, Chu and Sharpyldak groups
[Abdrakhmatov et al., 2001]. However, new magnetostratigraphically-derived age constraints have
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Figure 5.2. Geological map of study area in the south-east corner of the Issyk Kul basin, adapted from Knauf
[1965]. Dashed black lines denote the modern up-stream catchment areas of the Chon Kyzylsu and Jeti Oguz
sections.

revealed significant temporal discrepancies between lithostratigraphically correlated groups in
different basins [Abdrakhmatov et al., 2001; Wack et al., in review], suggesting that deposition of
these groups could be highly diachronous (Chapter 3) [e.g. Macaulay et al., in review]. Therefore,
local formation names [Omuraliev and Omuralieva, 2004] are used herein for the stratigraphy of the
Issyk Kul basin; the four lithostratigraphic groups are replaced by the Chonkurchak, Dzhety Oguz,
Soguty/Djunky and Sharpyldak formations, respectively (Figure 5.3a).

The Chonkurchak formation has a late Cretaceous to early Oligocene depositional age [Afonichev
and Vlasov, 1984]. Despite the relatively long duration of deposition (>45 Myr), the Chonkurchak
formation is usually only tens of meters thick, suggesting that sedimentation rates were extremely low
and probably intermittent. Low sediment input is also supported by cooling histories obtained from
modelling of basement thermochronological data from the region, which suggest uniformly low
erosion rates during this time interval [De Grave et al., 2013; Macaulay et al., 2013; in review].
Deposition of the Chonkurchak formation is coincident with the >100 Myr period of tectonic
quiescence between the late Mesozoic and the early Oligocene (Section 5.2.1). At this time, it is
believed that a relatively flat, steppe-like landscape developed [Chediya, 1986; Fortuna et al., 1994;
Burgette, 2008]. The Chonkurchak formation is therefore pre-orogenic, reflecting sedimentation
during the tectonic quiescent period that was deposited above low relief basement unconformities or
disconformably above a ~120 m thick sequence of Jurassic arkosic sandstones and lacustrine
sediments [Knauf, 1965].
formation has been sub-divided into two units.
lacustrine deposits, while the upper unit is predominantly reddish silt and sandstones [Fortuna, 1983;
Selander et al., 2012].

In many basins within the Central Kyrgyz Tien Shan, the deposition of the lithostratigraphically

Based on the thickest and most complete sections, the Chonkurchak
The basal unit consists mostly of thin paleosols and

correlated Shamsi group marks the onset of syn-orogenic sedimentation [4bdrahkmatov et al. 2001].
In the Issyk Kul basin, the irregular and limited deposition of the fine grained, pre-orogenic
Chonkurchak formation is replaced by the more continuous, coarser grained sandstones and
conglomerates of the Dzhety Oguz formation (Shamsi group). A complete section through the Dzhety
Oguz formation is exposed at the type-locality, near the village of Jeti Oguz in the south-eastern Issyk
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Kul basin. There, the Dzhety Oguz formation is a ~1 km thick sequence predominantly consisting of
poorly sorted clast-supported conglomerates, attesting to a high energy, braided river depositional
environment [ Cobbold et al., 1996] (Figure 5.3d).

The section near Jeti Oguz, and a similar section near the village of Chon Kyzylsu, ~15 km to the
west, have been dated using magnetostratigraphy (Chapter 4) [ Wack et al., in review] (Figure 5.2). At
these locations, the Dzhety Oguz formation is extensively exposed. The base of these sections
coincide with a distinctive break-in-slope. Below the sections, the underlying sedimentary units are
generally covered by thick, recent soil deposits and rarely outcrop. This likely reflects the greater
erodibility of the finer grained underlying sediments of the Jurassic and Chonkurchak formations
compared to the coarser grained sandstones and conglomerates of the Dzhety Oguz formation.
Therefore, the deposition of the Dzhety Oguz formation marks a distinctive change in the
sedimentation history of this part of the Issyk Kul basin. From the magnetostratigraphic data, two
slightly different age models were proposed; one based on the best visual magnetostratigraphic
correlation (model A) and the other using a numerical algorithm that minimizes misfit (model B). At
the Jeti Oguz section, the age models suggest that deposition of the formation started either at 22.8 or
22.1 Ma, ended at 13.3 or 11.1 Ma, and had sedimentation rates of 9.7 = 0.4 or 7.5 = 0.6 cm/ka,
respectively. At the Chon Kyzylsu section, both models have slightly older basal ages for the
formation of 26.0 and 25.2 Ma, and have upper ages of 16.2 and 11.0 Ma; sedimentation rates for
model A are 9.1 £ 0.4 cm/ka, while for model B they increase from 4.5 = 0.8 to 8.5 = 1.6 cm/ka at
around 16.5 Ma.

Above the Dzhety Oguz formation is the Soguty formation; unfortunately, the time gap separating
the two formations is presently unconstrained. In the lithostratigraphic scheme, the Soguty and
Djunky formations of the Issyk Kul basin (also referred to as the Issyk Kul formation) belong to the
Chu group, which elsewhere in the Central Kyrgyz Tien Shan is assigned a late Miocene—early
Pliocene age [Omuraliev and Omuralieva, 2004]. In most intermontane basins, the Chu group is
usually the main basin filling unit [Abdrakhmatov et al., 2001]. In the Issyk Kul basin, the Soguty and
Djunky formations reach thicknesses of 2.5 km and often represents ~50% of the preserved
Meso—Cenozoic sedimentary sequence [Fortuna, 1983]. If the late Miocene—early Pliocene age and
inferred duration of ~8 Myr is correct, this suggests that the Soguty and Djunky formations have a
much higher sedimentation rate (~31 cm/ka) than the underlying Dzhety Oguz formation (4-10
cm/ka). Moreover, the Soguty and Djunky formations deposited by meandering river systems are
generally finer grained, lighter in colour and better sorted than the underlying Dzhety Oguz formation
(Figure 5.3e) [Abdrakhmatov et al., 2001; Burgette, 2008]. Conceivably, the decrease in the overall
grain size and the increase in sedimentation rate between the Dzhety Oguz to Soguty and Djunky
formations could be caused by either tectonic or climatic changes [Allen et al., 2013]. For the former,
the likely driver might relate to an overall late Miocene increase in horizontal crustal shortening
(Chapter 3) [Macaulay et al., in review], which is approximately coincident with the time the Soguty
formation started being deposited. This late Miocene increase in the magnitude of deformation has
also been suggested elsewhere in the Central Kyrgyz Tien Shan [Abdrakhmatov et al., 1996; 2001;
Sobel et al., 2006a; Glorie et al., 2010; 2011] and has been linked to a regional change in Central
Asian deformation [Sobel et al., 2011]. Potentially, this increase in shortening could have promoted
more tectonic subsidence within intermontane basins, thus explaining the higher sedimentation rate of
the Soguty and Djunky formations compared to the Dzhety Oguz formation. Furthermore, if sediment
supply did not significantly outpace basin subsidence, the increased tectonic subsidence could also
have caused a facies retrogradation, whereby the coarser grained deposits of the Dzhety Oguz
formation at a particular location are replaced by the finer grained sediments of the overlying Soguty
and Djunky formations. Alternatively, this retrogradation of sedimentary facies could reflect a
climatically-induced decrease in the amount of sediment supplied to the basin. If this did occur, then
the sedimentation rate should have decreased and an associated exhumational decrease ought to be
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Figure 5.3. (a) Simplified stratigraphic column of the Meso-Cenozoic sedimentary sequence preserved in the
Issyk Kul basin, adapted from Knauf [1965] and Fortuna [1983]. Age estimates from Chapter 4 [ Wack et al., in
review]; lithostratigraphic correlations adapted from Abdrahkmatov et al. [2001], Omuraliev and Omuralieva
[2004] and Selander et al. [2012]. G/P: Gravel and pebble conglomerates; ¢, m, f sand: coarse, medium and fine
sands; S: silt; M: mudstone. (b) Medians of pollen composition abundances for different stratigraphic units
separated by plant type, based on data from the TC-I borehole (42.683°N 78.6°E; Figure 5.1b) and from near the
the Jeti Oguz section (Figure 5.2) [Fortuna, 1983]. (c) Median proportions of Artesia and Chenopediaceae
through time from the borehole data and from around the Jeti Oguz section [Fortuna, 1983]. Artesia and
Chenopediaceae are drought tolerant herbaceous taxa; increasing abundances of these taxa is often viewed as
indicating more arid conditions [e.g. Sun and Zhang, 2008]. (d) Photograph of the Dzhety Oguz formation at the
Jeti Oguz section (Figure 5.2). (e) Photograph of the contact between the Dzhety Oguz and Soguty formation at
42.169°N 76.795°E.

observed in the surrounding mountain ranges. Since such decreases are not observed in the basin or in
thermochronologically-derived exhumation histories for the Terskey and Zailiy Ranges [De Grave et
al., 2013; Macaulay et al., 2013; in review], we favour the tectonic explanation for the transition from
the Dzhety Oguz to Soguty formations.

During the deposition of the overlying Sharpyldak formation, sedimentation is again dominated
by poorly sorted conglomerates, which were delivered to the basin by high energy river systems. In
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the Issyk Kul basin, this transition between the Djunky and Sharpyldak formation has not been dated.
However, in the Chu basin (Figure 5.1a), the transition between the lithostratigraphic equivalents of
these formation has been constrained to < 3 Ma by magnetostratigraphy [Bullen et al., 2001]. Similar
late Pliocene—Pleistocene estimates have been inferred elsewhere in the Central Kyrgyz Tien Shan,
leading to the suggestion that the Sharpyldak group could reflect either a regionally extensive
deformational increase or climatically-enhanced erosion [Bullen et al., 2003; Sobel et al., 2006b;
Burgette, 2008; Trifonov et al., 2008]. Interestingly, the nature of the contact between the formations
varies within the Issyk Kul basin. In the south, the Sharpyldak formation is deposited above an
angular unconformity [Burgette, 2008], whereas to the north, the Djunky and Sharpyldak formations
are separated by a disconformity [Selander et al., 2012]. This difference is related to numerous
structures that propagated into the southern part of the basin during the deposition of the Sharpyldak
formation, rotating older sediments and causing rock uplift. Subsequent erosion and incision into
these older sediments would have generated topographic relief in the south of basin, thus explaining
the variability in the thickness of the Sharpyldak formation (10-500 m) [Knauf, 1965; Turchinskiy,
1970; Fortuna, 1983; Selander et al., 2012].

5.2.3. Pollen data

Published pollen data provides an indication of climatic variations between the main sedimentary
units (Figure 5.3b+c). Here, we focus on pollen data from the Jeti Oguz section (Figure 5.2) and
samples from a borehole (Figure 5.1b), and use fluctuations in the medians of different plant types or
the content of two drought tolerant herbaceous taxa (Artesia and Chenopediaceae) [Sun and Zhang,
2008] to identify two key climate changes in Issyk Kul stratigraphy.

Firstly, the basal unit of the Chonkurchak formation has a higher abundance of deciduous trees
and contains less drought-tolerant species (Figure 5.3b+c) than the upper unit. Taken together, this
suggests that the lower unit was deposited during comparatively wet conditions. The associated
change in sedimentation from the thin paleosol and lacutrine deposits of the lower unit to the reddish
silt and sandstones of the upper, was likely caused by this increase in aridity. The second feature
identified in the pollen record is that the basin has become progressively more arid since the late
Miocene (Figure 5.3¢) [Fortuna, 1983]. Interestingly, a similar Neogene intensification of aridity is
seen elsewhere in Central Asia [Kent-Corson et al., 2009; Zhuang et al., 2011].

5.3. Methodology and results
5.3.1. Sedimentological analysis

Detailed outcrop-based analyses were performed throughout the Chon Kyzylsu and Jeti Oguz
sections (Figure 5.2) to determine paleocurrent directions, grain size, and conglomerate clast
compositions (Figure 5.4). Paleocurrent directions calculated from measurements of 10-20 imbricated
clasts at 22 locations suggests that the river system was directly roughly northwards during the
deposition of the Dzhety Oguz formation; the same paleocurrent direction was determined by Cobbold
et al. [1996]. Grain sizes were measured and classified using the Wentworth scale for every measured
bed in both sections [Wentworth, 1922]: 1115 for the Chon Kyzylsu section and 917 at Jeti Oguz. In
order to better visual this data and identify variations through time, moving averages of the grain size
classifications have been calculated throughout the sections. Despite considerable scatter, these plots
indicate that average grain sizes remain relatively constant through both sections, except for the
gradual up-section decrease in the lowermost ~250 m of the Chon Kyzylsu section (Figure 5.4b).
Conglomerate clast abundances were characterised by counting at least 100 clasts using a 1 x 1 m grid
at 12 regularly-spaced (~150 m) intervals throughout both sections. The results of this analysis reveals
that clast proportions have remained relatively constant during the deposition of the Dzhety Oguz
formation and are similar in both sections. Most clasts have granitic or metasedimentary
compositions; clasts of diorites, marbles, limestones, clastic sedimentary rocks and quartzites were
also found (Figure 5.4c).
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Figure 5.4. Sedimentologic data for the Dzhety Oguz formation from the Chon Kyzylsu (left) and Jeti Oguz
(right) sections. (a) Rose diagrams of imbricated clast orientations, showing paleocurrent flow directions
towards the north; n = number of measurements. Stratigraphic positions of measurements indicated with red
dots. Light blue dots show positions of stable isotope samples; dark blue squares show zircon samples. (b)
Average grain sizes, determined with a 21-point moving average. (c) Compositions of conglomerate determined
from >100 clasts per site. (d) Changes in the composition of the sediment inferred from variations in magnetic
parameters, inferred from the bulk susceptibility, anhysteretic remanence (ARM) spectra, and the natural
remnant magnetization (NRM) (Chapter 4) [Wack et al., in review]. (e) Magnetostratigraphic correlations from
age model A (red) and B (blue) (Section 4.3.4) [ Wack et al., in review].

5.3.2. Zircon U-Pb provenance analysis

Zircon U-Pb provenance analysis was carried out at Birkbeck University of London on fifteen
samples collected from most of the main stratigraphic units in the Issyk Kul basin (details of the
analytical procedure are found in Table 5.1). Near the Jeti Oguz section, single samples of Jurassic
quartzite (JJZ1) and present-day river sands (11TS02) were collected (Figure 5.2); nine samples
(JTZ50-66) were collected at ~100 m intervals through the magnetostratigraphically-dated Dzhety
Oguz formation at this location (Figure 5.4). At the Chon Kyzylsu section, samples were taken near
the bottom and top of the Dzhety Oguz formation at stratigraphic levels of ~10 m (CKZ1) and ~725 m
(CKZ17). Additionally, the Djunky formation was sampled at an anticline ~15 km north-west of the
section (9TS511) (Figure 5.2). For each sample, 76—133 zircon crystals were dated using LA-ICP-
MS. Analyses with >20% discordance were excluded, leaving 54—124 zircon U-Pb ages per sample
(Table 5.1).

Probability density functions (PDFs) showing the distribution of zircon U/Pb ages in the
Phanerozoic reveal that most samples have a single dominant peak between ~440 and 465 Ma (Figure
5.5a). However, two samples located near the top of the Dzhety Oguz formation (JTZ64 and JTZ66)
exhibit different distributions. The lower sample (JTZ64) at a stratigraphic level of 815 m has a
younger maximum peak at ~360 Ma; the upper sample (JTZ66) at a level of 980 m has bimodal
distribution with a maximum peak at 414 Ma and a lesser one at ~323 Ma. The complete dataset
including ages from all of analysed zircon grains can be found in appendix 4 (Table A4.1).

In addition to the zircon U-Pb ages from sediments, we have compiled the available data from
basement lithologies in the surrounding region (Figure 5.1c and Table A4.2). The analysed samples
were predominantly collected from igneous intrusive bodies. As discussed in Section 5.2.1, each of
the terranes that make up the Central Kyrgyz Tien Shan has a different Paleozoic history, which is
reflected in the variable ages of the sampled intrusions (Figure 5.1c and 5.5¢). Despite the non-
random selection of these previously analysed samples, this dataset provides a means of assessing
sedimentary provenance and differentiating between the three terranes (Section 5.4.1).

5.3.3. Oxygen and carbon isotopes

Oxygen (8'*0) and carbon (5"°C) isotope analyses were performed on 53 mudstone and siltstone
samples collected throughout the Dzhety Oguz formation at the Chon Kyzylsu and Jeti Oguz sections
(Figure 5.6 and Table 5.2). Field observations indicate that these sediments represent over-bank
deposits. 30 and 5"°C analyses were also performed on three carbonate-bearing basement samples
from the Terskey Range (Figure 5.1b) to investigate the potential influence of detrital carbonate on the
isotopic values obtained from the sediments (Section 5.4.2.2). Furthermore, 5'°0 values from 128
modern water samples were also obtained. All isotopic ratios are reported relative to the Pee Dee
Belemnite (PDB) standard; consult Table 5.2 for further details regarding the analytical procedures.

For the sediment samples, we obtained §'*0O and 8"°C values ranging between -15.3 to -9.0%o and
-9.4 to -3.0%o, respectively. Despite a high degree of scatter in the data from the sediments, significant
variations can be detected in both sections, particularly in the calculated moving averages from the
more densely sampled Chon Kyzylsu section (Figure 5.6a+b). Arguably the most obvious feature
occurs in the lowermost ~250 m of the Chon Kyzylsu section, where §"°C values of 10 samples
gradually decreases up-section from -4.8 to -9.4%o (Figure 5.6a). Another noticeable feature of the
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data from the Chon Kyzylsu section is that the scatter of §'*0 increases above ~420 m (Figure 5.6a);
the lower 18 samples have a standard deviation of 0.6%., compared to 0.8%o for the 17 samples above
420 m.

For each basement sample, stable isotope analyses were performed on the carbonate-bearing host
rock and calcite veins (Table 5.2). §"C values were relatively consistent, and were found to range
between -2.89 to 1.2%o; furthermore, in each sample, the two analysed components were also found to
be similar, varying by <0.6%o. On the other hand, 3'*O values were much more scattered (ranging
between -23.6 to -9.4%o) and with significant variations between the two analysed components (up to
5.0%0) (Table 5.2). Compared to the stable isotope ratios obtained from the sediment samples, the
8"C values from basement samples were significantly higher, while the 5'*0 of sediments lies within
the wide range of values derived from the basement samples. Analysis of the 8'°0 values of modern
water samples reveals a large degree of scatter; values ranging between -51.1 to -28.5%o, with a mean
of -37.8%o (Table 5.2). If authigenic calcite were to precipitate from these modern water samples at
surface temperatures (~20°C), the §'*0 values would increase by ~29.1%o and range between -22.0
and 0.6%o [Kim and O’Neil, 1997]. §'°0 values from the sediments fall within this range (-15.3 to -
9.0%o).

Table 5.1. Summary of samples that underwent zircon U/Pb provenance analysis®

Formation/Section No. of concordant

Sample Latitude Longitude strat. position (m)" Total no. of grains grains (<20%)°

1171 42.3273 78.2466 Jurassic 102 86
9TS506 42.3048 78.1747 Chonkurchak 130 124
JTZ50 42.3381 78.2404 JT (4.5) 100 88
JTZ52 42.3400 78.2344 JT (110.1) 107 78
JTZ54 42.3425 78.2334 JT (212.4) 106 72
JTZ56 42.3443 78.2332 JT (324.0) 112 108
JTZ58 42.3457 78.2355 JT (405.7) 76 54
JTZ60 42.3480 78.2316 JT (542.1) 114 88
JTZ62 42.3520 78.2280 JT (630.2) 122 99
ITZ64 42.3538 78.2270 JT (810.9) 124 109
JTZ66 42.3583 78.2250 JT (995.6) 124 100
CKZ1 42.2924 78.1087 CK (7.4) 133 90
CKZ17 42.3050 78.0938 CK (719.0) 92 67
9TS511 42.4463 78.0545 Djunky 102 86
11TS02 42.3273 78.2439 Modern sand 123 108

* Samples were analysed by LA-ICPMS using a New Wave 213 aperture imaged frequency quintupled laser ablation system (213 nm)
coupled to an Agilent 750a quadrupole-based ICP-MS. Real time data were processed using GLITTER. Repeated measurements of
external zircon standard PLESOVIC (TIMS reference age of 337.13 + 0.37 Ma) [Slama et al., 2008] and NIST 612 silicate glass [Pearce et
al., 1997] were used to correct instrumental mass bias and depth dependent inter-element fractionation of Pb, Th and U. Data were
processed using Isoplot [ Ludwig, 2003] following the recommended procedures of an international workshop convened to consider data
handling [Horstwood et al., 2009].

® Formation that sample was collected from. Except for samples from the Jeti Oguz (JT) and Chon Kyzylsu (CK) sections through the
Dzhety Oguz formation. For those samples the stratigraphic position in meters is displayed in brackets.

¢ Zircon U/Pb ages were deemed to be concordant when the difference between the 207/206 and 206/238 ages were <20% of the 206/238
age. The complete dataset can be found in the supplementary material (Table A4.1).

Table 5.2. Stable isotope data

Strat. position (m) Agemodel A Age model B(Ma) 8"0,%  8"C, %o
Sample® Latitude Longitude  /Lithology/water source®  (Ma) /Unit age® /Date collected’ (PDB)° (PDB)
Chon Kyzylsu section (CK)
CKPO1 42.2924 78.1087 8 26.0 25.6 -10.8 -4.8
CKP02 42.2920 78.1066 18 26.0 254 -11.6 4.4
CKP03 42.2925 78.1064 36 25.9 25.1 -11.9 -4.3
CKP04 42.2956 78.1069 96 25.6 24.1 -12.7 -1.5
CKPO5 42.2925 78.1019 128 24.8 23.4 -11.6 -5.7
CKP0O7 422927 78.1026 159 24.1 22.8 -12.3 -6.0
CKP06 42.2932 78.1025 171 243 23.0 -12.4 -6.7
CKP08 42.2940 78.1019 214 23.9 21.9 -11.8 -8.1
CKP09 42.2949 78.1018 233 23.8 21.5 -13.4 -1.7
CKP10 42.2954 78.1017 254 23.8 21.1 -13.0 9.4
CKP11 42.2961 78.1005 293 23.6 19.9 -13.0 -6.8
CKP12 42.2964 78.1005 316 234 19.2 -12.2 -6.8
CKP13 42.2974 78.1014 325 234 19.0 -12.6 -5.4
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Table 5.2. continued.

Strat. position (m) Agemodel A Age model B (Ma) 80, %o 3"3C, %o
Sample® Latitude Longitude  /Lithology/water source”  (Ma) /Unit age® /Date collected* (PDB)® (PDB)
CKP14 42.2974 78.1012 331 233 18.9 -12.7 -6.1
CKP15 42.2979 78.1021 346 23.0 18.7 -12.8 -6.4
CKP17 42.2998 78.1014 375 22.7 18.0 -12.9 -6.9
CKP18 42.2990 78.0985 385 22.6 17.4 -11.8 -6.7
CKP19 422991 78.0970 414 222 16.8 -124 -6.3
CKP20 42.2996 78.0964 427 21.9 16.7 -124 -6.6
CKP21 42.2997 78.0961 440 21.8 16.6 -12.7 -7.2
CKP22 42.3021 78.1007 468 21.5 16.3 -11.1 -7.9
CKP23 42.3056 78.1048 521 21.1 15.7 -13.0 -8.6
CKP24 42.3063 78.1043 557 20.7 15.2 -11.2 -5.4
CKP25 42.3056 78.1008 584 20.6 14.9 -12.5 -6.1
CKP26 42.3056 78.0996 613 20.1 14.6 -11.0 -7.0
CKP27 42.3057 78.0989 628 19.9 14.4 -11.3 -7.8
CKP28 42.3050 78.0966 657 19.5 14.0 -13.5 -8.2
CKP29 42.3055 78.0965 703 18.9 13.5 -12.8 -8.3
CKP30 42.3050 78.0938 707 18.8 134 -12.5 -8.2
CKP31 42.3048 78.0919 744 18.2 12.9 -12.6 -6.2
CKP32 42.3052 78.0917 769 18.0 12.7 -12.7 -6.8
CKP33 42.3060 78.0923 806 17.5 12.3 -13.7 -6.5
CKP34 42.3066 78.0927 855 17.1 11.6 -12.5 -8.2
CKP35 42.3070 78.0918 916 16.5 10.9 -11.5 -8.2
CKP41 42.3075 78.0897 947 16.3 10.2 -11.7 -7.2
Jeti Oguz section (JT)
JTP50 42.3381 78.2404 2 22.50 23.02 -9.0 -5.8
JTP51 42.3385 78.2386 37 22.26 22.74 93 -3.0
JTP52 42,3390 78.2384 58 22.06 22.57 -10.4 -5.0
JTP54 42.3407 78.2341 144 21.30 21.90 -13.4 -5.1
JTPS5 42.3415 78.2342 186 20.80 21.50 -12.5 -5.9
JTP56 42.3439 78.2337 224 20.60 21.15 -12.3 272
JTP57 42.3435 78.2331 245 20.40 20.90 -114 -6.0
JTP62 42.3476 78.2355 449 17.87 17.84 -12.5 -6.5
JTP67 42.3483 78.2313 544 16.98 16.91 -12.5 -6.6
JTP68 42.3482 78.2328 569 16.76 16.67 -153 -6.0
JTP74 42.3521 78.2282 730 14.75 14.03 -12.7 -6.0
JTP75 42.3529 78.2279 760 14.60 13.60 -14.2 272
JTP77 42.3544 78.2265 834 14.17 12.60 -12.1 -6.6
JTP78 42.3557 78.2253 885 13.75 11.95 -13.7 -7.0
JTP79 42.3564 78.2253 916 13.60 11.65 -14.1 -7.1
JTP80 42.3572 78.2246 941 13.50 11.40 -13.0 -8.2
JTP81 42.3578 78.2247 972 13.10 11.00 -13.5 -7.2
JTP82 42.3583 78.2250 990 12.90 10.80 -13.8 -1.3
Basement samples
9TS451 42.4149 78.9529 Green Marble Cambrian -23.6 -2.5
9TS451 42.4149 78.9529 Calcite vein Cambrian -18.6 -2.9
8TS383 41.9347 77.6609 Calcite vein Cambrian 9.4 1.2
8TS383 41.9347 77.6609 Grey Marble Cambrian -10.8 0.6
8TS352 42.0977 78.1591 Calcite vein Precambrian -14.8 0.2
8TS352 42.0977 78.1591 Dark Marble Precambrian -11.0 0.7
Modern water samples
06-TP-60 40.8238 75.2901 Snow winter 05/06 -51.1
IK-26 42.6606 77.2026 Snow 11/8/03 -50.1
IK-27 42.6606 77.2026 Snow 11/17/03 -48.1
05-IK-75 42.6587 77.2032 Snow 11/26/2005 -45.5
05-IK-74 42.6587 77.2032 Snow 11/25/2005 -44.4
05-AB-81 40.8237 75.2901 Snow 10/15/05 -44.1
05-IK-73 42.6587 77.2032 Snow 11/25/2005 -43.0
05-AB-23 40.8112 75.2330 Stream water 7/21/05 -43.0
04-CTS-05 41.7133 78.3218 Stream water 7/28/04 -42.9
04-WA-70 41.1279 75.6972 well water June/July 2004 -42.9
04-CTS-08 41.7742 78.3999 Snow 7/29/04 -42.8
04-AB-12 40.7511 75.2592 Snow 7/17/04 -42.8
KYRO07-52 40.8439 75.1292 Stream water -42.8
04-CTS-03 41.6696 78.2542 Stream water 7/28/04 -42.8
05-AB-25 40.8249 75.2911 Stream water 7/23/05 -42.5
04-CTS-04 41.6847 78.3165 Stream water 7/28/04 423
04-CTS-28 41.7635 77.7678 Stream water 7/31/04 -42.3
04-CTS-26 41.6776 77.6295 River water 7/31/04 -42.2
04-WA-73 41.4491 76.2365 Well water June/July 2004 -42.1
04-AB-01 41.1649 75.8182 River water 7/14/04 -41.9
KYRO07-04 40.8136 75.2295 Stream water -41.7
04-CTS-27 41.7414 77.7926 Stream water 7/31/04 -41.7
04-NO-02 422183 75.6998 River water 7/24/04 -41.7
04-CTS-01 41.6203 78.0602 River 7/28/04 -41.6
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Table 5.2. continued.

Strat. position (m) Agemodel A Age model B (Ma) 80, %o 3"3C, %o

Sample® Latitude Longitude  /Lithology/water source®  (Ma) /Unit age® /Date collected* (PDB)® (PDB)
04-AB-02 40.8282 75.2121 Stream water 7/14/04 -41.6
KYRO07-71 41.2001 75.7367 River water -41.5
KB-08 42.9391 78.3258 River 7/1/03 -41.4
04-CTS-06 41.7702 78.4063 Glacial melt 7/29/04 -41.3
04-NO-01 41.8316 75.7716 River water 7/18/04 -41.3
04-WA-66 41.4587 76.4511 River water June/July 2004 -41.2
04-CTS-33 42.0660 77.5941 River water 8/1/04 -41.2
04-1K-41 42.5699 76.7540 Tap water 8/18/04 -41.2
05-AB-80 40.8249 75.2911 Stream water 9/10/05 -41.1
Bos-Prec-15 42.6587 77.2031 Rain water 11/23/04 -41.1
KYRO07-51 41.0333 75.0564 Stream water -41.0
04-CTS-17 41.7474 78.4204 Spring water 7/30/04 -41.0
04-CH-01 42.6595 75.8881 Spring water 8/7/04 -41.0
04-AB-17 40.8231 75.2893 Stream water 7/17/04 -41.0
IK-21 42.6606 77.2026 9/15/03 -40.9
05-AB-29 40.8403 75.2152 Stream water 9/5/05 -40.9
05-AB-21 40.8111 75.2298 Stream water 7/21/05 -40.9
KYRO07-50 41.0555 75.0974 Stream water -40.8
KB-10 42.8432 78.3331 River 7/1/03 -40.8
06-TP-66 40.8238 75.2901 Stream winter 05/06 -40.7
05-AB-82 40.8237 75.2901 Stream water 10/15/05 -40.6
06-AB-44 40.8238 75.2901 Stream water 7/28/06 -40.6
KB-06 42.9308 78.3228 River 6/29/03 -40.4
KYRO07-83 42.6493 77.1991 Spring water -40.4
06-AB-44 40.8238 75.2901 Stream water 7/28/06 -40.4
05-AB-03 40.8415 75.2149 Stream water 7/19/05 -40.3
IK-24 42.6468 77.2010 Spring water 10/23/03 -40.3
04-CTS-32 41.8681 77.7384 Lake water 8/1/04 -40.2
KYRO05-AB99 40.8236 75.2901 Stream 10/18/05 -40.2
IK-14 41.9553 77.6479 River 8/30/03 -40.2
IK-08 42.7586 76.9896 Glacial melt 8/19/03 -40.2
04-CTS-02 41.6298 78.1864 River water 7/28/04 -40.2
KYRO07-72 41.4241 76.0207 River water -40.1
KYR07-84 42.6654 77.2090 Tap water -40.1
1K-07 42.7801 76.9598 Glacial melt 8/19/03 -40.1
IK-12 41.8686 77.6645 Glacial melt 8/29/03 -40.0
IK-20 42.6606 77.2026 Tap water 9/15/03 -40.0
Bos-Prec-03 42.6587 77.2031 Rain water 3/17/04 -39.8
TR-01 40.8231 75.2893 River 8/12/03 -39.7
KYRO07-30 40.8236 75.2900 Stream water -39.6
1K-32 42.6587 77.2031 Snow 2/17/04 -39.6
KYRO07-69 40.8234 75.2898 Stream water -39.6
KYRO07-85 42.6705 77.2068 Irrigation water -39.5
05-AB-84 40.8393 75.2155 Stream water 10/15/05 -394
05-1K-03 42.6706 77.2068 Rain water -39.0
04-CTS-10 41.7662 78.4097 Spring water 7/30/04 -38.9
04-AB-10 40.7511 75.2592 Snow 7/16/04 -38.6
04-WA-75 41.7643 75.2801 Rain water June/July 2004 -38.6
KYRO07-01 40.8386 75.2154 Stream water -38.2
04-1K-34 42.6453 77.2080 Pond water 8/12/04 -38.1
Bos-Prec-02 42.6587 77.2031 Rain water 3/16/04 -38.1
KYR07-80 42.6448 77.2120 Pond water -38.0
Bos-Prec-14 42.6587 77.2031 Rain water 10/27/04 -37.8
04-WA-72 41.7568 75.1089 Rain water June/July 2004 -37.4
04-WA-79 40.8231 75.2893 Rain water June/July 2004 -37.3
Bos-Prec-07 42.6587 77.2031 Rain water 5/24/04 -36.8
IK-19 42.6606 77.2026 Rain 9/15/03 -36.6
05-1K-66 42.6591 77.2030 Rain 9/29/2005 -36.5
05-1K-68 42.6591 77.2030 Rainwater 10/11/05 -36.1
05-1K-67 42.6591 77.2030 Rainwater 10/24/2005 -35.7
04-CTS-31 41.8155 77.7528 Hail 7/31/04 -35.6
Bos-Prec-01 42.6587 77.2031 Snow 3/11/04 -354
04-WA-71 41.4587 76.4511 Rain water June/July 2004 -35.1
Bos-Prec-11 42.6587 77.2031 Rain water 9/16/04 -35.0
Bos-Prec-05 42.6587 77.2031 Rain water 4/22/04 -34.9
Bos-Prec-04 42.6587 77.2031 Snow/Rain 3/22/04 -34.8
Bos-Prec-12 42.6587 77.2031 Rain water 9/21/04 -34.8
Bos-Prec-06 42.6587 77.2031 Rain water 5/7/04 -34.5
1IK-01 42.6606 77.2026 Rain 7/5/03 -34.2
04-CTS-25 41.6541 77.8473 Pond water 7/31/04 -33.8
Bos-Prec-09 42.6587 77.2031 Rain water 8/30/04 -33.5
05-1K-05 42.6706 77.2068 Rain water 8/24/2005 -33.4
05-1K-18 42.6706 77.2068 Rain water 8/26/2005 -32.7
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Table 5.2. continued.

Strat. position (m) Agemodel A Age model B (Ma) 80, %o 3"3C, %o

Sample® Latitude Longitude  /Lithology/water source®  (Ma) /Unit age® /Date collected* (PDB)® (PDB)
KYR07-02 40.8194 75.2281 Hail/Snow -32.7
IK-02 42.6606 77.2026 Rain 7/10/03 -32.6
04-1K-35 42.6438 77.2118 pond water 8/12/04 -32.6
Bos-Prec-13 42.6587 77.2031 Rain water 10/7/04 -32.5
05-IK-01 42.6706 77.2068 Rain water 7/30/05 -324
05-IK-02 42.6706 77.2068 Rain water 2/8/05 -323
KB-04 42.9391 78.3258 Rain 6/28/03 -32.2
Bos-Prec-08 42.6587 77.2031 Rain water 5/30/04 -31.5
04-1K-44 42.6685 77.2712 Rain water 8/21/04 -31.3
05-IK-20 42.6591 77.2030 Rain water 1/9/05 -31.1
04-1K-04 42.6468 77.2010 Issyk Kul 5/9/04 -31.1
04-IK-06 42.6468 77.2010 Issyk Kul 5/29/04 -31.0
04-IK-05 42.6468 77.2010 Issyk Kul 5/19/04 -30.9
04-1K-12 42.6468 77.2010 Issyk Kul 8/11/04 -30.9
04-1IK-03 42.6468 77.2010 Issyk Kul 4/21/04 -30.9
IK-28 42.6468 77.2010 Issyk Kul 11/22/03 -30.8
KYRO07-82 42.6469 77.2013 lake water -30.8
04-1K-07 42.6468 77.2010 Issyk Kul 6/10/04 -30.8
04-IK-11 42.6468 77.2010 Issyk Kul 8/4/04 -30.8
KYRO05-IK35 42.6469 77.2012 Lake 11/27/05 -30.7
IK-25 42.6468 77.2010 Issyk Kul 11/1/03 -30.7
05-AB-65 40.7082 75.3815 Lake water 9/8/05 -30.6
04-1K-02 42.6468 77.2010 Issyk Kul 4/1/04 -30.6
IK-04 42.6606 77.2026 Rain 8/4/03 -30.5
04-IK-08 42.6468 77.2010 Issyk Kul 6/20/04 -30.5
04-1K-10 42.6468 77.2010 Issyk Kul 7/19/04 -30.5
04-CTS-24 41.6480 77.8585 Pond water 7/31/04 -30.3
IK-30 42.6468 77.2010 Issyk Kul 12/21/03 -30.3
04-1K-30 42.6595 77.2028 Rain water -29.8
Bos-Prec-10 42.6587 77.2031 Rain water 9/3/04 -29.1
04-1K-01 42.6468 77.2010 Issyk Kul 3/11/04 -28.5

* 53 carbonate-bearing mudstone and siltstone samples and 3 carbonate-bearing basement samples were powderized using a dentral drill.
Between 0.18 and 0.60 mg of these powders were loaded into sealed reactivation vessels, flushed with helium gas and reacted at 72°C with
phosphoric acid using a Thermo GasBench II. Isotope ratios were measured in continuous flow mode using a MAT253 gas mass
spectrometer in the Goethe University-BiK-F Stable Isotope Laboratory in Frankfurt. Due to the variable carbonate contents of the samples,
we adjusted the sample sizes to match standard sample size during the mass spectrometric measurements. Based on repeated analyses of
reference materials NBS-19 and two different in-house standards analytical precision was determined to be <0.1%o for both 5"°C and3'*0.
Random samples were duplicated and tested for consistency and the raw isotope data were corrected for mass bias, signal size, and offset
from the certified reference values similar to methods described in Spétl and Vennemann [2003].

The §'30 values of 128 modern water samples were measured at the the University of Utah by three different methods; CO, equilibration via
GC-IRMS using a Finnigan MAT 252, pyrolization in a thermochemical elemental analyzer furnace (TCEA; ThermoFinnigan) prior to
IRMS analysis in continuous flow mode (ThermoFinnigan Delta Plus XL), and wavelength-scanned cavity ring down spectroscopy (Picarro
L1102-i). Data quality was assured by replicate analyses of unknowns and by extensive analysis of three internal standards intercalibrated
with VSMOW and SLAP.
® Stratigraphic position of sediment sample in meters. Lithology of basement samples. Water source for modern water samples.
¢ For sediment samples the age from model A is stated. For basement samples the age of the unit from [Knauf, 1965; Turchinskiy, 1970] is
stated.

4 For sediment samples the age from model B is stated. For modern water samples the date of collection is given; typically as
month/day/year.
¢ The §"80 values for basement and modern water samples were measured with respect to the Standard Mean Ocean Water (SMOW)

standard . These values were converted to the Pee Dee Belemnite (PDB) standard using the equation of Friedmann and O’Neil [1977],
which is stated below.
3"*Oppp = 0.97006* 5'"*Osvow — 29.94

Figure 5.5. (a) Phanerozoic probability density functions (PDF) of zircon U-Pb ages. Calculated using Isoplot
[Ludwig, 2003]. See supplementary material for complete dataset. (b) Percentages of zircon ages from different
age groups, which are based on the available ages for intrusions across the region (Figure 5.1c). pre€:
Precambrian (>541 Ma); €-O:Cambrian-Early Ordovician (541-470 Ma); O-S: Middle Ordovician-Silurian
(470-419 Ma); D-C: Devonian-Carboniferous (419-323 Ma); Meso: Mesozoic (252-66 Ma). (c) Percentages of
different age populations from basement zircon ages from different terranes south of the Issyk Kul basin (Figure
5.1c). NTS: North Tien Shan terrane; MTS: Middle Tien Shan terrane; STS: Southern Tien Shan terrane.
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Figure 5.6. (a-b) 3'°0 and 5'"°C values plotted against stratigraphic positions from the Chon Kyzylsu (left) and
Jeti Oguz (right) sections. Black lines and green areas represent a 5-point moving mean and the associated
standard deviations, respectively. (c-d) 8'*0 and 8'"°C values plotted against age from the two different
magnetostratigraphically derived age models. Note the adjusted position of the red line denoting increase 5'*0
scatter.

5.4. Discussion
5.4.1. Sediment provenance

Imbricated clasts from the Dzhety Oguz formation indicate that the fluvial system drained
northwards (Figure 5.4a).  Furthermore, the conglomerates are dominated by granitic and
metasedimentary clasts (Figure 5.4c), both of which are widespread in the Terskey Range,
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immediately to the south of the basin (Figure 5.2). These observations imply that the Dzhety Oguz
formation in the south-east part of the basin was sourced from the south.

As discussed in Section 5.2.2, each of the three Paleozoic terranes (Northern, Middle and
Southern Tien Shan terranes) contains igneous intrusions with different ages. Comparison between
zircon U-Pb ages obtained from the sediments and basement lithologies provides a means to assess the
contribution of these terranes to sediments in the Issyk Kul basin. For example, the significant amount
(up to 25% in the Dzhety Oguz formation) of Cambrian—Early Ordovician zircons ages (541-470 Ma)
obtained from the sediments have likely been sourced from the Northern Tien Shan, as the available
basement data suggests that igneous bodies with a similar age are absent from the Middle Tien Shan
and relatively rare in the Southern Tien Shan (Figures 5.1c and 5.5¢). Although the other age
populations could have come from any of the three terranes, their relative abundances are generally
not consistent with either a Middle or Southern Tien Shan source. The middle Ordovician—Silurian
ages (470—419 Ma), which account for the majority of analysed zircons in most samples (Figure 5.5b)
are most abundant in the Northern Tien Shan terrene, and are particularly common in the modern
catchments of the Jeti Oguz and Chon Kyzylsu sections (Figure 5.2). More significantly, very few
Precambrian ages were obtained from the sediments (<9%). In contrast, >50% of the analyses
performed on igneous bodies from the Middle Tien Shan terrane yielded Precambrian U-Pb ages
(Figure 5.5¢), implying that the Middle Tien Shan terrane was not a significant source. Rather, we
suggest that the few Precambrian grains found in the Issyk Kul basin are recycled from zircon-bearing
Precambrian metasedimentary sequences in the North Tien Shan terrane. It therefore seems likely that
the sediments of the Issyk Kul basin were sourced exclusively from the Northern Tien Shan basement
lithologies in the Terskey Range. This suggests that the drainage divide has remained near the present
location since before the onset of late Cenozoic deformation in the Terskey Range, possibly reflecting
some residual topography across the region. Importantly, this means that the proximal, coarse-grained
sediments of the Dzhety Oguz formation have been sourced from the Terskey Range, supporting the
29-22 Ma onset of deformation inferred from the available thermochronological data (Chapters 2 and
3) [Macaulay et al., 2013; in review], and further constraining it to before 26 Ma.

5.4.2. Stable isotopes

Variations in the 80 and 8"°C obtained from authigenic carbonates are increasingly used in
Central Asia to identify changes in the isotopic value of moisture delivered to an area, and the type
and amount of vegetation cover [e.g. Graham et al., 2005; Kent-Corson et al., 2009; Bershaw et al.,
2012; Charreau et al., 2012]. Ultimately, these changes could be driven by global or regional climatic
variations, topographic changes or shifting moisture sources [e.g. Cole et al., 1999; Blisniuk and
Stern, 2005]. These mechanisms seldom operate in isolation, and the isotopic signal usually reflects
the cumulative effects of multiple competing factors. Understanding the respective roles and
magnitudes of potential drivers, as well as any feedback relationships between them, is therefore
essential for interpreting stable isotope data and identifying the likely causes of variations. In this
section, we first discuss the initial isotopic signal from over-bank deposits (Section 5.4.2.1); before
discussing potentially contamination of this initial signal (Section 5.4.2.2) and the effects of different
vegetation on the 3"°C signal (Section 5.4.2.3). Subsequently, in Section 5.4.2.4, stable isotope data
from the sediments are used to differentiate between the two age models derived from
magnetostratigraphy (Chapter 4) [Wack et al., in review]. Finally, in Sections 5.4.2.5 and 5.4.2.6, the
two distinctive features observed in the Chon Kyzylsu section (Section 5.3.3) are discussed and
interpreted.
5.4.2.1. Isotopic signal from over-bank deposits

3'*0 analysis of carbonate in paleosols usually aims to estimate the isotopic composition of water
that infiltrated the sampled sediments soon after deposition. Typically, this carbonate accumulates
over tens of thousands of years and the derived 8'*O values represent a time-averaged signal of soil
water [Rowley and Garzione, 2007]. This in turn is interpreted to reflect the long-term isotopic
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composition of local precipitation [Quade et al., 2007]. In contrast, 8'*0 values obtained from
lacustrine sediments will ideally reflect the isotopic composition of lake water, and therefore the
derived values are controlled by precipitation delivered across the whole catchment and from the
hydraulic balance of the lake [Leng et al., 2006]. Similarly, 5"°C values from paleosols and lacustrine
samples reflect carbon input into the soils from organic material that was either sourced locally or
from the entire catchment area, which underwent decomposition in the soil or at the bottom of the lake
[Leng et al., 2006; Quade et al., 2007]. For further comparison between the isotopic signals derived
from paleosol and lacustrine samples see Ballato et al. [2010].

In the Dzhety Oguz formation neither lacustrine sediments nor paleosol horizons were available,
and samples were instead collected from over-bank deposits (Section 5.3.3). In these settings, the
initial 3'*0 values of authigenic carbonate likely reflects moisture delivered to the upstream portion of
the catchment area that accumulated during periods of flooding, as well as the effects of any
subsequent evaporation. Similarly, 8"°C values of the sampled sediments likely reflect a combination
of organic matter derived from upstream within the catchment that was deposited during flooding of
the river system and vegetation that subsequently grew on the flood plain. Therefore, the initial
isotopic signal obtained from over-bank deposits is likely to be controlled by moisture and vegetation
from the entire catchment area, as it is in lacustrine settings.
5.4.2.2. Potential contamination of initial authigenic isotopic signal

Ideally, the derived isotopic values will reflect authigenic carbonate that precipitated from
surficial water and vegetation around the time of deposition. However, this initial isotopic signal may
become obscured by recrystallisation of carbonate during burial and diagenesis. The magnitude of this
modification depends on the diagenetic history of the sediment, with higher temperature
recrystallisation and fluid-mineral interaction being the most detrimental to the preservation of the
initial signal [Garzione et al., 2004]. Diagenetic modification is particularly problematic for the §'*O
values, which can be altered by the interaction with considerably smaller volumes of fluid compared to
the 8"°C values [Banner and Hanson, 1990; Leier et al., 2009]. However, if this did occur, the §'*0
values are likely to become homogeneous over closely spaced samples. Therefore, given the
significant isotopic variations identified between samples in relatively close proximity from the Chon
Kyzylsu section (Figure 5.6a), a major diagenetic overprint seems unlikely. Furthermore, no evidence
of veining or sparry calcite was identified in the field or in thin sections of samples, suggesting that
diagenetic overprint and secondary calcite growth have not occurred.

Another potential source of carbonate that could lead to the analyzed sediment stable isotope
values that are not representative of syn-depositional surficial waters and vegetation is detrital
carbonate sourced from basement lithologies. As discussed in Section 5.4.1, sediments of the Dzhety
Oguz formation are sourced from the Terskey Range, which contains some carbonate-bearing
Precambrian metasediments and Paleozoic sediments. Despite sampling the sedimentary matrix and
avoiding detrital clasts, it is possible that some detrital carbonate could have been sampled. However,
if that were to be the case, the 8"°C values obtained from the sediments (between -9 and -3%o) should
be significantly higher, as basement samples yielded values from -2.89 to 1.2%.. Moreover,
fluctuations in 8"C values cannot be correlated with any change in sedimentary provenance and
therefore are unlikely to reflect variations in the contributions of different carbonate-bearing basement
sources. Furthermore, the red pigmentation of the sediments indicates that deposition occurred under
oxidizing conditions [e.g. Walker, 1967]. This is significant as it suggests that groundwater around the
time of deposition did not become isolated from soil CO,, leading to sulphate reducing conditions or
methanogenesis, both of which involve exchanges between the initial carbonates and other carbonate
reservoirs, such as detrital carbonate rocks or methane gas [ Quade and Roe, 1999]. For these reasons,
we suggest that our derived isotopic signals from the over-bank deposits reflect the early groundwater
conditions, and that these values can be used to reconstruct paleo-climate and environmental
conditions [e.g. Quade and Roe, 1999].
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5.4.2.3. Vegetation inferences

3"C values are influenced by the composition of the local vegetation present at the time of
deposition, in particular the relative abundances of C3 versus C4 plants and soil respiration [ Cerling et
al., 1993]. Environments dominated by C3 plants precipitate carbonate with 3"°C values of ca. -
12.2%o, compared to values of ~2%o in C4 dominated areas [Quade et al., 1995]. §"C values from the
Dzhety Oguz Formation range between -9.4 and -3.0%o, with a mean value of -6.7%o (Table 5.2).
Therefore, our results are intermediate between the two end members, and could reflect the presence
of both C3 and C4 plants in the catchment area, or C3-dominated vegetation that was either under
water stress caused by seasonal precipitation or had low soil respiration rates, whereby atmospheric
CO, had a significant effect on the derived isotopic values [Charreau et al., 2012]. However, the
available pollen data suggests that the vegetation cover at the time of deposition was dominated by C3
plants [Fortuna, 1983]. Furthermore, globally and within Central Asia, most data suggest that the
expansion of C4 plants occurred after ~8 Ma [Cerling et al., 1993; 1997; Molnar, 2005; Zhang et al.,
2009], and therefore, significantly post-dates the 26—-11 Ma ages of the sampled Dzhety Oguz
formation. Consequently, our results are consistent with C3-dominated vegetation which were either
affected by highly seasonal precipitation or low soil respiration rates, rather than a mixture of C3 and
C4 plants.
5.4.2.4. Stable isotope values over time

Key features identified in the isotopic record can be used to correlate the two sections, providing
a means of evaluating and discriminating between the two different magnetostratigraphic age models
derived from magnetostratigraphic correlations (Figure 5.4e). The most useful of these is the
decreasing 3"C trend identified in the lowermost ~250 m in the Chon Kyzylsu section, which is
discussed and interpreted in Section 5.4.2.5. In model A, the lowermost sample from the Jeti Oguz
section (JTP50) has an inferred age of 22.5 Ma and therefore postdates the interval of decreasing 8'"°C
values observed at the Chon Kyzylsu section (~26-23.6 Ma). In contrast, model B suggests that the
same sample has an age of 23 Ma, and overlaps by 2 Myr with the interval of decreasing 8"°C values.
In total, six samples from the Jeti Oguz section overlap with the negative 8"°C trend in model B; §"°C
values from these samples are offset by ~1 to 4%o from Chon Kyzylsu section samples of similar age
(Figure 5.6d). Importantly, four of these samples also show similar offsets when the data from the
Chon Kyzylsu and Jeti Oguz sections are plotted against model A. Such an isotopic offset between the
Chon Kyzylsu and Jeti Oguz sections is unlikely to relate to climatic or environmental differences
between two sections separated by only 15 km along depositional strike. Furthermore, provenance
data suggests that the catchments have not changed significantly in size during the deposition of the
Dzhety Oguz formation (Section 5.4.1) and the hyposmetries of similarly sized, adjacent catchments
would probably have been consistent. Instead, the discrepancies likely relates to fluctuations in
moisture availability, sources of moisture, seasonality or amount of evaporation that are beyond the
resolution of our dataset. This interpretation seems to be more consistent with age model A, as the
four offset samples are found when 5"°C and 5'®O values from Chon Kyzylsu are more scattered
(Figure 5.6a+c). In contrast, in model B the offset samples are located where stable isotope data from
Chon Kyzylsu are less variable (Figure 5.6a+d). Additionally, the 3.2 Myr age difference between the
base of the Chon Kyzylsu and Jeti Oguz sections in model A also explains the lack of the decreasing
average grain size trend in the Jeti Oguz section and the absence of a decrease 8"°C trend of similar
magnitude to that observed at the Chon Kyzylsu section (Figures 5.4b and 5.6a+b). The significance
of this grain size reduction in terms of the depositional history of the basin is discussed in Section
5.4.2.5. For the reasons outlined above, we favour model A.
5.4.2.5. Decreasing 8"°C values between 0 and 250 m in the Chon Kyzylsu section

The decreasing 8"°C trend could reflect either decreasing hydraulic stress on the C3-dominated
vegetation, progressively higher soil respiration rates, or reduced influence of atmospheric CO, caused
by an up-section decrease in porosity and permeability brought about by the observed decrease in the
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grain size (Figure 5.3b). However, for this latter interpretation, it is worth bearing in mind that the
observed decrease in grain size relates to the averages of every measured bed, and not the over-bank
deposits from which stable isotope samples were collected. The porosity and permeability of these
beds appears to remain relatively consistent throughout the section, suggesting that the interaction
between soil and atmospheric CO, has not significantly varied and cannot account for the decreasing
8"C values in the lowermost ~250 m. The remaining two interpretations both point to wetter
conditions during the deposition of this portion of the section. Plotting the 8"°C values against the
preferred age model A (Section 5.4.2.4) suggests that the Chon Kyzylsu catchment was getting
progressively wetter between ~26.0 and 23.6 Ma (Figure 5.6¢). Importantly, previously published
pollen data from a similar time interval in the Kazakh Shield (Figure 5.1a) suggests that precipitation
decreased between ~25 and 20 Ma (Figure 5.7) [Akhmetyev et al., 2005]. The occurrence of this
precipitation decrease in low relief regions of Central Asia implies that the progressively wetter
conditions inferred from our data is unlikely to reflect global or even regional climatic changes.
Instead, we suggest that the progressively wetter conditions in the Issyk Kul basin is linked to surface
uplift in the Terskey Range to the south. An onset age of 29-26 Ma has been inferred for deformation
and rock uplift in the Terskey Range on the basis of thermochronological data (Section 3.5.2)
[Macaulay et al., in review] and refined with magnetostratigraphic and sediment provenance data
(Chapter 4) [Wack et al., in review] (Section 5.4.1). If our interpretation is correct, this suggests that
sufficient topography had developed within the Terskey Range within 3 Myr such that further surface
uplift influenced local precipitation. This progressive increase in orographic precipitation need not
reflect significant, kilometer-scale topographic relief, and could feasibly relate to relatively minor
elevation differences between the Terskey Range and the Issyk Kul basin.

Surface uplift in the Terskey Range also provides an explanation for the coincident decrease in
the average grain size that has been observed in the lowermost ~250 m portion of the Chon Kyzylsu
section (Figure 5.3b). Crustal shortening accompanied by surface uplift within the range would
increase the topographic load, promoting more flexural subsidence in the basin, which turn could have
induced a gradual facies retrogradation, whereby coarser grained sediments are replaced by
progressively smaller grain sizes at a particular position within the basin. Furthermore, higher flexural
subsidence is potentially supported by the instantancous sedimentation rates derived from
magnetostratigraphic data, which despite considerable scatter, suggest that the highest rates are found
in the lowermost portion of the Chon Kyzylsu section in model A (Chapter 4) [ Wack et al., in review].
5.4.2.6. Increased '°O scatter after ~420 m in the Chon Kyzylsu section

The second stable isotope feature observed at Chon Kyzylsu involves increased 8'°0 scatter at
~420 m (Figure 5.6a), corresponding to ~21.7 Ma in model A (Figure 5.6c). However, the addition of
samples from the Jeti Oguz section suggests that this increased scatter could have started slightly
earlier at ~22.6 Ma (Figure 5.6¢). Increased scatter in the '*O values could be caused by short-term
fluctuations in moisture availability, sources of moisture, seasonality or amount of evaporation.
Interestingly, this adjusted age (~22.6 Ma) is approximately coincident with the global transition from
the late Oligocene warm period to the Mi-1 glaciations at ~23 Ma [Zachos et al., 2001]. Following
this transition, there were a series of small, intermittent glaciations, each of which would have
presumably led to fluctuations in the availability of moisture or a reorganisation of atmospheric
circulation leading to changing moisture sources. Therefore, we suggest that the onset of these
Miocene glaciations explains the increased scatter of the 'O data at ~22.6 Ma, although at the
moment we lack the temporal resolution to determine the associated climatic changes in the Issyk Kul
basin.
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Figure 5.7. (a) Comparison between global and Central Asian climate. Compilation of global 8'°0 records
[Zachos et al., 2001] shown by black line and grey swath, which are plotted against the left y-axis and denote a
5-point moving average and the standard deviation, respectively. Trends of annual temperature and precipitation
in Central Asia shown by red and blue lines [Akhmetyev et al., 2005]. These trends have been inferred from
pollen data in the Zaisanskaya depression of eastern Kazakhstan (Figure 5.1a). Timing of glaciations (Oi-1 and
Mi-1), the Late Oligocene warm period and the Mid-Miocene climatic optimum from Zachos et al. [2001]; other
glaciations marked with asterisk (Mi-1a, Mi-1b and Mi-2) from Billups et al. [2002]. (b) Inferences from stable
isotope in and around the Tien Shan. Blue denotes periods when stable isotope values decrease, while red
indicates either higher stable isotope values or more scatter in data.

5.5. Conclusions

Zircon U-Pb provenance ages, conglomerate clast analysis and paleocurrent data identify the
Terskey Range as the dominant source of sediment in the south-eastern Issyk Kul basin. Crucially,
this includes the first syn-tectonic sediments to be deposited (Dzhety Oguz formation), supporting and
refining the available thermochronology-based estimates for the onset of deformation in the nearby
Terskey Range to 29-26 Ma.

Over-bank deposits from the Dzhety Oguz formation provide the first stable isotope record of
climate from an intermontane basin within the Tien Shan. Firstly, this stable isotope data from the two
adjacent sections can be compared and used to evaluate accuracy of the two magnetostratigraphic age
models. Based on this comparison, we prefer ages from the visual magnetostratigraphic correlation
(model A), where the Dzhety Oguz formation was deposited from 26.0 to 16.2 Ma at Chon Kyzylsu
and 22.8 to 13.3 Ma at the Jeti Oguz section (Chapter 4) [Wack et al., in review]. The 80 values
from these sediments are relatively consistent with that expected from calcite precipitates from the
modern water samples, and likely reflects the fact that moisture delivered to the region has had to
travel great distances and become depleted in '*O. Within our stable isotope record, we have
identified two key features. The first is a progressive decrease in 5'"°C values in the lowermost ~250 m
of the Dzhety Oguz formation at Chon Kyzylsu (Figure 5.6a), which is interpreted to reflect the region
becoming gradually wetter between ~26.0 and 23.6 Ma (Figure 5.6¢), as a result of progressively more
orographic precipitation as the topography of the Terskey Range increased after the onset of
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deformation at 29-26 Ma. Importantly, this provides the first solid evidence that surface uplift
accompanied late Cenozoic deformation and rock uplift in the Terskey Range. Subsequently at ~22.6
Ma, the second key feature occurs, where scatter in the stable isotopic data increases. We interpret
this change to reflect more variability in moisture availability or sources caused by global climate
fluctuations following the transition from the late Oligocene warm period to the early Miocene
glaciations (Figure 5.7). Although our climate interpretations are admittedly speculative because our
database is small, the sediments stored in the Issyk Kul basin and other intermontane basins within the
Tien Shan clearly represent an important archive for understanding climate variations in high
elevation, intra-continental settings and for constraining the spatiotemporal distribution of surface
uplift.
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Chapter 6.
Discussion and conclusions

The main objective of this thesis has been to identify and date changes in tectonic deformation,
climate and surface processes in order to better understand the orogenic evolution of the Central
Kyrgyz Tien Shan. This goal has largely been achieved by using a diverse collection of datasets to
constrain and infer the exhumation, sedimentation, deformation and climatic histories of many
mountain ranges and intermontane basins in the Central Kyrgyz Tien Shan. In doing so, I have been
able to constrain the timing of deformation in a transect through the Tien Shan for the first time, and
identify variations in the amount of horizontal crustal shortening, which in turn significantly affected
exhumation and sedimentation across the region.

In Section 6.1, I first integrate new observations and constraints based on thermochronological,
geological, magnetostratiphic, sedimentological, and paleo-climate proxy data, and summarize the key
events in the orogenic evolution of the Central Kyrgyz Tien Shan. In particular, I discuss possible
links and feedbacks between the tectonic, climatic and surface processes. These key events are
presented in a summary diagram (Figure 6.1). Subsequently, in Section 6.2, I discuss new constraints
on the structural architecture of the region and make inferences about how mountain ranges and
intermontane basins have grown and developed. Finally, in Section 6.3, I discuss some of the key
unresolved questions that have arisen during this study and future research directions that could
answer these questions and further improve our understanding of the Tien Shan’s orogenic evolution.

6.1. Late Cenozoic orogenic evolution of the Central Kyrgyz Tien Shan

The thermochronologic data presented in this thesis suggest at least two stages of Cenozoic
cooling occurred in most of the region’s mountain ranges: (1) initially low cooling rates (<1°C/Myr)
during the tectonic quiescent period and (2) increased cooling in the late Cenozoic, which occurs
diachronously and with variable magnitude in different ranges (Section 3.5.1, Figure 3.6). This
second cooling stage is interpreted to represent increased erosion caused by active deformation.
Together with geological estimates for the timing of deformation, the timing of this second cooling
stage allows the onset of deformation to be constrained in a transect through the Tien Shan for the first
time (Chapter 3).

The earliest estimates I have obtained for the onset of deformation are in the late Oligocene and
early Miocene; these are found in the Terskey Range (~29-18 Ma) and Sarajaz Range (>19 Ma)
(Figure 6.1a). Similar estimates are proposed for the Borkolodoy, Kaindy and Inylchek Ranges based
on the amount of late Cenozoic exhumation (Section 3.5.2). In previous studies, late Oligocene—early
Miocene estimates have been suggested for the Zailiy Range [De Grave et al., 2013], At Bashi Range
[Glorie et al., 2011] and Kokshaal Range [Sobel et al., 2006a] (see Figure 6.l1a for locations of
ranges). This initial deformation represents the first manifestation of tectonic forces related to the
India-Eurasia collision in the Central Kyrgyz Tien Shan, and likely involved the reactivation of the
frictionally weakest and most suitably orientated inherited structures available for accommodating
north-south directed horizontal shortening.

In the Terskey Range, this late Oligocene—early Miocene estimate of deformation is supported by
new magnetostratigraphic age constraints on the sedimentary record of the adjacent Issyk Kul basin
(Chapter 4). These data suggest that the first coarse grained sediments indicative of a proximal,
actively deforming source started being deposited at 26 Ma (Section 4.3.4). Interestingly, the basal
ages of this first syn-tectonic sedimentary unit differs by 3.2 Myr between two sections located <15
km apart (Figure 6.1a). Such diachronous deposition could reflect the eastward propagation of
deformation in the Terskey Range, which is also observed in thermochronologically-derived estimates
(Section 3.5.3). Alternatively, the diachroneity could be explained by minor topographic differences
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(<0.3 km) in the basin that took 3.2 Myr to be infilled because of the low sedimentation rates (~0.09
km/Myr). Either way, the deposition of this sedimentary unit was highly time-transgressive.

Comparing the available absolute ages for initial syn-tectonic sediments in different intermontane
basins reveals even larger time variations, at least as the locations where magnetostratigraphic studies
have been conducted. Deposition of these first syn-tectonic sediments started >13 Myr earlier in the
Issyk Kul basin than the Naryn basin (Figure 6.2a). This large time difference likely relates in part to
the position of the sampled sections with respect to actively deforming mountain ranges. In the Issyk
Kul basin, the magnetostratigraphically-derived basal ages presented in this thesis are presently
located <10 km from the source area in the Terskey Range. In contrast, the younger ages from the
Naryn basin were obtained from more distal settings [4bdrakhmatov et al., 2001]. Furthermore, many
of the mountain ranges that presently surround the Naryn basin were not actively deforming during the
deposition of the first syn-tectonic unit and the dated sections were likely located in the middle of a
large intermontane basin extending between the Terskey Range to the north and the At Bashi Range to
the south. Therefore, it is not surprising that such a large time variation is observed.

In the Issyk Kul basin, stable isotope data were collected from the two parallel
magnetostratigraphically-dated sections (Chapter 5). These data suggest that following the onset of
deformation in the Terskey Range, the region became progressively wetter (Figure 5.5). In Section
5.4.2.5, 1 have suggested that this reflects increased orographic precipitation within the Terskey
Range. These data provide the first evidence that surface uplift accompanied late Cenozoic
deformation and rock uplift in the Terskey Range; this is the first time a link between the development
of a specific mountain range and orographically enhanced precipitation has been documented in the
Tien Shan on the basis of climatic data. Moreover, sedimentological data reveals that this period of
surface uplift and wetter conditions coincided with a decrease in the average grain size, possibly
reflecting progressively more flexural subsidence in the basin caused by an increasing topographic
load (Section 5.4.2.5). If similar records were to become available for other intermontane basins, it
could provide an important tool for assessing surface uplift histories of individual mountain ranges and
investigating the interactions of tectonic, climatic and surface processes.

Subsequently, in the late Miocene (~12-5 Ma), deformation started in the Issyk Kul Broken
Foreland and Jetym Ranges. Importantly, the onset of deformation in these ranges does not coincide
with a decrease in exhumation of ranges that had started deforming earlier. Based on this observation,
I have suggested in Section 3.5.3 that the locus of deformation cannot have shifted in the late
Miocene; if this had occurred, there should have been a cessation or reduction in deformation and
presumably exhumation in the ranges that formed earlier to maintain the same bulk crustal shortening.
Instead, thermochronological data from the Terskey Range, which started deforming earlier at ~29-18
Ma, shows that exhumation actually increased in the late Miocene (Figure 3.6). Also at this time,
activity appears to have started on the Central Terskey Fault (CTF) (Section 2.4.3). Collectively, the
approximately coincident onset of deformation in the Issyk Kul Broken Foreland and Jetym Ranges,
the reactivation of the Central Terskey Fault, and the increased exhumation of the Terskey Range
suggests that there must have been an overall increase in the rate of horizontal crustal shortening.
Similar late Miocene increases in magnitude deformation have been proposed in numerous locations
within the Tien Shan [Abdrakhmatov et al., 1996; 2001; Sobel et al., 2006a; Glorie et al., 2010; 2011]
and has been linked to a regional change in Central Asian deformation [Sobel et al., 2011].

This late Miocene increase in the magnitude of deformation is approximately synchronous with
an inferred increase in sedimentation rate and a significant fining upwards change in sedimentary
facies distribution (Section 5.2). This change involves the transition between the first syn-tectonic unit
(Shamsi group) to the lighter coloured, better sorted and generally more fine-grained channelized sand
and conglomerates of the Chu group, which forms the main basin filling unit of the Central Kyrgyz
Tien Shan [Abdrakhmatov et al., 2001]. Such a change in sedimentation rates and facies distribution
could conceivably be caused by tectonic or climatic changes [e.g. Allen et al., 2013]. In the former
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case, increased shortening across the Central Kyrgyz Tien Shan could have promoted increased
tectonic subsidence within intermontane basins, thus explaining the increased sedimentation rates.
Moreover, provided that the sediment supply did not significantly outpace basin subsidence, increased
tectonic subsidence could also account for the retrogradation of sedimentary facies, which has been
observed at numerous locations between the Shamsi and Chu groups [Abdrakhmatov et al., 2001;
Burgette, 2008; Selander et al., 2012]. Alternatively, pollen data suggest that since the late Miocene,
the Central Kyrgyz Tien Shan became more arid [Fortuna, 1983], which could potentially have
reduced sediment supply into the basin and caused facies retrogradation. However, in the
thermochronological data from the Terskey Range, the decrease in exhumation that would be expected
to accompany a reduction in the supply of sediment is not observed (Chapter 2 and 3). For this reason,
I favour the former interpretation where the sedimentary change is tectonically driven.

The last stage in the orogenic evolution of the Central Kyrgyz Tien Shan involves the onset of
deformation in the Kungey [Selander et al., 2012], Karakudjur, Naryntoo and Akshyirak Ranges
(Chapter 3) in the Pliocene—Pleistocene. The onset of deformation in these ranges also seems to
approximately coincide with a significant sedimentary change, although the precise timing remains
poorly constrained. This change involves the well-sorted channelized sand and conglomerate deposits
of the Chu group which are replaced by the poorly sorted conglomerates of the Sharpyldak group
[Abdrakhmatov et al., 2001]. Once again, this change could feasibly be caused by tectonic or climatic
forcing, which cannot presently be differentiated [Bullen et al., 2003; Sobel et al., 2006b; Burgette,
2008; Trifonov et al., 2008]. The summary of key events outlined above represents a significant step
forward in understanding the orogenic evolution of the Central Kyrgyz Tien Shan and provides a solid
framework for future studies that may uncover further details in the coupled tectonic and climatic
evolution of the region.

6.2. Structural architecture of the Central Kyrgyz Tien Shan

In addition to identifying and dating key events in the orogenic evolution of the Central Kyrgyz
Tien Shan, data presented in this thesis have also provided numerous new insights into the underlying
structural architecture of the region and the roles of individual structures in creating mountain ranges
and intermontane basins. Arguably, the most significant of these insights is determining which
inherited structures have been reactivated in the late Cenozoic and identifying their sense of
displacement. Many of these structures are located within mountain ranges and have basement
lithologies exposed on both sides. Therefore, field evidence of late Cenozoic reactivation is relatively
hard to come by, and in many cases, it was previously unclear whether many of these structures had
been reactivated. Based on the offset of thermochronological ages presented in this thesis, I have been
able to show that the Central Terskey Fault (CTF), Tyulek Fault (TF) and Southern Tien Shan Suture
(STSS) were reactivated in the late Cenozoic (Figure 6.1a); furthermore, I have been able to identify
the late Cenozoic relative sense of vertical displacement for the first time (Figure 3.4). Interestingly,
my thermochronological data suggests that the sense of vertical displacement often varies along strike.
For example, in the west, the Central Terskey Fault (CTF) has up-thrown its southern side, whereas in
the east, the northern side is up-thrown (Section 3.4.2). Similarly, other structures, like the Nikolaev
Line (NL), have only been reactivated in certain parts (Figure 6.1a). Most of the structures, in which
along-strike variations in vergence and the magnitude of displacement have been identified correspond
to steeply dipping Permian strike-slip faults [Bazhenov and Mikolaichuk, 2004]. For these steeply
dipping structures, even minor along-strike differences in the inherited geometry could result in a
change of vergence or the ability to accommodate dip-slip displacement, potentially providing an
explanation for the observed variations. The slip of most of these steeply dipping structures is directed
vertically, meaning that they can have a disproportionate influence of tectonically-driven rock uplift
and exhumation within a mountain range. Consequently, the along strike differences in the vergence
of the Central Terskey Fault (CTF) have significantly affected the magnitudes rock uplift and
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exhumation, which will have undoubtedly influenced the development of the Terskey Range.
Nevertheless, the contribution of these steeply dipping structures to horizontal shortening across the
Central Kyrgyz Tien Shan is negligible.

The vast majority of horizontal shortening appears to have been accommodated by range-
bounding faults (Chapter 2). In the Terskey Range, based on thermochronologically-derived structural
markers, | have suggested that the inclination of the range-bounding fault system to the north of the
range decreases with depth, causing block rotation or fault-bend folding within the range (Chapter 2).
Furthermore, new fault kinematic data from this range-bounding fault system suggests that it initially
developed around a reactivated structure, and then propagated northwards along newly initiated foot
wall short-cuts. A similar model involving the basin-ward propagation of range-bounding structures
has been proposed for the Kungey Range to the north of the Issyk Kul basin by Selander et al. [2012].
However, in the Kungey Range, the range-bounding faults have not reactivated inherited structures,
although their initiation may have been assisted by the Kungey and Kemin-Chilik Faults (KF) in the
middle of the range. The presence of the inherited structure within the fault system bounding the
Terskey Range can potentially explain why deformation started earlier there than in the Kungey
Range. Therefore, it seems likely that the inherited structures within the Central Kyrgyz Tien Shan
have dictated the spatiotemporal distribution of deformation, controlling the timing and locations of
range and basin development, and strongly influencing the pattern of exhumation within many
basement-cored ranges.

6.3. Remaining research questions and future directions

Despite the many new insights and constraints on the orogenic evolution of the Central Kyrgyz
Tien Shan derived from the data presented in this thesis, many important questions remain. To my
mind, arguably the most significant of these questions is what makes a particular inherited structure, or
part of the structure, more prone to tectonic reactivation? In this thesis, I have suggested that some of
the irregularities in the orogenic evolution of the Central Kyrgyz Tien Shan during the late Cenozoic,
such as the out-of-sequence onset of deformation (Chapter 3), relate to differences in the suitability
and susceptibility of inherited structures to tectonic reactivation. Crucially, however, the data
presented here are not able to identify why some structures are more prone to reactivation. If this
could be resolved by collecting detailed geological data from fault zones and determining the pre-
reactivation geometry of the structures, it would lead to a much more complete understanding of
orogenic development within the Central Kyrgyz Tien Shan and potentially other intra-continental
settings around the world.

In general, more quantitative constraints on deformation in the Central Kyrgyz Tien Shan are
needed to address many fundamental questions about the mechanics of tectonic processes in this intra-
continental setting. For example, constraining the timing and displacements of individual range-
bounding faults could provide valuable information about whether the initiation of new foot wall
short-cuts from a reactivated structure, as observed in the Terskey Range (Chapter 2), relates to a
decrease in the efficiency of slip on inherited structures or an erosional decrease across the mountain
range, as predicted from critical Coulomb wedge mechanics [Davis et al., 1983; Dahlen et al., 1984;
Dahlen, 1990]. Another potentially valuable source of information is the sedimentary record of
intermontane basins, which remains poorly constrained. Furthermore, if these age controls were
combined with stable isotope or other climatic proxy data, as in Chapter 5, the surface uplift history of
adjacent mountain ranges could also be inferred, providing important insights into the orogenic
evolution of the region. In particular, the comparison of climate conditions inferred from pre-tectonic
sediments of the Koktorpak/Suluterek group at multiple locations in both modern basins and mountain
ranges could provide an indication of any differences in elevation that may have existed in the early
Cenozoic, testing the hypothesis that during the period of tectonic quiescence the Central Kyrgyz Tien
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Shan had a relatively low relief [e.g. Chediya, 1986; Fortuna et al., 1994; Bullen et al., 2001; 2003;
Sobel et al., 2006b; De Grave et al., 2007; 2013; Glorie et al., 2011; Macaulay et al., 2013; in review].

Indeed, although this thesis has focussed on the late Cenozoic orogenic evolution of the Central
Kyrgyz Tien Shan, some of the data presented here have important implications for the earlier history
of the region, and have posed many new questions that I believe could prove to be fruitful avenues of
research. Potentially one of the most interesting and important unresolved questions concerns the
spatiotemporal distribution of Mesozoic deformation. Time-temperature modelling of
thermochronological data presented in this thesis suggests that the most pronounced Mesozoic cooling
occurred in the early Jurassic (Figure 3.2¢). I have interpreted this increased cooling to reflect active
deformation in the Central Kyrgyz Tien Shan. However, the spatial extent of this deformation remains
poorly constrained. This could be addressed by obtaining more zircon (U-Th-Sm)/He data, which
would allow the higher temperature portion of the cooling histories to better constrained in more
samples, and provide an indication as to whether increased cooling in the early Jurassic was
geographically widespread across the Tien Shan. Constraining the timing and location of this early
Jurassic deformational phase as well as other proposed Mesozoic—early Cenozoic deformation phases
[Sobel and Dumitru, 1997; Dumitru et al., 2001; De Grave et al., 2007; 2011a; 2011b; 2013; Glorie et
al., 2011] is essential to identify the causative mechanisms of active deformation at those times. In
particular, such data may clarify whether the various phases of Mesozoic deformation reflect delayed
responses to the accretion of terranes (e.g. the Qiantang, Lhasa and Kohistan-Dras collisions) along
the southern Eurasian margin or the closure of the Mongol-Okhotsk ocean to the east [Hendrix et al.,
1992; Dumitru et al., 2001; Jolivet et al., 2010].

In summary, although this study has merely scratched the surface in terms of understanding the
complex and highly irregular orogenic evolution of the Central Kyrgyz Tien Shan, I have provided a
strong temporal framework and chronology of key events upon which future work can build.
Furthermore, as I have shown in this thesis, by collecting numerous different robust datasets that
integrate tectonic deformation, climate, exhumation and sedimentation, it is possible to unravel the
complex evolution of the Central Kyrgyz Tien Shan and constrain the processes that have shaped its
development.

Figure 6.1. (a) Simplified geological map of Eastern Kyrgyzstan showing distribution of Precambrian and
Paleozoic basement (colours) and Mesozoic—Cenozoic sediments (grey) Different basement-cored ranges are
coloured, see legend for names. Names of ranges and intermontane basins are also shown by blue labels. Blue
outlined box shows the Barskoon region (Chapter 2). Red dots are the locations of magnetostratigraphic sections
(Chapters 4 and 5). Thick blue lines show location of major faults. Solid lines = active in late Cenozoic; dashed
line = non-active in late Cenozoic. KF: Kungey Fault and Kemin Chilik Fault; MTF: Main Terskey Fault (W, C,
E: West, Central and East segments); CTF: Central Terskey Fault; TF: Tyulek Fault; BaF: Baidulla Fault; NL:
Nikolaev Line; STSS: Southern Tien Shan Suture; UchF: Uchchat; KipF: Kipchak Fault. (b) Summary diagram
of exhumation, deformation, sedimentation and climate data from the Central Kyrgyz Tien Shan. Timing
inferred from previously published data shown by numbers in square brackets. 1: De Grave et al. [2013]; 2:
Selander et al. [2012]; 3: Fortuna [1983]; 4: Abdrakhmatov et al. [2001]; 5: Glorie et al. [2011]; 6: Sobel et al.
[2006a].
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Appendix 1

Appendix 1.
Thermochronological data from the Barskoon transect (Supplementary
material for Chapter 2)

In this appendix the thermochronological data from the 15 new samples used in Chapter 2 is
presented. In section Al.1, the methodology and procedures involved in thermochronological analysis
and thermal modelling are outlined. Apatite fission track (AFT) and (U-Th)/He (AHe) data are
presented in Tables Al.1 and Al.2, respectively. Thermal modelling results are presented in Figure
A1.2. Then in Section 1.2, the variability of AHe ages derived from the aliquots of the same sample is
discussed and evaluated using plots of AHe age against effective uranium (eU) and grain size (radius
of equivalent sphere) (Figure A1.3).

Al.1. Thermochronological methodology
Al1.1.1. AFT methodology

Thirteen samples were analysed using AFT, following preparation and analytical procedure
presented in Table Al.1. To increase the number of horizontal confined AFT length measured,
additional mounts of four samples were irradiated using **Cf [Carison et al., 1999]. Fission track
length histograms for all samples are presented in Figure Al.1.

AFT ages were determined using 13 to 25 grains per sample, except for two samples (SP2 and
SP3; Table Al.1) that contained insufficient countable grains. These samples failed the chi-squared
test and are reported as central ages (= 16) (Table A1.1). All other samples pass chi-squared and are
reported as pooled ages (+1c) (Table Al1.1). Statistics were calculated using the MacTrackX software;
following procedures of Galbraith [1981]. Kinetic properties for every grain dated and measured
were assessed by making at least four Dpar measurements [Ketcham, 1999], averaged and corrected
following Sobel and Seward [2010].

Al.1.2. AHe methodology

AHe ages were determined for 2-5 aliquots per sample; all data is presented in Table A1.2. Eight
samples were analysed at the University of Melbourne, typically using 3 grain aliquots. A further 4
samples were analysed at the Scottish Universities Environmental Research Centre (SUERC) using
single grain aliquots. Corrections are made for the ejection of alpha particles (*He) produced by the
decay of uranium and thorium (and samarium) atoms near the margins of a crystal [Farley et al.,
1996]. The correction factor is calculated on the basis of grain size for single aliquots analysed at
SUERC, or by taking the mean grain size for multiple grain aliquots analysed at the University of
Melbourne. Helium was released during degassing experiments on all aliquots, except for NP2-1 and
NP4-1 where helium levels did not increase beyond the background level; these aliquots are therefore
discarded and not considered.
A1.1.3. Thermal modelling

Thermal modelling of individual samples was carried out using the HeFTy program [Ketcham,
2005]. The AFT annealing model of Ketcham et al. [2007] and the AHe calibration of Flowers et al.
[2009] were used. Inputs included AFT lengths, single grain AFT ages, kinetic parameters (Dpar) and
selected AHe aliquots. AFT lengths were adjusted for their angle to the crystallographic axis, and the
*2Cf-irradiation option was used where appropriate. The program generates synthetic
thermochronologic data for a particular time-temperature history using a Monte Carlo approach that is
then compared with the observed data and evaluated to determine goodness-of-fit using a Kuiper’s
statistic. Acceptable fits (goodness-of-fit >0.05) were used for interpretations. Thermal models are
only interpreted below ~110°C.

The input error for individual AHe aliquots for the thermal modelling is taken to be either 10% of
the uncorrected age or the analytical error, depending on which is higher. Where possible, multiple
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AHe aliquots were modelled simultaneously to more tightly constrain modelled time-temperature
histories; NP2-1 and aliquots from CP2 were not included in any thermal models (see sections 2.3.1
and 2.3.3 for explanations). Including some AHe aliquots meant no time-temperature histories could
be identified that fit the AFT and AHe data acceptably (goodness-of-fit >0.05). For example,
acceptable fits were not found when any AHe aliquots were included that had a corrected age older
than or equal to the AFT age within error (NP1-1, NP2-2, NP2-3, CP4-2, SP1-1,2,3; Tables Al.1 and
1.2). Samples NS, SS and SP4 have groups of two aliquots that reproduce well and one anomalously
old aliquot (NS-3, SS-3 and SP4-5; Table A1.2). For these samples, and for the remaining aliquots of
NP1 and CP4, thermal models were divided into those with younger AHe aliquots and those with the
older aliquots. For CP4 and NS, good fitting time-temperature histories were identified when only
young AHe aliquots were included in thermal models; older aliquots did not yield good fits. AHe
aliquots and a summary of the AFT data used in different thermal models for each sample are listed in
Table A1.2. Thermal model results are shown in Figure A1.2.

The goal of the thermal modelling was to identify any increases in cooling and to constrain as
accurately as possible a range of paleo-temperatures prior to the onset of Cenozoic deformation. To
achieve these goals, different constraint boxes where constructed that modelled time-temperature
pathways had to pass through. The first thermal models were only constrained at the present day at
surface temperatures of 10 = 10°C and with a large box with temperatures in excess of the ~110°C
assumed to be the total AFT annealing temperature ranging from ~200% and 90% of the sample’s
AFT age. These constraints provided a preliminary indication of the likely time-temperature pathways
that would agree with a sample’s data. However, even with these minimal constraints, some thermal
models clearly show that cooling must have increased in the last 25 Ma (CP1, NS, SS and SP4; Figure
2.4). To more precisely date the timing of this cooling increase, additional constraints were added to
the thermal models, forcing generated time-temperature histories to cool at a particular time to test the
feasibility of different cooling increases. Three sets of thermal models have been run, each with an
additional constraint box between ~26 and 20 Ma, ~15 and 5 Ma, or 5 and 0 Ma (Figure 2.4). The
initial constraints of the present-day surface temperature and the large box remain constant during
these thermal models, except in CP2 and NS where the lower time constraint was increased to allow
the 26-20 Ma box to be constructed. The additional constraints were selected because there is
evidence from the Terskey Range or elsewhere in the Tien Shan that exhumation and therefore cooling
could have increased during each of these periods. The ~26 and 20 Ma constraint tests whether the
increase in exhumation observed in our AERs (section 2.3.3) and the onset of Cenozoic deformation
suggested by Wack et al., [in review] can be identified via thermal modelling, and if it is possible to
more precisely constrain the timing of this event. The ~15-5 and <5 Ma constraints were selected to
determine whether similar increase in exhumation identified elsewhere in the Tien Shan, notably the
Kyrgyz Range (Figure 2.1a) [Bullen et al., 2001; 2003; Sobel et al.,2006b] occurred in the Terskey
Range.

Al.2. AHe age variability

In many cases AHe ages were not reproduced in different aliquots from the same sample. Some
of this age variation is interpreted to relate to differences in the diffusion of *He. Grain size displays a
positive correlation with AHe age aliquots in 6 samples (NP4, CP1, CP3, NS and SP4; Table A1.2 and
Figure A1.3), suggesting in those cases that size has a strong control on diffusion [Farley, 2000]. A
positive correlation is also found between effective uranium (eU) and the AHe age of aliquots in 2
samples (NS and CP3). Grain size- and eU-AHe age plots for all samples can be found in the Figure
Al.3. Aliquots with higher eU are more likely to be affected by radiation damage, which leads to
increased helium retention and older AHe ages [Flowers et al., 2009]. Aliquots ages of samples are
only compared or used in age-elevation relationships (AERs) when they have similar grain sizes and
eU concentrations. In samples where AHe ages do not correlate with either grain size or eU, the
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reason for age variability is unclear and difficult to interpret. One possibility is that age variation
relates to grain breakages during the mineral separation process. Another possibility is anomalously
old AHe aliquots contain unidentified inclusions within some crystals which produced anomalously
old aliquots [Farley, 2002]. Interestingly when aliquots with anomalously old AHe ages are
discarded, correlations can be found between AHe age and eU in a further 2 samples (CP4 and SPI;
see supplementary material). Additional helium implantation from sources outside the crystal or
uranium and thorium zonation within crystals [Farley, 2002] may also be responsible for anomalously
old aliquots.
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Table Al.1. Apatite fission track (AFT) data from the Terskey Range®

Age/ Altitude, Rho-S° Rhol* P RhoD" Dpar, SD, Mean Error, SD, No.
Sample®  Code Lithology  Latitude Longitude m° X1 x10° NS x10° NI % x10° ND' Age,Ma +lc um  pm length, um pm pum Lengths®  Analyst'

Northern profile

NP1 9TS492 S/granite  42.0563 77.6100 2645 20 3925 177 3.062 2269 38.5 1246 5060 173 1.4 192 0.11 13.66 238 1.23 33 EM

NP2  9TS493 S/granite  42.0624 77.6056 2447 13 7.801 123 6.308 1521 37.1 1239 5060 179 1.7 2.00 0.13 13.75 315 145 19 EM
Central profile

CP1 TS177  O3/granite  41.9831 77.6009 3520 20 1.715 299  2.655 1931 76.3 1.365 5710 389 25 136 0.06 11.77 125 249 89 ES

CP2  TS176  O3/granite 419859 77.6074 3282 25 1.491 218 1.617 2011 56.5 1.360 5710 27.7 22 124 0.08 11.64 3.23 1.92 13 ES

CP3  TSI178 O3/granite  41.9842 77.6113 3040 21 2.174 162 1969 1789 31.3 1.369 5710 233 26 171 0.19 940 096  1.80 96* ES

CP4  TS179  O3/granite 419832 77.6163 2839 20 1330 200 1.113 2389 98.7 1.374 5710 212 16 176 0.19 10.92 1.09 221 84%* ES

CP5 8TS386  O3/granite  41.9766 77.6229 2626 20 1.388 76 1.496 705 5.0 1.134 4734 218 27 181 0.18 - - - - EM

Spot samples

NS  mavl05 O3/granite 41.9703 77.6377 2605 20 1.188 64 1.351 563 90.0 1392 5562 282 38 1.78 0.16 11.78 1.86  1.63 40%* EM

SS  mavl04 O3/granite 41.9397 77.6564 2721 23 0937 103 2220 435 7.6 1397 5562 585 66 1.89 0.14 12.64 478 240 7 EM
Southern profile

SP1 TS183 O3/granite  41.8735 77.7219 3780 20 1.123 541  4.667 1302 83.4 1214 5034 925 49 140 0.09 13.12 134 181 96 ES

SP2  TS171 Pre€ /phylite 41.8945 77.6993 3821 7 2506 507 16.939 750 0.0 1.264 5034 407 295 185 039 1272 569 153 5 ES

SP3 TS172  Pre€ /phylite  41.8956 77.6874 3641 5 1356 35 2409 197 39 1.274 5034 402 113 148 0.09 14.66 - - 1 ES

SP4  TS173 O3/granite ~ 41.9038 77.6537 3430 18 1.340 72 1.561 618 99.7 1294 4981 269 34 1.80 0.12 10.25 1.97 249 27* EM

*Sample preparation and analysis were similar to that outlined by Sobel and Strecker [2003b]. All apatites were etched in 5.5 mol Nitric acid for 20 seconds at 21°C. Samples were analyzed with a Leica DMRM
microscope with drawing tube located above a digitizing tablet and a Kinetek computer-controlled stage driven by the FTStage program [ Dumitru, 1993]. Analysis was performed with reflected and transmitted light at
1250X magnification. Samples were irradiated at Oregon State University. Following irradiation, the mica external detectors were etched with 21°C, 40% hydrofluoric acid for 45 minutes. The pooled age (central age)
is reported for samples with P(y?) greater than (less than) 5% as they pass (fail) the x* test. Age errors are presented as one sigma, calculated using the zeta calibration method [Hurford and Green, 1983]. Note that two
slides were combined for sample TS172.

®Sample name used in text.

¢ Altitude (meters) taken from STRM dataset.

4XIs is the number of individual crystals dated.

°Rho-S and Rho-I are spontaneous and induced track density; both measured in (tracks/cm?).

NS and NI are the number of spontaneous and induced tracks counted, respectively.

£P(x%) (%) is the chi-squred probability [ Galbraith, 1981; Green, 1981].

Eﬁ;o-@ is the induced track density in external detector adjacent to CN5 dosimetry glass (tracks/cm?).

'ND is the number of tracks counted in determining Rho-D.

IMean of at least four Dpar measurements. The correction factor [Sobel and Seward, 2010] was found to 1 with respect to the Durango apatite standard [Donelick et al., 1999].

kSamples with asterisk (*) indicates track lengths measured from ***Cf-irradiation slide.

! Zeta calibration used for apatite: EM: 357.2 + 8 (E. Macaulay, unpublished, 2011); ES: 369.6 + 7.6 (E. Sobel, unpublished data, 2003). All lengths were measured by EM. The correction factor [Sobel and Seward,
2010] compared to Durango and FCT apatites [ Donelick et al., 1999] were found to be 1.0 for EM and 0.8 for ES.
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Figure Al1.1. Plots of AFT data for all 12 samples analysed. From left to right: Dpar (um) versus HeFTy
corrected AFT lengths (um), Dpar (um) versus Grain age (Ma) (errors are +95% uncertainty limits), radial plots
for AFT ages, and AFT length histograms.

124



140

160
180

Age (Ma) Age (Ma) Age (Ma)
50 40 30 20 0y 50 40 30" 20 10 0, 100 80 60" 40" 20 0
NP1 0 INP2 Lo |CP1 20
40 40 L40
; 60 60 160 &
80 80 RE-
g g 100 | o 1100 1100 £
,::.//747 / 1120 %%M/ 1 1120 120 8
& /%// __ 140 140
= - O -
60 50 40 30 20 10 O 60 50 40 30 20 10 O 60 50 40 30 20 10 0,
CP2 0 |CP3 Lo |CP4 [0
40 40 40
60 60 60 &'
180 80 180 ??,
1100 - oo - foog
/ 120 20 77 7 1203
140 140 140 S
%160 /160 160
180 180
60 50 40 30 20 10 0, 300 250 200 150 100 50 O
o (SP1 120
440
ary 7
80 7_?;
1100 g
1120 3
3

0
20
40

60 g‘

180 B

1100 1100 g

1120 1120 3

1140 1140 S
V /‘ /-160 1160
7 180 180

— Single constraint
—— 26-20 Ma increase constraint
—— 15-5 Ma increase constraint
—— <5 Ma increase constraint

Figure A1.2. Time-temperature histories derived from thermal modelling of individual samples using HeFTy
software [Ketcham, 2005]. AFT and AHe input data for thermal models is summarized in Table Al.3.
Histograms of AFT track lengths are in the data repository. Acceptable time-temperature pathway envelopes are
colour coded to match the input constraints (faded boxes), see key at bottom for list. Dotted lines = thermal
models including old AHe aliquot component; Solid lines = remaining AHe component. Diagonal lines =
portion of time-temperature histories above the assumed total AFT annealing temperature (~110°C); not
constrained by thermochronological data. Black lines indicate possible temperature range at 28 Ma.
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Table A1.2. Apatite (U-Th)/He data from Terskey Range®

Age/ Alt? Sm, He', Length", Width", Rs', Uncorrected Model Corrected
Sample’ Xls° Lithology Latitude Longitude (m) U° Th® ppm x10%cc eUS, pum pum  um Term’ age* (Ma) Error error' Ft™ age (Ma) Error Notes
NPI-1 1  S/granite 42.0563  77.6100 2645 0.15* 0.16* - 024  0.19* 145 96 48 1 11.2 03 n/a 0.72 15.5 0.4 Old component — modelled with AFT
NP1-2 1  S/granite 42.0563  77.6100 2645 0.22* 027* - 021 028* 170 93 47 1 6.1 02 06 0.73 8.4 0.2 Young component — modelled with AFT
NPI-3 1  S/granite 42.0563  77.6100 2645 0.08* 0.10* - 0.12  0.10* 123 84 42 1 9.9 1.8 1.8 0.68 14.6 2.7 Young component — modelled with AFT
W. Mean 9.8 0.2 No clear correlation
NP2-+ 1  S/granite 42.0624  77.6056 2447 0.05* 0.02* - 0.03  0.05* 146 92 46 1 5.0 0.7 n/a 071 69 10 Excluded; He = background
NP2-2 1  S/granite  42.0624  77.6056 2447 0.43* 0.06* - 072  0.44* 173 117 58 1 13.6 0.7 wn/a 077 1756 09 Incompatible with AER trend
NP2-4 1  S/granite  42.0624  77.6056 2447 0.18* 0.03* - 0.63 0.19* 153 94 47 1 28.8 1.5 mn/a 072 399 21 AFT: 17.2+ 1.7 Ma
W. Mean No clear correlation
NP3-1 1  S/granite  42.0650  77.6024 2243 0.61* 0.70* - 049 0.77* 196 118 59 1 53 0.1 n/a 0.78 6.8 0.2 No AFT data
NP3-2 1  S/granite  42.0650  77.6024 2243 0.25* 0.28* - 025 032* 143 94 47 2 6.6 02 n/a 0.72 9.1 0.3 No AFT data
NP3-3 1  S/granite 42.0650  77.6024 2243 0.31* 042* - 027 041* 141 94 47 1 5.5 0.1 n/a 0.72 7.7 0.1 No AFT data
W. Mean 7.6 0.1 No clear correlation
NP4+ 1 S/granite  42.0677  77.6026 2184 0.03* 0.07* - 0.01 0.05* 166 71 36 1 3.0 0.7 n/a 0.66 30 07 Excluded; He ~ background
NP4-2 1  S/granite 42.0677  77.6026 2184 0.08* 0.10* - 0.07  0.10* 142 103 52 1 8.3 04 n/a 0.74 8.3 0.4 No AFT data
NP4-3 1  S/granite  42.0677  77.6026 2184 0.09* 0.10* - 0.07 0.11* 174 74 37 1 7.6 04 n/a 0.67 7.6 0.4 No AFT data
W. Mean 8.0 0.3 Positive grain size-AHe age correlation
CPI1-1 3 O3/granite 419831  77.6009 3520 159 384 2724 045 249 173 100 50 4 15.6 07 1.6 070 224 1.4 All aliquots — modelled with AFT
CP1-2 3 O3/granite 419831  77.6009 3520 10.0 258 202.8 0.1 16.1 154 111 56 1 20.1 0.7 mn/a 073 275 1.7 All aliquots — modelled with AFT
CP1-3 3 O3/granite 419831  77.6009 3520 11.6 29.8 204.1 0.18 18.6 147 85 42 4 12.9 07 13 0.65 19.8 1.2 All aliquots — modelled with AFT
CP1-4 3 O3/granite 419831  77.6009 3520 183 46.7 311.1 1.06 293 234 122 61 3 16.2 08 1.6 076 214 1.3 All aliquots — modelled with AFT
CP1-5 3 O3/granite 419831  77.6009 3520 9.3 228 1825 0.36 14.7 167 102 51 0 15.1 07 15 072 210 1.3 All aliquots — modelled with AFT
W. Mean 21.9 0.6 Positive grain size-AHe age correlation
CP2-1 3 O3/granite 419859  77.6074 3282 4.6 121 1243 0.32 7.4 191 112 56 1 22.1 0.7 n/a 074 299 19 Incompatible with AER trend
CP2-2 3 O3/granite 419859  77.6074 3282 16.1 46.0 2541 0.60 269 126 101 50 0 18.8 0.7 mn/a 070 269 +7 Incompatible with AER trend
CP2-3 3 O3/granite 419859  77.6074 3282 92 213 1824 0.29 14.2 129 90 45 2 21.8 0.7 n/a 0.67 324 2.0 Incompatible with AER trend
W. Mean - - No clear correlation
CP3-1 3 O3/granite 419842  77.6113 3040 19.2 481 302.7 027 305 137 93 47 3 9.9 07 1.0 0.67 14.8 0.9 All aliquots — modelled with AFT
CP3-2 3 O3/granite 419842  77.6113 3040 149 398 2592 0.15 243 122 86 43 2 9.5 0.7 09 0.66 14.5 0.9 All aliquots — modelled with AFT
W. Mean 14.7 0.6  Positive grain sizeteU-AHe age correlation
CP4-1 3 O3/granite 419832  77.6163 2839 108 262 216.7 0.15 17.0 142 106 53 2 8.1 0.7 0.8 0.71 11.4 0.7 Young component — modelled with AFT
CP4-2 3 O3/granite 419832  77.6163 2839 6.2 13.0 133.6 0.16 9.3 169 90 45 1 14.5 0.7 mn/a 070 2638 43 Incompatible with AFT data (modelling)
CP4-3 3 O3/granite 419832  77.6163 2839 14.1 36.7 2426 0.15 22.7 145 82 41 4 10.3 06 1.0 0.64 16.2 1.0 Old component — modelled with AFT
W. Mean 13.0 0.6 Positive eU-AHe age correlation
NS-1 2 O3/granite 41.9703  77.6377 2605 12.1 25.6 2495 0.23 18.1 118 103 51 0 16.3 07 1.6 070 233 1.4 Old component — modelled with AFT
NS-2 2 O3/granite 419703  77.6377 2605 6.7 188 182.6 0.16 11.1 181 129 65 1 9.6 08 1.0 0.77 12.5 0.8 Young component — modelled with AFT
NS-3 2 O3/granite 41.9703  77.6377 2605 8.8 20.7 2334 045 13.7 221 129 65 2 21.9 08 mn/a 077 284 138 AFT: 28.2+3.8 Ma
NS-4 2 O3/granite 41.9703  77.6377 2605 7.8 18.1 192.7 0.24 12.1 215 160 80 1 18.4 08 1.8 080 229 1.4 Old component — modelled with AFT
NS-5 2 O3/granite 419703  77.6377 2605 82 18.0 2188 0.23 12.4 199 130 67 3 12.1 08 1.2 0.76 15.9 1.0 Young component — modelled with AFT
W. Mean 16.5 0.5 Positive grain sizet+eU-AHe age correlation
SS-1 3 O3/granite 41.9397  77.6564 2721 47 10.5 1921 0.20 7.2 173 115 58 2 16.8 07 17 074 227 1.4 Old component — modelled with AFT
SS-2 3 O3/granite 41.9397  77.6564 2721 50 119 219.7 0.10 7.8 131 110 55 2 11.7 07 12 071 16.5 1.0 Young component — modelled with AFT
SS-3 3 O3/granite 41.9397  77.6564 2721 39 10.1 1523 0.22 6.3 168 104 52 1 23.1 0.7 mn/a 072 3214 2.0 Incompatible with AFT data (modelling)
SS-4 2 O3/granite 41.9397  77.6564 2721 94 275 4227 0.05 15.9 121 93 47 1 15.8 07 1.6 0.66 240 1.5 Old component — modelled with AFT
W. Mean 19.8 0.7 No clear correlation
SP1-1 3 O3/granite 41.8735 77.7219 3780 3.1 102 336.5 0.94 5.5 152 110 55 1 104.3 0.7 n/a 0.73 143.1 8.9  Incompatible with AFT data (modelling)
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Appendix 1

Table A1.3. Thermal modelling of thermochronologic data from the Terskey Range*

Cooling Min. temp. Max. temp
AHe aliquots increases’, at 28 Ma, at 28 Ma, Exhumation®,
Sample® AFT data used® used* Ma °C °C km
NP1-old 20 AFTa, 33 AFTI NP1-2 Poorly defined 100 >110 32->44
NP1-young 20 AFTa, 33 AFTI NP1-3 Poorly defined 105 >110 34->44
NP2 13 AFTa, 19 AFTI none Poorly defined 95 >110 3.0->44
CP1 20 AFTa, 89AFTI CP1-1,2,3,4,5 ~20 61 75 1.6- 3.0
CP2 25 AFTa, 13AFTI none Poorly defined 52 >110 1.3->44
CP3 21 AFTa, 96 AFTI* CP3-1,2 Poorly defined 78 >110 23->44
CP4-old 20 AFTa, 84 AFTI* CP4-3 No acceptable fits n/a n/a n/a
CP4-young 20 AFTa, 84 AFTI* CP4-1 ~10 90 106 2.8-42
NS-old 20 AFTa, 40 AFTI* NS-1,4 No acceptable fits n/a n/a n/a
NS-young 20 AFTa, 40 AFTI* NS-2,5 20-10 68 94 1.9-38
SS-old 23 AFTa, 7 AFTI SS-1,4 ~20 41 84 08-34
SS-young 23 AFTa, 7 AFTI SS-2 <20 45 83 1.0-3.3
SP1 20 AFTa, 96 AFTI none Poorly defined 3 37 <1.5
Sp2 7AFTa, SAFTI none Poorly defined 0 68 <2.7
SP3 SAFTa, lAFTI none Poorly defined 0 101 <4.0
SP4-old 18AFTa, 27 AFTI SP4-1,4 <20 76 102 22-4.1
SP4-young 18AFTa, 27 AFTI SP4-2.3 15-5 71 >110 2.0->44

*Thermal modelling of individual samples carried out using HeFTy version 1.7.4 (see supplementary material for time-
temperature plots). Ketcham et al. [2007] annealing model and 5.5 mol C-axis projection were used for AFT lengths.
Calibration used for AHe is from Flowers et al. [2009], while the stopping distance and alpha correction is from
Ketcham [2009].

®Samples used in different thermal models. Models that use the old or young component of AHe ages are stated.

“ Thermochronologic data used in thermal modelling. AFTa: number of apatite crystals counted and dated. AFTI:
number of AFT lengths measured (asterisk denotes when Cf-irradiation was used).

¢ AHe aliquots used in models; explanations are provide in text for why particular aliquots were selected. HeFTy
inputs of the uncorrected age and errors for individual aliquots are listed in Table A1.2.

¢ Timing of most significant cooling rate increase observed in thermal modelling. For models showing monotonic
cooling with no increase, this is not applicable (n/a).

Paleo-temperature at 28 Ma derived from thermal models; stated as median (Med.) temperature and associated
uncertainty. Incorporates acceptable fits as well as good fits, and represents the widest possible spread of
temperatures.

¢ Range of total exhumation experienced by individual samples since 28 Ma, calculated for an assumed paleo-
geothermal gradient of 25 °C/km and surface temperates of 10 + 10°C.
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Figure A1.3. eU-AHe age and grain size-AHe age plots for all samples. Black trend lines connect samples
where a possible correlation exists between AHe age and either eU or grain size. These trend lines have been
constructed by eye. Red points indicate aliquots that if rejected allow a correlation to exist with the remaining

aliquots.
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Appendix 2

Appendix 2.
Thermochronological data from the Central Kyrgyz Tien Shan
(Supplementary material for Chapter 3)

This appendix presents the new thermochronological data used in Chapter 3 and the conglomerate
clast count data from the Upper Naryn basin, which is used to infer a Late Miocene onset age for the
Jetym Range (Section 3.5.2). In the sections A2.1, A2.2 and A2.3, the apatite fission track (AFT), (U-
Th)/He (AHe) and zircon (U-Th)/He (ZHe) data are presented. Subsequently, in Figure A2.3, various
tightly constrained thermal models are provided. Finally, Figure A2.4 presents the conglomerate clast
count data.

A2.1. Apatite fission track (AFT) data

The dataset presented in chapter 3 contains new AFT ages, lengths and D, measurements from
76 samples collected throughout the Central Kyrgyz Tien Shan. Samples were analysed between 2009
and 2012 at the Universitdt Potsdam. Mineral separation and analytical procedures are the same
outlined in Appendix 1. Further details can be found in Section 3.3.2.1 and in Table A2.1. In this
appendix, AFT data (Table A2.1) and a series of plots from every analysed sample (Figure A2.1) is
provided.

A2.2. Apatite (U-Th)/He (AHe) data

Chapter 3 contains new AHe data from 37 samples. Multi-grained aliquots from 15 samples were
analysed at the University of Melbourne in 2008, and single grained aliquots from 22 samples were
analysed at the Scottish Universities Environmental Research Centre (SUERC) in 2011. Mineral
separation and analytical procedures are the same as that outlined in Appendix 1. Further details can
be found in Section 3.3.2.2 and in Table A2.2. In this appendix the complete dataset is provided in
Table A2.2 and plots are provided for each sample showing AHe ages from different aliquots against
the effective uranium (eU) and the equivalent spherical radius (grain size) (Figure A2.2). These plots
were used to identify anomalous aliquots and better understand the AHe age variability (see Appendix
1 Section A1.2 for more details).

A2.3. Zircon (U-Th)/He (ZHe) data

Chapter 3 contains new ZHe data from 4 samples. This analysis was carried out at the University
of Texas in Austin on single grain aliquots in 2012. Table A2.3 contains the complete dataset.
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Table A2.1. continued

Alt., Rho-S° Rhol* RhoD" Dpar’ No. Mean  Length
No.”  Sample Age/Lith. Lat. Long. m° XI' x10° NS' «xI10° NI' POAE%  x10° ND' Age,Ma #lc  um SDpum Lengths" length, um SD, um Analyst'
Karl.2  8TS407 O/granite 41.8121 76.4973 3193 19 5.137 1049 21477 2509 406 1.5479 6232 1146 5.1 2.01 0.15 103* 12.90 120 EAM2
Karl.3  8TS406 O/granite 41.7736  76.5406 2960 16 3.417 743 17.560 1446 3.7 1.4362 5945 1304 6.3 1.87  0.15 0 n/a n/a EAM1
Karl.4  8TS402 O/granite 41.7349 76.7510 2999 20 3.393 1271  19.032 2266 9.7 1.5653 6232 1549 6.7  2.03 0.22 100* 13.00 1.05 EAM2
Karl.5 8TS401 O/granite 41.6968 76.7163 2738 20 1443 272 6.414 612 374 15826 6232 1244 9.6 1.95  0.09 0 n/a n/a EAM2
Karl.6  8TS398 Cm/granodiorite 41.6648 76.9755 2988 19 1.814 534 8.820 1098 945 14424 5945 1241 73 210 0.16 99 12.40 145 EAMI
Karl.7 8TS394 O/granite 41.6722 77.0178 3522 20 2.606 724 13261 1423  52.0 1.3981 5962 1258 6.6 211 0.13 100 13.08 126 EAM2
Jetym-Naryntoo-Akshyirak Ranges (NA)
NAL.1  8TS369 C-P/granodiorite 41.4505 77.3417 4061 17 3.487 686 16250 1472 5.2 1.4802 5945 1220 6.5 1.81 0.13 97 11.33 1.72 EAMI
NA1.3  8TS371 C-P/granodiorite 41.4548 77.3285 3581 18 2455 511 11.648 1077 92.7 14613 5945 1226 73 1.75 0.12 100 11.77 1.83  EAMI
NA1.4 8TS372 C-P/granodiorite 41.4609 77.3254 3232 19 2.842 910 13.430 1926  69.2  1.4487 5945 121.1 5.8 1.83 0.13 101 12.05 1.53  EAMI
NAL.5 8TS368 C-P/granodiorite 41.4502 77.3159 3089 20 1.901 442 7.830 1073 80.4 14927 5945 1079 6.7 1.74  0.11 85 11.65 1.73  EAMI
NA2.1 8TS358 Cm/psammite 41.4968 77.6238 3950 17 0.888 276 6.463 379 22 1.6519 6232 2183 244 219 026 36* 12.74 1.52  EAM2
NA2.2  8TS359 C-P/granodiorite 41.4986 77.6227 3797 17 5.085 638 27.496 1180 9.9 1.6346 6232 1559 87 1.91 0.20 92% 12.79 1.30 EAM2
NA23 8TS361 C-P/granodiorite 41.5036 77.6298 3482 20 3.766 1091  26.644 1542 948 1.6172 6232 2012 95 234 0.12 0 n/a n/a EAM2
NA2.4 8TS362 Cm/psammite 41.5108 77.5876 3142 6  5.247 303 45.042 353 340  1.5999 6232 240.7 19.8 255 0.17 0 n/a n/a EAM2
NA3.1  9TS461 Pt/granite 421212 79.0924 3292 20 0979 290 3.681 771 0.1 1.2716 5060 88.3 95 213 0.18 18 11.36 232 EAM2
NA3.3  9TS465 Pt/granite 42.1291 79.0800 2679 20 1.174 113 1.951 680 0.0 1.2650 5060 44.7 77 204 020 0 n/a n/a EAM2
NA3.4 9TS466 Pt/granite 42.1743  79.0937 2657 20 1.558 278 5.232 828 0.2 1.2585 5060 75.2 77 206 0.14 4 12.45 1.85 EAM2
Sarajaz (Sar)
Sarl.1  8TS431 P/granite 42.0541 79.1014 3430 20 1997 6l 1.328 917 845 1.3958 5653 16.6 22 1.93 0.22 14* 13.59 1.17 EAM2
Sarl.2  8TS432 P/granite 42.0535 79.0981 3204 15 1.084 22 1.064 224 99.0  1.2253 5175 21.5 4.8 1.53 0.11 0 n/a n/a EAM1
Sarl.3  8TS433 P/granite 42.0545 79.0944 2992 14 1.070 20 0.804 266 37.5 13930 5653 18.7 4.4 1.81 0.24 0 n/a n/a EAM2
Sarl.4  8TS434 P/granite 42.0548 79.0944 2992 17 1444 32 0.892 518 86.2  1.3903 5653 15.3 2.8 1.89  0.20 0 n/a n/a EAM2
Sarl.5  8TS436 P/granite 42.0545 79.0913 2857 8 1287 16 0.760 271 93.0 1.3847 5653 14.6 3.8 1.99  0.14 0 n/a n/a EAM2
Sarl.6  8TS435 P/granite 42.0545 79.0912 2857 16 1914 37 0.961 395 8.6 1.3875 5653 12.4 2.1 1.82  0.13 0 n/a n/a EAM2
Sarl.7  8TS437 P/granite 42.0542 79.0847 2698 11 2391 18 1.328 324 89.4 13819 5653 13.7 33 1.96 031 0 n/a n/a EAM2
Sarl.8  8TS438 P/granite 42.0569 79.0807 2568 14 1.561 44 1.659 414 11.9 1.2183 5175 23.0 3.7 176 0.39 0 n/a n/a EAM2
Sarl.9  SJTC-1 P/granite 42.0426 79.0758 2611 20 4.428 126 1.359 4105 9.0 1.2659 4962 6.9 0.7 1.90  0.16 3 13.45 2.12 EAM2
Sarl.10 SJTC-2 P/granite 42.0695 79.0833 2612 18 1.994 46 1.008 910 96.4  1.2551 4962 11.3 1.7 1.90  0.18 3 10.88 0.73  EAM2
Sar2.1  7TS302 O/granite 422772 79.7506 3812 20 2225 236 7.709 681 59.1  1.5635 5962 96.1 7.7 1.83 0.12 50 12.78 1.30 EAM2
Sar2.2  7TS305 Pt/granite 422998 79.7627 3538 20 0.611 127 2.529 307 90.2  1.5139 5962 110.9 12 1.99  0.16 0 n/a n/a EAM2
Sar2.3  7TS304 Pt/granite 423102  79.6467 3580 20 2.223 664 16.531 893 8.5 1.5305 5962  200.1 11.5 2.07 022 100 12.88 135 EAM2
Sar2.4  7TS308 Pt/granite 423338 79.6848 3202 15 1.000 174 6.329 275 947 14478 5962 161.6 162 195 0.23 1 13.22 n/a EAM2
At Bashi-Borkoldoy-Kaindy-Inylchek-Kokshaal Ranges (Bor)
Borl.1  8TS427 P/granite 42.0782 79.2750 3506 12 1250 112 5.129 273 4.0 1.4013 5653 103.1 151 2.06  0.09 0 n/a n/a EAM2
Borl.3 mav65/8 P/granite 42.0814 79.2463 2835 11 3.150 250 15.264 516 306 1.2260 5060  105.2 8.6 2.03 0.15 31 12.19 1.24 EAM2

* Sample preparation and analysis were similar to that outlined by Sobel and Strecker [2003b]. All apatites were etched in 5.5 mol Nitric acid for 20 seconds at 21°C. Samples were analyzed with a Leica DMRM
microscope with drawing tube located above a digitizing tablet and a Kinetek computer-controlled stage driven by the FTStage program [Dumitru, 1993]. Analysis was performed with reflected and transmitted light at
1250X magnification. Samples were irradiated at Oregon State University. Following irradiation, the mica external detectors were etched with 21°C, 40% hydrofluoric acid for 45 minutes. The pooled age (central age)
is reported for samples with P(x?) greater than (less than) 5% as they pass (fail) the ¥” test. Age errors are presented as one sigma, calculated using the zeta calibration method [Hurford and Green, 1983]. Note that two
slides were combined for sample TS172.
®Sample name used in text.
¢ Altitude (meters) taken from STRM dataset.
4XIs is the number of individual crystals dated.
¢Rho-S and Rho-1 are spontaneous and induced track density; both measured in (tracks/cm?).

NS and NI are the number of spontaneous and induced tracks counted, respectively.
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Figure A2.1. Plots of apatite fission track (AFT) data for all samples analysed. From left to right: mean Dpar
(um) against AFT age (Ma) for all counted grains, mean Dpar (um) against AFT length measurements projected
to c-axis (um), radial plots, and AFT length histograms (solid grey line = histogram for AFT length
measurements projected to c-axis; black dashed line = uncorrected AFT length measurements).
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Table A2.2. Apatite (U-Th)/He data®

Uncorr
Al Sm, He', Rs', age® Model Corr age
No® Sample  XIs® Age/Lith. Lat. Long. (m) U° Th° ppm x10°cc eU% um Term' (Ma) Error  error Ft" (Ma) Error Note
Issyk Kul Broken Foreland (IKBF)

IKBF1.1(1) 8TS416 1 O/granite 42.1371 76.4030 2731 24.7 46.0 79.0 028 355 36 0 90.5 5.0 9.1 0.63 143.6 7.9 Modelled - IKBF1.1(young)
IKBF1.1(2) 8TS416 1 O/granite 42.1371 76.4030 2731 13.9 40.7 204.7 0.58 235 43 2 100.1 4.0 10.0 0.71 141.0 5.6 Modelled - IKBF1.1(young)
IKBF1.1(3) 8TS416 1 O/granite 42.1371 76.4030 2731 17.4 50.9 202.8 035 294 40 0 113.8 6.8 114 0.65 75k 104 Incompatible with AFT data

W. Mean 141.9 1.8
IKBF1.3(1) 8TS418 1 O/granite 42.1548 76.3322 2122 7.9 36.0 3068 046 163 45 0 108.1 6.2 10.8 0.72 150.1 8.7 Modelled - IKBF1.3
IKBF1.3(2) 8TS418 1 O/granite 42.1548 76.3322 2122 11.2 49.5 289.1 0.80 229 41 0 113.7 45 114 0.70 162.4 6.4 Modelled - IKBF1.3
IKBF1.3(3) 8TS418 1 O/granite 42.1548 76.3322 2122 10.7 524 3574 194 23.0 47 2 2755.8 3045 - 0.72 3IR2TS 4229 Excluded; anomalously old

W. Mean 158.1 5.2

Terskey Range North (TRN)

TRN1.2(3) 8TS420 1 S/granite 42.0909 76.3803 3081 4.0 12.2 789.5 0.17 69 39.1 1 130.3 3.0 - 0.69 188.8 222

W. Mean 188.8 22.2
TRN2.1(1) 9TS474 1 O/granite 419154 77.0680 4054 4.6% 9.2% - 031 6.8* 56 2 40.9 0.8 - 0.65 62.9 1.2
TRN2.1(2) 9TS474 1 O/granite 419154 77.0680 4054 11.0* 18.9* - 12 154* 57 1 65.6 1.0 - 0.70 93.8 1.5
TRN2.1(3) 9TS474 1 O/granite 41.9154 77.0680 4054 6.1* 10.8*% - 0.70  8.6* 50 1 70.5 1.1 - 0.66 106.7 1.7

W. Mean 82.4 0.8
TRN2.2(1) 9TS475 1 O/granodiorite ~ 41.9141 77.0598 3918 8.0% 13.4* - 044 11.1* 41 0 33.6 1.5 3.4 0.68 49.4 22 Modelled — TRN2.2
TRN2.2(2) 9TS475 1 O/granodiorite ~ 41.9141 77.0598 3918 14.5* 15.9*% - 0.60 18.2* 39 2 34.1 0.5 34 0.68 50.0 0.8 Modelled — TRN2.2

W. Mean 49.9 0.8
TRN3.1(1) 7TS323 3 O/granite 42.1613 78.0818 3594 4.3 10.0 126.0 0.19 6.7 45 4 46.6 0.6 4.7 0.65 722 45 Incompatible with AFT data
TRN3.1(2) 7TS323 3 O/granite 42.1613 78.0818 3594 3.4 10.1 125.1 0.25 5.8 42 4 58.2 0.7 5.8 0.66 88+ 55 Incompatible with AFT data
TRN3.1(3) 7TS323 3 O/granite 42.1613 78.0818 3594 53 124 1542 0.17 8.2 50 6 19.5 0.7 1.9 0.69 28.1 1.7 Modelled - TRN3.1(young)

W. Mean 28.1 1.7
TRN3.2(1) 7TS324 2 O/granite 42.1649 78.0800 3438 54 43 139.7 0.22 6.4 60 1 36.0 0.7 3.6 0.73 492 3.0 Incompatible with AFT data
TRN3.2(2) 7TS324 2 O/granite 42.1649 78.0800 3438 6.5 152 2355 023 10.1 56 3 22.9 0.7 2.3 0.73 314 1.9 Modelled - TRN3.2(middle)
TRN3.2(3) 7TS324 2 O/granite 42.1649 78.0800 3438 5.6 14.8 205.6 0.13 9.1 52 4 18.0 0.7 1.8 0.70 25.8 1.6 Modelled - TRN3.2(young)

W. Mean 28.1 1.2
TRN3.3(1) 7TS325 2 O/granite 42.1739 78.0910 3095 8.9 22.8 1793 030 143 48 3 36.3 0.7 - 0.68 53.3 33
TRN3.3(2) 7TS325 2 O/granite 42.1739 78.0910 3095 8.9 27.6 2743 0.14 154 40 3 19.6 0.6 - 0.64 30.5 1.9
TRN3.3(3) 7TS325 2 O/granite 42.1739 78.0910 3095 82 12.5 281.5 0.14 11.1 42 1 28.6 0.6 - 0.64 45.0 2.8

W. Mean 38.4 14
TRN3.4(1) 7TS326 2 O/granite 42.1827 78.0931 2939 21.8 49.7 2953 028 335 57 2 7.1 0.7 0.7 0.75 9.5 0.6 Modelled - TRN3.4(young)
TRN3.4(2) 7TS326 3 O/granite 42.1827 78.0931 2939 199 56.6 2955 035 332 47 5 6.9 0.7 0.7 0.71 9.7 0.6 Modelled - TRN3.4(young)
TRN3.4(3) 7TS326 3 O/granite 42.1827 78.0931 2939 10.7 37.0 1650 020 194 45 6 9.3 0.7 0.9 0.67 138 09 Incompatible with AFT data

W. Mean 9.6 0.4
TRN3.5(1) 7TS327 3 O/granite 422114 78.0757 2534 50 49 665 0.10 6.2 49 4 15.4 0.7 - 0.71 27 13 Excluded
TRN3.5(2) 7TS327 3 O/granite 42.2114 78.0757 2534 204 364 2022 0.14 29.0 44 5 5.6 0.7 0.7 0.67 8.4 0.5 Modelled - TRN3.5(young)
TRN3.5(3) 7TS327 2 O/granite 42.2114 78.0757 2534 109 20.1 1347 0.14 156 63 4 5.4 0.8 0.8 0.77 7.0 0.4 Modelled - TRN3.5(young)

W. Mean 7.5 0.3
TRN3.6(1) 7TS322 3 O/granodiorite ~ 42.2240 78.0655 2407 24.8 714 4158 0.11 41.6 40 3 5.4 0.6 0.6 0.62 8.7 0.5 Modelled - TRN3.6(young)
TRN3.6(2) 7TS322 3 O/granodiorite ~ 42.2240 78.0655 2407 13.7 34.8 2824 0.14 219 47 2 5.0 0.7 0.7 0.69 7.2 0.4 Modelled - TRN3.6(young)
TRN3.6(3) 7TS322 3 O/granodiorite ~ 42.2240 78.0655 2407 159 42.7 2929 0.17 259 45 3 6.8 0.7 0.7 0.66 10.3 0.6 Modelled - TRN3.6(old)

W. Mean 8.3 0.3
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Table A2.2. continued

Uncorr
Al Sm, He', Rs', age® Model Corr age
No® Sample  XIs® Age/Lith. Lat. Long. (m) U° Th° ppm x10°cc eU%, um Term' (Ma) Error  error Ft" (Ma) Error Note
Karakudjur Ranges (Kar)
Karl.6(3) 8TS398 1  Cm/granodiorite 41.6648 76.9755 2988 38.1 21.5 499 0.14 431 40 2 17.2 0.6 1.7 0.68 25.3 0.9 Modelled - Kar1.6(old)
Karl.6(4) 8TS398 1  Cm/granodiorite 41.6648 76.9755 2988 31.4 245 54.6 0.10 372 43 2 16.1 0.7 1.6 0.69 234 1.0 Modelled - Kar1.6(old)
Karl.6(7) 8TS398 1  Cm/granodiorite 41.6648 76.9755 2988 122 12.7 112.7 0.08 151 68 1 5.0 0.2 0.5 0.82 6+ 03 Incompatible with AFT data
W. Mean 24.4 0.7
Jetym-Naryntoo-Akshyirak Ranges (NA)
NAL.1(1) 8TS369 1  C-P/granodiorite 41.4505 77.3417 4061 22.6 629 1492 0.87 374 5l 1 59.5 1.6 6.0 0.75 79.3 22 Modelled - NAI.1
NAL.1(3) 8TS369 1  C-P/granodiorite 41.4505 77.3417 4061 282 287 758 020 350 34 2 43.1 1.9 43 0.63 68.3 3.0 Modelled - NAI.1
NAL.1(5) 8TS369 1  C-P/granodiorite 41.4505 77.3417 4061 20.4 48.0 139.1 0.69 31.7 56 1 45.2 1.6 45 0.77 58.7 2.1 Modelled - NA1.1
W. Mean 68.5 14 eU-AHe age positive correlation
NA1.2(1) 8TS370 1  C-P/granodiorite 41.4493 77.3357 3855 4.5% 49* - 026 57% 62 1 41.5 0.8 - 0.77 53.8 1.0
NA1.2(2) 8TS370 1  C-P/granodiorite 41.4493 77.3357 3855 5.5*% 6.4* - 046  7.0% 58 2 58.6 1.0 - 0.77 76.3 1.3
NA1.2(3) 8TS370 1  C-P/granodiorite 41.4493 77.3357 3855 12.5% 12.9*% - 0.71 155% 68 1 38.9 0.6 - 0.79 49.2 0.8
W. Mean 55.7 0.6
NAL.3(1) 8TS371 1 C-P/granodiorite 41.4548 77.3285 3581 16.1 452 99.8 030 26.8 36 2 59.1 2.7 59 0.67 88.2 4.0 Modelled - NA1.3(middle)
NA1.3(3) 8TS371 1  C-P/granodiorite 41.4548 77.3285 3581 153 23.6 57.8 022 208 54 1 37.6 1.2 3.8 0.75 50.2 1.7 Modelled - NA1.3(young)
NAL1.3(5) 8TS371 1  C-P/granodiorite 41.4548 77.3285 3581 20.7 24.1 485 048 263 50 0 85.2 29 8.5 0.71 120:0 41 Incompatible with AFT data
W. Mean 56.0 1.6
NA1.4(2) 8TS372 1  C-P/granodiorite 41.4609 77.3254 3232 18.8 52.1 744 027 31.1 37 2 45.0 1.7 4.5 0.67 67.2 2.6 Modelled - NA1.4
NA1.4(3) 8TS372 1  C-P/granodiorite 41.4609 77.3254 3232 163 453 642 024 269 46 1 423 1.7 42 0.71 59.6 2.4 Modelled - NA1.4
NAL1.4(5) 8TS372 1  C-P/granodiorite 41.4609 77.3254 3232 163 28.6 279 040 23.0 42 1 42.9 1.2 43 0.71 60.4 1.6 Modelled - NA1.4
W. Mean 61.6 1.2
NA1.5(1) 8TS368 1  C-P/granodiorite 41.4502 77.3159 3089 3.9% 9.8* - 0.17 62* 46 2 24.1 0.5 24 0.72 33.7 0.7 Modelled - NA1.5(young)
NAL.5(2) 8TS368 1  C-P/granodiorite 41.4502 77.3159 3089 3.1* 9.1* - 036 52*% 35 0 61.4 3.4 6.1 0.66 92.8 52 Modelled - NA1.5(old)
NA1.5(3) 8TS368 1  C-P/granodiorite 41.4502 77.3159 3089 4.9*% 14.6* - 029 83* 44 2 30.1 0.5 3.0 0.71 422 08 Incompatible with AFT data
W. Mean 37.9 0.5 Grain size-AHe age negative
correlation
NA2.1(1) 8TS358 1 Cm/psammite  41.4968 77.6238 3950 2.0* 52*% - 052 32*% 41 2 2480 44 24.8 0.68 3654 65 Incompatible with AFT data
NA2.1(2) 8TS358 1 Cm/psammite  41.4968 77.6238 3950 1.0% 4.2% - 028 2.0 53 2 3236 6.6 324 0.75 4340 89 Incompatible with AFT data
NA2.1(3) 8TS358 1 Cm/psammite  41.4968 77.6238 3950 0.6* 4.0* - 027 1.5% 46 0 2203 69 22.0 0.70 3138 98 Incompatible with AFT data
W. Mean 372.4 4.6
NA2.2(2) 8TS359 1  C-P/granodiorite 41.4986 77.6227 3797 10.0* 18.8*% - 1.87 144* 49 1 1551 25 15.5 0.73 213.8 35 Modelled - NA2.2
NA2.2(3) 8TS359 1  C-P/granodiorite 41.4986 77.6227 3797 8.0* 14.0* - 1.19 11.3* 33 1 1253 20 12.5 0.61 204.7 33 Modelled - NA2.2
NA2.2(5) 8TS359 1  C-P/granodiorite 41.4986 77.6227 3797 4.0% 42* - 1.87 5.0* 29 1 3526 5.8 - 0.55 6439 +H07 Excluded; anomalously old
W. Mean 209.0 24
NA2.3(1) 8TS361 1 C-P/granodiorite 41.5036 77.6298 3482 20.7* 27.1* - 236 27.1* 6l 1 94.1 1.6 - 0.77 122.0 2.1
NA2.3(2) 8TS361 1  C-P/granodiorite 41.5036 77.6298 3482 5.1* 13.9*% - 037 84* 37 1 63.1 34 - 0.66 95.3 5.1
NA2.3(3) 8TS361 1  C-P/granodiorite 41.5036 77.6298 3482 4.0% 5.5*% - 063 53* 36 1 1073 22 - 0.63 170.0 35
W. Mean 130.3 1.7
NA3.2(1) 9TS463 1 Pt/granite 42.1261 79.0931 3039 1.8* 7.9*% - 0.13  3.7% 46 2 342 0.9 - 0.74 462 12 Excluded; anomalously old
NA3.2(2) 9TS463 1 Pt/granite 42.1261 79.0931 3039 2.0% 9.2% - 0.07 42*% 62 1 16.3 0.7 - 0.79 20.6 0.9
NA3.2(3) 9TS463 1 Pt/granite 42.1261 79.0931 3039 2.6% 9.8*% - 0.10 49* 55 2 19.0 0.5 - 0.78 24.5 0.7
W. Mean 23.0 0.6
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Appendix 2
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Figure A2.2. Plots of apatite (U-Th)/He (AHe) ages against effective uranium (eU) in ppm or ng and grain
radius (um) for all analysed aliquots. Black points = aliquots used for interpretation; red points = discarded
aliquots. Correlations between AHe age and eU or grain radius are shown by straight lines.
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Appendix 2
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Figure A2.3. Results of all well-constrained thermal models with well-defined inflection points. Summary of
input data can be found in Tables S1-3 and the complete AFT track lengths are also included in supplementary
material. Thick coloured lines denote envelopes for different model runs. Thinner coloured lines denote
constraints input by user. Colours correspond to different model runs. Purple = Median positions — constraints
based on inflection point identified during first inverse model runs with single constraint; Green = constraints are
slightly older, forcing earlier inflection points; Red = constraints are slightly younger, forcing later inflection

points. Note the use of multiple model runs is tests the reliability and reproducibility of inflections points
identified during thermal modelling.
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Legend for clast composition

[&H Granitic clasts- predominantly sourced
from NTS; minor occurrences in MTS and

STS

Ba Basalt — present in NTS, MTS and STS

Qu Quartzite — present in NTS, MTS and STS

[ Limestone/low grade marble —
predominantly sourced from MTS
sediments

[eP! Chlorite bearing pelite — low grade
metamorphism of MTS sediments;
possible minor NTS contribution

bP Biotite bearing pelite — low grade
metamorphism of MTS sediments;
possible minor NTS contribution

oM Other metamorphics — NTS, MTS or
STS?

[88] Other Paleozoic sediments — NTS, MTS
or STS?

rS Red clastics — recycled Cenozoic
sediment?

Lower Naryn Formation; map code N1nr1 — Lovgpr Chu unit

(b)

270° 90°

180°

Upper Naryn Formation; map code N2nr3 — Upper Chu unit
00

270° 20°
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Figure A2.4. (a-f) Conglomerate clast count data and paleocurrent directions from upper Naryn basin that
suggest the Chu unit has been sourced from the nearby Jetym Range. Hatching denotes clasts that are abundant
in the Middle Tien Shan terrane. From legend: NTS = Northern Tien Shan terrane; MTS = Middle Tien Shan
terrane; STS = Southern Tien Shan terrane. Note that the proportion of red clastic sedimentary clasts that are
interpreted to represent recycled Cenozoic sediments decreases upsection; this likely corresponds to sediments
from the Kokturpak/Suluterek and Shamsi units that were originally deposited above the Jetym Range and later
removed by erosion following the onset of deformation and rock uplift. (g) Map of study area showing the three
Paleozoic terranes, each of which has a unique rock assemblage.
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Appendix 3

Appendix 3.
Magnetostratigraphy data (Supplementary material for Chapter 4)

Table A3.1. Sample details

Sample Latitude Longitude No. of cores  Average dip direction Average dip
1K1 42.42005 78.08577 8 141 36
K2 42.42196 78.08338 8 174 62
IK3 4242171 78.08358 8 131 35
K4 42.44355 78.04549 8 330 47
IKS 42.44635 78.05453 8 354 53
IK6 42.44698 78.05385 8 335 54

CKO001 4229238 78.10874 27

| CK section 332 338
CK310 42.30779 78.08986 37
JO501 42.33809 78.2404 41
| JO section 281 355
JO768 42.35828 78.22502 33

Table A3.2. Properties of normalized average tensors for Chon Kyzylsu and Jeti Oguz sections®

Site Part No. of k1° k2° k3° Ds* Is1° Ds2° Is2° Ds3¢ Is3°
specimens

CK all 98 1.036 0983  0.981 252.1 55 162 1.7 55.1 84.2
CK 4/4 22 1.037 0983 0979 2513 6.1 3433 18.3 143.6 70.7
CK 3/4 29 1.035 098 0979 250.8 4 160.5 48 20.4 83.8
CK 2/4 29 1.035 0989  0.976 2529 2.7 156.2 67.9 3439 21.9
CK 1/4 18 1.045 0984 0971 265.3 17.9 59 29.7 148.5 54.3
JO all 60 1.032 0988 0979 256.9 14.1 27.8 69 163 15.2
JO 4/4 14 1.033 0991  0.976 262.7 18.3 11.6 44.4 156.5 39.9
JO 3/4 23 1.049 0987  0.964 260.8 14.7 93.3 75 351.7 3.1

JO 2/4 11 1.031 1 0.969 2535 33 482 54.3 155.5 12.1
JO 1/4 12 1.02  1.005 0.975 270.1 18 16.6 413 162.3 432

* Average tensors shown for all samples and for each quarter of the section (1/4 = basal quater; 4/4 = upper quarter).
® Eigenvalues
¢ Average eigenvector declination and inclination.

Table A3.3. Fisher and bipolar Watson mean directions of the high temperature magnetization components®

Location No. Of specimens Dg Ig Ds Is ks a95s Mean
1K1 5 350.7 19.7 4.1 52.7 60.7 9.9 Fisher
K2 6 169.7 -22.8 188.8 -55.5 56.4 9 Fisher
IK3* 4 162.8 14.2 166.1 -35.5 37 15.3 Fisher
K4 6 265.5 -72.1 182.7 -56.5 125.6 6 Fisher
IK5* 7 36.8 -67.1 148.9 -51.5 9.8 20.3 Fisher
IK6 7 333.7 -63.3 156.3 -62.7 60.8 7.8 Fisher

CK(+) 65 46.5 69.1 6.7 45.8 18.5 42 Fisher
CK(-) 48 246.8 -72.7 189 -52.7 20.5 4.7 Fisher
CK 133 522 70.9 6.6 48.2 5.7 39 Watson
JO(+) 44 28.2 75.7 44 40.8 15.8 5.6 Fisher
JO(-) 41 211.2 -81.4 181.6 -47.1 14.2 6.2 Fisher
JO 100 32.6 78.5 43 44.7 53 49 Watson
™ 8 36.2 73.7 2.7 52 47.9 6.2 Watson

* For the magnetostratigraphic sections (CK and JO), mean directions for normal (+) and inverse polarities are listed
separately. TM is the bipolar Watson mean of all sites except those with an asterisk.
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Figure A3.1. Stratigraphic variation of (a,e) degree of anisotropy (P), (b,f) shape parameter (T), (c,g) lineation
(L), and (d,h) foliation (F) for the CK (a-d) and JO (e-h) sections as a function of stratigraphy. Red lines are
running averages with window width of 9 points. 1o uncertainties in gray.
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Figure A3.2. Flinn [1962] diagrams for the CK and JO sections. The vertical axis is lineation (L) and the
horizontal axis is foliation (F). Filled circles represent averages of each quarter of the section, with 1/4 at the
bottom and 4/4 at the top.

geographic N tilt corrected N

Upper A
Lower n

hemisphere

Figure A3.3. Fisher mean directions with a95 confidence ellipses of all sites in geographic and tilt corrected
coordinates (data in Table A3.3). Directions from the CK and JO sections were split into normal (+) and reverse
(-) polarities. Total mean (TM, shown in red) excludes sites IK3 and IK5.
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Figure A3.4. Correlations calculated by the Cupydon computer program [Lallier et al., 2013] between the
magnetostratigraphy of JO and CK sections and the geomagnetic polarity timescale from Gradstein and Ogg
[2004]. The 500 (out of 5000 calculated) least expensive (i.e. best matching) correlations are shown for each
section. Two thick lines represent the correlations from each section which are in best agreement regarding the
observed change in anhysteretic remanent magnetization (ARM) acquisition in both sections.
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Appendix 4.
Zircon U-Pb data (Supplementary material for Chapter 5)

Table A4.1. Zircon U-Pb data

Sample No. 206/238 =£s.e. 207/235 £s.e. 207/206 =+s.e. 206/238 age, 207/235 age, 207/206 age. %  Bestage, +2¢

ratio ratio ratio Ma Ma Ma concord Ma
Jz1 1 04710 0.0017 10.5165 0.1632 0.1650 0.0023  2488.12 2481.38 2507.15 0.76 2507 33
1z1 2 0.0751 0.0003 0.6541 0.0137 0.0641 0.0012 467.05 510.97 745.26 37.33 467 11
1Jz1 3 0.0712 0.0003 0.5372 0.0114 0.0557 0.0011 443.32 436.59 442.03 -0.29 443 10
1Jz1 4 0.0726 0.0003 0.5539 0.0121 0.0563 0.0011 451.98 447.54 465.01 2.80 452 11
1zZ1 5 0.0694 0.0003 0.5248 0.0106 0.0558 0.0011 432.30 428.37 442.43 2.29 432 10
1zZ1 6 0.0689 0.0004 0.5217 0.0161 0.0548 0.0013 429.59 426.27 402.44 -6.75 430 11
1z1 7 0.0739 0.0004 0.5647 0.0169 0.0588 0.0014 459.31 454.57 558.59 17.77 459 11
z1 8 0.0737 0.0005 0.5692 0.0214 0.0572 0.0016 458.17 457.49 500.02 8.37 458 12
1z1 9 0.0736 0.0004 0.6138 0.0154 0.0590 0.0012 457.87 485.93 567.10 19.26 458 11
1JZ1 10 0.0537 0.0003 0.3888 0.0116 0.0553 0.0014 337.26 333.49 422.35 20.15 337 10
1Jz1 11 0.0716 0.0003 0.5545 0.0130 0.0560 0.0011 445.85 44793 453.95 1.79 446 11
1Jz1 12 0.0711 0.0003 0.5442 0.0089 0.0559 0.0010 442.84 441.22 448.00 1.15 443 10
1JZ1 13 0.0699 0.0004 0.5281 0.0153 0.0552 0.0013 43537 430.56 420.33 -3.58 435 11
1JZ1 14 0.0718 0.0003 0.5665 0.0113 0.0578 0.0011 446.93 455.77 521.43 14.29 447 10
1JZ1 15 0.0698 0.0003 0.5352 0.0101 0.0558 0.0010 434.71 435.23 44522 2.36 435 10
1Z1 16 0.0657 0.0003 0.5228 0.0149 0.0602 0.0014 410.32 427.00 608.97 32.62 410 11
1Z1 17 0.0698 0.0003 0.5262 0.0092 0.0560 0.0010 434.83 429.28 450.38 345 435 10
1zZ1 18 0.0696 0.0003 0.5416 0.0103 0.0562 0.0010 433.75 439.45 459.49 5.60 434 10
1Jz1 19 0.0701 0.0003 0.5391 0.0080 0.0561 0.0009 436.46 437.82 454.75 4.02 436 10
1JZ1 20 0.0720 0.0003 0.5560 0.0128 0.0564 0.0011 448.19 448.89 466.58 3.94 448 11
1JZ1 21 0.0699 0.0003 0.5375 0.0082 0.0560 0.0009 435.73 436.76 452.37 3.68 436 10
1JZz1 22 0.0713 0.0003 0.5675 0.0113 0.0579 0.0011 44422 456.41 524.46 15.30 444 10
1Jz1 23 0.0737 0.0003 0.5767 0.0146 0.0562 0.0012 458.11 462.32 461.07 0.64 458 11
1JZ1 24 0.0708 0.0003 0.5597 0.0111 0.0582 0.0011 441.03 451.32 537.67 17.97 441 10
1Jz1 25 0.0687 0.0003 0.5303 0.0107 0.0561 0.0011 428.14 432.01 455.54 6.01 428 10
1JzZ1 26 0.0725 0.0004 0.5676 0.0150 0.0558 0.0012 451.08 456.44 444.82 -1.41 451 11
1Jz1 27 0.0721 0.0003 0.5734 0.0111 0.0565 0.0010 448.86 460.23 473.25 5.15 449 10
1Jz1 28 0.0657 0.0003 0.5151 0.0097 0.0570 0.0010 410.08 421.84 491.53 16.57 410 10
1Z1 29 0.0690 0.0003 0.5183 0.0097 0.0562 0.0010 430.19 423.99 460.28 6.54 430 10
1Jz1 30 0.0715 0.0003 0.5316 0.0138 0.0561 0.0012 445.07 432.89 45791 2.80 445 11
1JZ1 31 0.0701 0.0003 0.5604 0.0113 0.0573 0.0011 436.52 451.78 501.18 12.90 437 10
171 32 0.0694 0.0004 0.5452 0.0154 0.0583 0.0013 432.36 441.87 539.18 19.81 432 11
1JZz1 33 0.0710 0.0003 0.5590 0.0106 0.0558 0.0010 442.06 450.89 444.82 0.62 442 10
1JZ1 34 0.0718 0.0004 0.5529 0.0149 0.0566 0.0012 446.93 446.87 475.98 6.10 447 11
1JZz1 35 0.0711 0.0003 0.5584 0.0096 0.0569 0.0010 442.84 450.46 485.72 8.83 443 10
1JZ1 36 0.0715 0.0004 0.5445 0.0190 0.0559 0.0015 445.07 441.36 447.60 0.57 445 12
1z1 37 0.0682 0.0003 0.5422 0.0119 0.0580 0.0011 425.30 439.86 528.63 19.55 425 10
1JZ1 38 0.0706 0.0003 0.5854 0.0159 0.0590 0.0013 439.71 467.92 567.10 22.46 440 11
1JZ1 39 04734 0.0023 11.8430 0.4486 0.1841 0.0029  2498.50 2592.07 2690.43 7.13 2690 37
1JZ1 40 0.0709 0.0003 0.5680 0.0110 0.0572 0.0011 441.64 456.75 499.25 11.54 442 10
1JZ1 41 0.0719 0.0004 0.5475 0.0184 0.0561 0.0014 447.35 443.34 454.75 1.63 447 11
1JZ1 42 0.0725 0.0003 0.5492 0.0104 0.0565 0.0010 451.14 44449 470.50 4.12 451 10
1Jz1 43 0.0707 0.0003 0.5767 0.0151 0.0575 0.0012 440.43 462.31 510.76 13.77 440 11
1JZ1 44 0.0714 0.0003 0.5320 0.0126 0.0548 0.0011 444 .46 433.16 405.71 -9.55 444 11
1Z1 45 0.0715 0.0003 0.5611 0.0124 0.0581 0.0011 444.89 452.25 534.29 16.73 445 10
1JZ1 46 0.0710 0.0003 0.5580 0.0091 0.0569 0.0010 441.94 450.22 487.27 9.30 442 10
1Z1 47 0.0749 0.0004 0.6475 0.0165 0.0624 0.0013 465.85 506.95 687.16 32.21 466 11
1JZ1 48 0.0724 0.0003 0.5720 0.0144 0.0586 0.0012 450.54 459.30 550.78 18.20 451 11
1Z1 49 0.0697 0.0005 0.5725 0.0231 0.0580 0.0017 434 .41 459.62 528.63 17.82 434 12
1JZ1 50 0.5147 0.0025 12.9347 0.4783 0.1848 0.0029 2676.71 2674.90 2696.52 0.73 2697 37
1JZ1 51 04147 0.0016 83148 0.2070 0.1423 0.0022  2236.46 2265.93 2255.38 0.84 2255 35
1JZ1 52 0.0716 0.0003 0.5681 0.0122 0.0566 0.0011 44573 456.78 477.54 6.66 446 10
1Jz1 53 0.0717 0.0003 0.5873 0.0137 0.0587 0.0012 446.57 469.13 555.99 19.68 447 10
1JZ1 54 0.0692 0.0005 0.5485 0.0230 0.0561 0.0017 431.39 443.99 455.54 5.30 431 12
1Z1 55 0.0699 0.0003 0.5257 0.0139 0.0555 0.0012 43537 428.97 432.02 -0.78 435 11
1JZ1 56 0.0704 0.0003 0.5479 0.0129 0.0564 0.0012 438.38 443.64 468.93 6.51 438 10
1Z1 57 0.0696 0.0003 0.5528 0.0113 0.0586 0.0011 433.62 446.82 553.38 21.64 434 10
1JZ1 58 0.0719 0.0004 0.5977 0.0204 0.0597 0.0015 447.53 475.77 590.90 24.26 448 12
1JZ1 59 0.0707 0.0003 0.5922 0.0096 0.0631 0.0011 440.13 472.29 712.28 38.21 440 10
1JZ1 60 0.0728 0.0003 0.5923 0.0159 0.0587 0.0013 453.00 472.34 555.24 18.41 453 11
1z1 61 0.0722 0.0003 0.5499 0.0109 0.0563 0.0011 449.40 44496 465.40 3.44 449 10
JZ1 62 0.0715 0.0004 0.5686 0.0167 0.0578 0.0013 445.37 457.13 522.57 14.77 445 11
1Jz1 63 0.0733 0.0005 0.5711 0.0229 0.0563 0.0016 456.19 458.75 465.01 1.90 456 12
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JZ1 64 0.0726 0.0004 05510 0.0151 0.0563 0.0013  451.80 445.66 46579  3.00 452 11
JZ1 65 0.0720 0.0004 0.5886 0.0180 0.0556 0.0013 44831 469.95 43723 253 448 11
NZ1 66 03503 0.0012 57062 0.0856 0.1179 0.0018  1936.13 1932.30 192479 -0.59 1925 33
NZ1 67 0.0772 0.0004 05974 0.0150 0.0568 0.0012  479.63 475.56 48339 078 480 11
JZ1 68 0.0719 0.0003 05499 0.0132 0.0559 0.0012  447.83 444.94 44840 013 448 11
Z1 69 0.0670 0.0003 05109 0.0115 0.0558 0.0011 41824 419.03 44322 564 418 10
JZ1 70 0.0715 0.0003 0.5637 0.0139 0.0572 0.0012  445.07 453.94 50079  11.13 445 11
JZ1 71 0.0718 0.0004 05648 0.0159 0.0561 00013  447.05 454.61 45514 178 447 11
JZ1 72 04863 0.0017 11.6757 02253 0.1749 0.0027  2554.47 257876 260528 195 2605 36
JZ1 73 0.0724 0.0003 0.5652 0.0097 0.0566 0.0010  450.66 454.87 47598 532 451 10
JZ1 74 00716 0.0003 0.5702 0.0127 0.0579 0.0012  445.79 458.15 524.84 1506 446 10
JZ1 75 0.0710 0.0004 05531 0.0161 0.0555 0.0013  442.00 447.04 430.81  -2.60 442 11
JNZ1 76 0.0732 0.0004 05647 0.0213 0.0559 0.0016 45523 454.55 44760  -170 455 12
JZ1 77 0.0705 0.0004 0.6035 0.0179 0.0612 0.0014  438.99 479.48 64732 3218 439 11
JZ1 78 0.0720 0.0003 0.5660 0.0118 0.0576 0.0011  448.07 455.42 51420  12.86 448 10
JZ1 79 0.0510 0.0003 03628 0.0098 0.0524 00012  320.35 314.29 30290 576 320 10
JJZ1 80 0.0710 0.0003 0.5478 0.0138 0.0562 0.0012  442.18 443.56 460.67 401 442 11
JZ1 81 03464 0.0013 59690 0.1194 0.1265 0.0021 1917.24 1971.34 2050.17 648 2050 35
JJZ1 82 0.0721 0.0003 05717 00117 0.0568 0.0011  448.92 459.11 48222 691 449 10
JJZ1 83 0.0511 0.0003 03759 0.0104 0.0536 0.0013  321.52 323.98 35554 957 322 10
JJZ1 84 0.0710 0.0003 0.5848 0.0141 0.0585 0.0012  442.42 467.56 54779 1924 442 10
JJZ1 85 0.0690 0.0003 05167 0.0112 0.0552 0.0011  430.01 422.92 42195 -191 430 10
JJZ1 86 0.0738 0.0003 0.5798 0.0155 0.0564 0.0012  459.07 464.35 46776 186 459 11
JJZ1 87 0.0722 0.0003 05711 0.0112 0.0568 0.0011  449.64 458.71 483.00 691 450 10
JJZ1 88 0.0748 0.0003 0.5887 0.0137 0.0573 0.0013  465.13 470.06 504.63  7.83 465 10
JJZ1 89 0.0719 0.0003 0.5555 0.0197 0.0561 0.0022  447.59 448.58 45514 166 448 10
JZ1 90 0.0714 0.0004 0.5876 0.0171 0.0569 0.0013  444.52 469.31 48727 877 445 11
JZ1 91 0.0777 0.0003 0.6364 00111 00614 0.0011 48220 500.08 654.67 2634 482 10
JZ1 92 0.0728 0.0004 0.5696 0.0235 0.0560 0.0016  452.82 457.75 45118 -036 453 12
JZ1 93 0.0726 0.0004 05614 0.0175 0.0560 0.0014  452.04 452.42 450.78  -0.28 452 11
JZ1 94 0.0693 0.0004 0.5842 0.0184 0.0605 0.0014  431.70 467.12 621.86  30.58 432 11
JJZ1 95 0.0688 0.0003 0.5805 0.0138 0.0618 0.0012  429.16 464.78 66581 3554 429 11
JZ1 96 0.0745 0.0003 0.6015 0.0136 0.0603 0.0012  462.97 478.17 61292 2447 463 10
JJZ1 97 02867 0.0003 3.9390 0.0165 0.1015 0.0014  1624.97 1621.72 1651.55  1.61 1652 29
JZ1 98 0.0711 0.0004 0.5737 0.0165 0.0566 0.0013 44272 460.40 47442 668 443 11
Z1 99 0.1102 0.0012 1.0407 0.1015 0.0679 0.0018  673.79 724.25 86642 2223 674 20
JJZ1 100 0.0724 0.0004 0.5631 0.0192 0.0560 0.0014  450.42 453.53 45118 017 450 11
JJZ1 101 0.0722 0.0005 0.5504 0.0281 0.0561 0.0014  449.10 44528 457.91 1.92 449 13
JJZ1 102 0.0688 0.0003 0.5907 0.0201 0.0603 0.0018  428.86 471.34 61292 3003 429 10
9TS506 1 0.0746 0.0005 0.5490 0.0099 0.0547 0.0009  463.63 44432 40162  -1544 464 14
9TS506 2 0.0737 0.0005 0.5625 0.0112 0.0557 0.0010  458.59 453.18 43963  -431 459 15
9TS506 3  0.0757 0.0005 05749 0.0141 0.0563 0.0011  470.35 461.17 46422  -132 470 15
9TS506 4 0.0748 0.0005 05725 0.0114 0.0563 00010  465.13 459.64 46422 020 465 15
9TS506 5 0.0747 0.0005 0.5544 0.0125 0.0555 0.0010  464.47 447.89 43403 -7.01 464 15
9TS506 6 0.0727 0.0005 0.5345 0.0126 0.0562 0.0011  452.64 434.79 46028 166 453 15
9TS506 7 0.0738 0.0005 0.5630 0.0103 0.0563 0.0009  459.13 453.48 464.61 118 459 14
9TS506 8 0.0781 0.0005 0.5969 0.0139 0.0572 0.0011  484.53 47525 499.64 302 485 15
9TS506 9 0.0748 0.0005 05716 0.0108 0.0566 0.0009  464.83 459.06 47559 226 465 14
9TS506 10 0.0736 0.0005 0.5494 0.0141 0.0563 0.0012  457.99 444.63 46461 143 458 15
9TS506 11 0.0741 0.0005 0.5557 0.0119 0.0563 0.0010  460.51 448.73 46540  1.05 461 15
9TS506 12 0.0704 0.0004 0.5378 0.0088 0.0557 0.0008  438.81 436.96 44043 037 439 14
9TS506 13 0.0743 0.0004 0.5786 0.0082 0.0562 0.0008  461.77 463.55 461.07  -0.15 462 14
9TS506 14 0.0724 0.0004 0.5567 0.0089 0.0561 0.0008  450.30 44938 45435 089 450 14
9TS506 15 0.0746 0.0006 0.5466 0.0173 0.0564 0.0014  463.81 442.74 46776 0.84 464 16
9TS506 16 0.0728 0.0005 0.5416 0.0146 0.0562 0.0012 45276 439.47 45870 129 453 15
9TS506 17 0.0724 0.0006 0.5404 0.0169 0.0561 0.0014 45030 438.68 456,72 141 450 15
9TS506 18 0.0728 0.0005 0.5304 0.0113 0.0568 0.0010  453.12 432.10 48378 634 453 15
9TS506 19 0.0726 0.0005 0.5266 0.0106 0.0560 0.0010  451.56 429.55 45158 0.00 452 14
9TS506 20 0.0732 0.0005 0.5432 0.0117 0.0560 0.0010  455.41 440.54 45237  -0.67 455 15
9TS506 21 0.1897 0.0014 2.0415 0.0692 0.0771 0.0015 1119.97 1129.46 1123.00 027 1123 34
9TS506 22 0.0771 0.0005 0.5943 0.0108 0.0574 0.0009  478.67 473.58 50693 558 479 15
9TS506 23 0.0754 0.0005 0.5638 0.0142 0.0566 0.0012  468.31 453.96 474.81 137 468 15
9TS506 24 0.0727 0.0006 0.5421 0.0201 0.0564 0.0016  452.10 439.83 46854 351 452 16
9TS506 25 0.0734 0.0005 0.5471 0.0110 0.0561 0.0010  456.55 443.09 456,72 0.04 457 14
9TS506 26 0.0738 0.0006 0.5402 0.0167 0.0564 0.0014  458.89 438.53 46933 222 459 16
9TS506 27 0.0715 0.0005 0.5309 0.0124 0.0559 0.0011 44543 432.41 44880 075 445 15
9TS506 28 0.0742 0.0005 0.5515 0.0119 0.0558 0.0010  461.29 445.99 44601  -343 461 15
9TS506 29 0.0759 0.0005 0.5773 0.0114 0.0572 0.0010 47136 462.74 50002 573 471 15
9TS506 30 0.1065 0.0007 0.8990 0.0171 0.0632 0.0010  652.51 651.17 71631 891 653 16
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9TS506 31 0.0721 0.0005 0.5411 0.0115 0.0559 0.0010  448.73 439.17 448.00 -0.16 449 14
9TS506 32 0.0728 0.0005 0.5302 0.0123 0.0553 0.0011 453.24 431.95 422.76 -7.21 453 15
9TS506 33 0.0720 0.0005 0.5440 0.0121 0.0574 0.0011 448.01 441.08 505.02 11.29 448 14
9TS506 34 0.0725 0.0006 0.5924 0.0190 0.0630 0.0015 451.20 472.37 708.57 36.32 451 16
9TS506 35 0.0725 0.0005 0.5420 0.0136 0.0559 0.0011 451.38 439.77 446.81 -1.02 451 15
9TS506 36 0.0742 0.0005 0.5385 0.0123 0.0559 0.0011 461.41 437.45 449.99 -2.54 461 15
9TS506 37 0.0712 0.0005 0.5530 0.0111 0.0559 0.0010  443.62 446.95 449.99 1.41 444 14
9TS506 38 0.0697 0.0005 0.5181 0.0144 0.0558 0.0012 434.41 423.85 443.62 2.08 434 15
9TS506 39 0.0706 0.0005 0.5247 0.0130 0.0557 0.0011 439.77 428.31 440.43 0.15 440 15
9TS506 40 0.0714 0.0005 0.5115 0.0128 0.0547 0.0011 44434 419.43 401.21 -10.75 444 15
9TS506 41 0.0758 0.0005 0.6008 0.0133 0.0586 0.0011 470.94 477.71 553.76 14.95 471 15
9TS506 42 0.0700 0.0005 0.5095 0.0118 0.0553 0.0011 436.22 418.09 423.97 -2.89 436 14
9TS506 43 0.0732 0.0005 0.5522 0.0120 0.0560 0.0010  455.47 446.44 451.58 -0.86 455 14
9TS506 44 0.0719 0.0005 0.5438 0.0108 0.0562 0.0010  447.77 440.95 459.88 2.63 448 14
9TS506 45 0.0715 0.0004 0.5293 0.0102 0.0557 0.0009 445.37 431.34 442.03 -0.76 445 14
9TS506 46 0.0728 0.0006 0.5597 0.0188 0.0560 0.0014  453.24 45131 451.18 -0.46 453 16
9TS506 47 0.0724 0.0005 0.5387 0.0155 0.0551 0.0013 450.78 437.59 416.28 -8.29 451 15
9TS506 48 0.0688 0.0005 0.5273 0.0142 0.0590 0.0013 428.68 430.02 568.57 24.60 429 15
9TS506 49 0.0680 0.0004 0.4928 0.0111 0.0562 0.0011 423.85 406.84 460.67 7.99 424 14
9TS506 50 0.0696 0.0004 0.5107 0.0086 0.0554 0.0009  433.81 418.89 426.79 -1.64 434 14
9TS506 51 0.0717 0.0005 0.5220 0.0127 0.0560 0.0011 446.09 426.46 451.18 1.13 446 15
9TS506 52 0.0693 0.0004 0.5156 0.0099 0.0556 0.0009  432.18 422.23 436.03 0.88 432 14
9TS506 53 0.0695 0.0004 0.4974 0.0095 0.0556 0.0009  433.32 409.93 434.43 0.25 433 14
9TS506 54 0.0699 0.0005 0.5140 0.0140 0.0555 0.0012 435.79 421.14 431.22 -1.06 436 15
9TS506 55 0.2579 0.0016 3.0920 0.0796 0.0901 0.0013  1478.88 1430.71 1427.01 -3.63 1427 32
9TS506 56 0.0682 0.0004 0.5356 0.0090 0.0573 0.0009 42524 435.49 503.87 15.60 425 14
9TS506 57 0.0739 0.0005 0.5597 0.0162 0.0575 0.0013 459.43 451.33 509.23 9.78 459 15
9TS506 58 0.0704 0.0005 0.5596 0.0142 0.0587 0.0012 438.44 451.24 554.50 20.93 438 14
9TS506 59 0.0680 0.0005 0.5106 0.0144 0.0561 0.0013 424.28 418.84 457.12 7.18 424 15
9TS506 60 0.0712 0.0004 0.5479 0.0115 0.0567 0.0010  443.56 443.59 479.88 7.57 444 14
9TS506 61 0.0697 0.0005 0.5072 0.0148 0.0562 0.0013 434.29 416.54 460.28 5.65 434 15
9TS506 62 0.0699 0.0004 0.5249 0.0115 0.0561 0.0010  435.49 428.39 457.51 4.81 435 14
9TS506 63 0.0733 0.0005 0.5387 0.0134 0.0560 0.0011 456.25 437.59 452.37 -0.86 456 15
9TS506 64 0.0691 0.0005 0.4885 0.0134 0.0554 0.0012 430.67 403.92 428.80 -0.44 431 15
9TS506 65 0.0698 0.0005 0.5258 0.0153 0.0572 0.0013 434.95 429.04 498.10 12.68 435 15
9TS506 66 0.0694 0.0004 0.5178 0.0117 0.0553 0.0010  432.72 423.70 425.18 -1.77 433 14
9TS506 67 0.0700 0.0004 0.5286 0.0115 0.0569 0.0010  435.85 430.87 488.44 10.77 436 14
9TS506 68 0.0695 0.0004 0.5374 0.0106 0.0569 0.0010  433.38 436.70 488.05 11.20 433 14
9TS506 69 0.0699 0.0004 0.5336 0.0094 0.0561 0.0009 43543 434.18 455.14 433 435 14
9TS506 70 0.0681 0.0004 0.5398 0.0099 0.0578 0.0009 424.76 438.30 521.81 18.60 425 14
9TS506 71 0.0695 0.0005 0.5035 0.0156 0.0555 0.0014  433.26 414.08 432.82 -0.10 433 15
9TS506 72 0.0677 0.0004 0.5292 0.0082 0.0562 0.0008 422.34 431.31 458.70 7.93 422 13
9TS506 73 0.0718 0.0005 0.5487 0.0138 0.0567 0.0011 446.69 444.16 478.71 6.69 447 14
9TS506 74 0.0721 0.0004 0.5495 0.0096 0.0564 0.0009 448.92 444.65 469.33 435 449 14
9TS506 75 0.0692 0.0005 0.5197 0.0148 0.0569 0.0013 431.27 424 .95 486.50 11.35 431 15
9TS506 76 0.0716 0.0005 0.5348 0.0119 0.0561 0.0010 445091 434.97 454.35 1.86 446 14
9TS506 77 0.0699 0.0004 0.5056 0.0087 0.0556 0.0009  435.49 415.49 436.83 0.31 435 14
9TS506 78 0.2370 0.0013 2.7358 0.0470 0.0874 0.0012  1370.98 1338.24 1370.21 -0.06 1370 29
9TS506 79 0.0769 0.0005 0.5975 0.0104 0.0565 0.0009  477.47 475.62 473.25 -0.89 477 14
9TS506 80 0.0719 0.0005 0.5267 0.0141 0.0560 0.0012 447.47 429.64 451.97 1.00 447 15
9TS506 81 0.0673 0.0004 0.5110 0.0087 0.0554 0.0009  419.57 419.09 426.39 1.60 420 14
9TS506 82 0.0772 0.0006 0.5837 0.0180 0.0566 0.0013 479.21 466.82 475.20 -0.84 479 15
9TS506 83 0.0726 0.0005 0.5359 0.0145 0.0563 0.0012 451.92 435.74 463.83 2.57 452 15
9TS506 84 0.0686 0.0004 0.5177 0.0113 0.0560 0.0010  427.47 423.59 451.18 5.25 427 14
9TS506 85 0.0702 0.0005 0.5268 0.0125 0.0555 0.0011 437.48 429.66 431.62 -1.36 437 14
9TS506 86 0.0668 0.0005 0.5379 0.0140 0.0582 0.0012 416.67 437.01 538.80 22.67 417 14
9TS506 87 0.0711 0.0004 0.5429 0.0106 0.0558 0.0010  443.02 440.34 444.42 0.31 443 14
9TS506 88 0.0719 0.0005 0.5264 0.0130 0.0560 0.0011 447.29 429.44 451.97 1.04 447 14
9TS506 89 0.0694 0.0004 0.5453 0.0084 0.0556 0.0008 432.24 441.90 436.43 0.96 432 13
9TS506 90 0.0717 0.0004 0.5258 0.0115 0.0556 0.0010  446.39 429.03 436.43 -2.28 446 14
9TS506 91 0.0706 0.0005 0.5049 0.0129 0.0559 0.0012 439.53 414.99 446.81 1.63 440 14
9TS506 92 0.0684 0.0004 0.5302 0.0100 0.0558 0.0009 426.63 431.92 444.42 4.00 427 14
9TS506 93 0.0708 0.0004 0.5424 0.0092 0.0560 0.0009  441.21 440.01 451.97 2.38 441 14
9TS506 94 0.0727 0.0005 0.5397 0.0123 0.0558 0.0011 452.46 438.24 44322 -2.08 452 14
9TS506 95 0.0721 0.0005 0.5498 0.0163 0.0586 0.0014  449.04 44487 550.78 18.47 449 15
9TS506 96 0.0734 0.0006 0.5555 0.0218 0.0562 0.0016  456.49 448.57 458.30 0.40 456 16
9TS506 97 0.0729 0.0006 0.5754 0.0218 0.0581 0.0016  453.78 461.48 533.91 15.01 454 16
9TS506 98 0.0717 0.0007 0.5547 0.0303 0.0587 0.0021 446.45 448.04 554.13 19.43 446 17
9TS506 99 0.0744 0.0005 0.5446 0.0165 0.0562 0.0014  462.55 441.43 458.30 -0.93 463 15
9TS506 100 0.0729 0.0004 0.5586 0.0100 0.0566 0.0010  453.30 450.60 476.37 4.84 453 13

164



Appendix 4

9TS506 101 0.2159 0.0005 2.4309 0.0133 0.0836 0.0011  1259.96 1251.78 1282.10 1.73 1282 28
9TS506 102 0.0718 0.0005 0.5022 0.0174 0.0549 0.0014  446.87 413.21 407.75 -9.60 447 15
9TS506 103 0.0746 0.0018 0.5742 0.1172 0.0562 0.0019  463.51 460.75 461.86 -0.36 464 30
9TS506 104 0.0704 0.0005 0.5242 0.0164 0.0557 0.0014 43838 427.98 440.43 0.46 438 15
9TS506 105 0.0721 0.0005 0.5359 0.0139 0.0570 0.0011 448.61 435.69 489.98 8.44 449 14
9TS506 106 0.0701 0.0004 0.5567 0.0095 0.0617 0.0009  436.88 449.39 665.11 34.32 437 14
9TS506 107 0.0729 0.0005 0.5408 0.0144 0.0558 0.0012 453.36 438.95 443.22 -2.29 453 15
9TS506 108 0.0766 0.0006 0.5647 0.0198 0.0567 0.0017 475.80 454.59 478.71 0.61 476 15
9TS506 109 0.0726 0.0005 0.5409 0.0131 0.0564 0.0011 451.80 439.00 468.93 3.65 452 14
9TS506 110 0.0731 0.0005 0.5378 0.0129 0.0562 0.0011 454.75 436.97 460.67 1.29 455 14
9TS506 111 0.0748 0.0005 0.5711 0.0163 0.0570 0.0013 464.83 458.72 490.76 5.28 465 15
9TS506 112 0.0731 0.0006 0.5524 0.0195 0.0575 0.0015 454.50 446.55 509.61 10.81 455 16
9TS506 113 0.0742 0.0005 0.5490 0.0161 0.0564 0.0013 461.53 444.37 466.97 1.17 462 15
9TS506 114 0.0738 0.0005 0.5581 0.0173 0.0563 0.0014  459.01 450.30 464.61 1.21 459 15
9TS506 115 0.0714 0.0005 0.5510 0.0162 0.0559 0.0013 444.58 445.63 446.81 0.50 445 15
9TS506 116 0.0760 0.0004 0.5423 0.0114 0.0559 0.0010  472.26 439.95 448.80 -5.23 472 14
9TS506 117 0.0728 0.0004 0.5435 0.0096 0.0564 0.0009 453.12 440.70 466.19 2.80 453 14
9TS506 118 0.0713 0.0005 0.5363 0.0126 0.0557 0.0011 443.68 435.96 439.23 -1.01 444 14
9TS506 119 0.0740 0.0005 0.5565 0.0133 0.0562 0.0011 460.21 449.25 459.88 -0.07 460 14
9TS506 120 0.0723 0.0004 0.5452 0.0093 0.0560 0.0009  449.82 441.87 450.38 0.13 450 13
9TS506 121 0.0738 0.0005 0.5546 0.0147 0.0561 0.0012 458.89 448.02 455.54 -0.74 459 15
9TS506 122 0.0729 0.0004 0.5425 0.0114 0.0560 0.0010  453.84 440.04 451.97 -0.41 454 14
9TS506 123 0.0729 0.0006 0.5268 0.0430 0.0561 0.0026  453.48 429.70 457.51 0.88 453 16
9TS506 124 0.0756 0.0004 0.6260 0.0113 0.0622 0.0010  469.63 493.59 680.31 30.97 470 14
9TS506 125 0.0784 0.0005 0.5541 0.0158 0.0566 0.0013 486.51 447.65 477.15 -1.96 487 15
9TS506 126 0.0736 0.0004 0.5351 0.0118 0.0561 0.0010  457.99 435.17 455.14 -0.63 458 14
9TS506 127 0.0752 0.0005 0.5625 0.0131 0.0563 0.0011 467.35 453.15 464.61 -0.59 467 14
9TS506 128 0.0762 0.0005 0.5698 0.0153 0.0581 0.0013 473.52 457.87 534.67 11.44 474 14
9TS506 129 0.0750 0.0005 0.5426 0.0158 0.0565 0.0012 465.97 440.14 470.50 0.96 466 15
9TS506 130 0.0795 0.0005 0.6079 0.0133 0.0573 0.0011 492.84 482.25 504.25 2.26 493 14
JTZ50 1 0.0744 0.0003 0.5634 0.0117 0.0554 0.0010 462.85 453.71 426.79 -8.45 463 6
JTZ50 2 0.0716 0.0003 0.5490 0.0100 0.0554 0.0010 445.97 444.36 428.00 -4.20 446 6
JTZ50 3 0.0725 0.0004 0.5667 0.0179 0.0560 0.0014 451.02 455.89 451.58 0.12 451 7
JTZ50 4 0.0694 0.0003 0.5563 0.0138 0.0594 0.0012 432.30 449.14 581.06 25.60 432 6
JTZ50 5 0.0736 0.0003 0.5697 0.0097 0.0569 0.0010 457.63 457.85 486.11 5.86 458 6
JTZ50 6 0.0698 0.0003 0.5336 0.0114 0.0557 0.0011 434.95 434.18 440.83 1.33 435 6
JTZ50 7 0.0726 0.0003 0.5669 0.0104 0.0569 0.0010 451.98 456.03 488.05 7.39 452 6
JTZ50 8 0.0739 0.0003 0.5993 0.0100 0.0578 0.0010 459.37 476.78 521.81 11.97 459 6
JTZ50 9 0.0764 0.0003 0.6102 0.0095 0.0570 0.0010 474.36 483.67 489.60 3.11 474 6
JTZ50 10 0.0727 0.0003 0.5656 0.0118 0.0572 0.0011 452.40 455.18 498.10 9.17 452 6
JTZ50 11 0.0742 0.0003 0.5702 0.0096 0.0560 0.0010 461.47 458.13 453.16 -1.83 461 6
JTZ50 12 0.0642 0.0002 0.5355 0.0101 0.0588 0.0011 401.06 435.42 561.18 28.53 401 6
JTZ50 13 0.0721 0.0003 0.5772 0.0092 0.0590 0.0010 448.80 462.65 567.47 20.91 449 6
JTZ50 14 0.0734 0.0004 0.5875 0.0183 0.0580 0.0014 456.49 469.29 531.27 14.08 456 7
JTZ50 15 0.0705 0.0002 0.5512 0.0087 0.0560 0.0010 438.99 445.78 453.16 3.13 439 6
JTZ50 16 0.0752 0.0003 0.5720 0.0121 0.0562 0.0011 467.17 459.28 461.07 -1.32 467 6
JTZ50 17 0.0753 0.0003 0.5829 0.0092 0.0563 0.0010 468.19 466.35 463.83 -0.94 468 6
JTZ50 18 0.0725 0.0002 0.5663 0.0082 0.0565 0.0009 451.08 455.62 472.07 4.45 451 6
JTZ50 19 0.0747 0.0003 0.5881 0.0149 0.0563 0.0012 464.17 469.67 463.04 -0.24 464 7
JTZ50 20 0.2468 0.0011 3.0683 0.0993 0.0915 0.0017  1421.85 1424.80 1456.41 237 1456 31
JTZ50 21 0.0745 0.0003 0.5915 0.0107 0.0567 0.0010 463.45 471.81 479.49 3.35 463 6
JTZ50 22 0.0695 0.0003 0.5395 0.0148 0.0563 0.0013 433.02 438.09 462.25 6.32 433 7
JTZ50 23 0.0714 0.0003 0.5661 0.0093 0.0564 0.0010 444.58 455.49 468.54 5.11 445 6
JTZ50 24 0.0736 0.0003 0.5917 0.0090 0.0571 0.0010 457.51 471.92 494.63 7.50 458 6
JTZ50 25 0.2457 0.0009 29728 0.0693 0.0899 0.0015 1416.00 1400.69 1424.04 0.56 1424 28
JTZ50 26 0.0713 0.0003 0.5802 0.0154 0.0569 0.0012 443.86 464.56 486.88 8.84 444 7
JTZ50 27 0.0764 0.0003 0.5782 0.0126 0.0573 0.0011 474.84 463.28 501.18 5.26 475 6
JTZ50 28 0.0735 0.0004 0.6335 0.0196 0.0634 0.0015 457.45 498.26 720.67 36.52 457 7
JTZ50 29 0.0747 0.0003 0.5656 0.0144 0.0571 0.0012 464.59 455.16 495.40 6.22 465 7
JTZ50 30 0.0734 0.0003 0.5602 0.0148 0.0567 0.0012 456.61 451.62 479.49 4.77 457 7
JTZ50 31 0.0754 0.0003 0.6058 0.0094 0.0569 0.0010 468.55 480.89 488.82 4.15 469 6
JTZ50 32 0.0653 0.0002 0.5295 0.0085 0.0577 0.0010 407.60 431.48 516.49 21.08 408 5
JTZ50 33 0.0721 0.0003 0.5796 0.0105 0.0579 0.0010 448.55 464.17 525.22 14.60 449 6
JTZ50 34 0.0735 0.0003 0.5677 0.0152 0.0560 0.0012 457.27 456.51 451.18 -1.35 457 7
JTZ50 35 0.0730 0.0003 0.5497 0.0105 0.0559 0.0010 453.96 444.78 448.80 -1.15 454 6
JTZ50 36 0.0747 0.0003 0.5853 0.0116 0.0570 0.0011 464.35 467.89 491.53 5.53 464 6
JTZ50 37 0.0704 0.0004 0.5305 0.0159 0.0558 0.0013 438.26 432.13 442.43 0.94 438 7
JTZ50 38 0.1947 0.0008 2.0583 0.0499 0.0778 0.0014  1146.79 1135.07 1140.75 -0.53 1141 27
JTZ50 39 0.0753 0.0003 0.5966 0.0113 0.0574 0.0011 467.77 475.09 507.70 7.87 468 6
JTZ50 40 0.1566 0.0006 1.4842 0.0295 0.0704 0.0012 937.80 923.96 938.88 0.11 938 9
JTZ50 41 0.0674 0.0003 0.5347 0.0100 0.0560 0.0010 420.47 434.94 450.78 6.72 420 6
JTZ50 42 0.0753 0.0003 0.5668 0.0133 0.0565 0.0012 467.77 455.92 472.07 091 468 6
JTZ50 43 0.0697 0.0003 0.5825 0.0112 0.0612 0.0012 434.47 466.08 645.92 32.74 434 6
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JTZ50 44 0.0734 0.0003 0.5591 0.0132 0.0562 0.0012 456.43 450.91 460.28 0.84 456 6
JTZ50 45 0.0707 0.0003 0.5679 0.0124 0.0584 0.0012 440.13 456.67 545.17 19.27 440 6
JTZ50 46 0.0723 0.0003 0.5656 0.0104 0.0563 0.0010 449.76 455.19 465.01 3.28 450 6
JTZ50 47 0.0731 0.0003 0.5991 0.0165 0.0577 0.0013 454.50 476.68 519.91 12.58 455 7
JTZ50 48 0.0726 0.0003 0.5558 0.0105 0.0562 0.0011 451.98 448.78 460.67 1.89 452 6
JTZ50 49 03178 0.0012 5.0119 0.1052 0.1138 0.0020  1779.17 1821.33 1860.96 4.40 1861 32
JTZ50 50 0.0730 0.0003 0.5466 0.0140 0.0568 0.0012 454.38 442.76 483.78 6.08 454 7
JTZ50 51 0.0666 0.0003 0.5557 0.0124 0.0595 0.0012 415.82 448.75 585.08 28.93 416 6
JTZ50 52 0.0742 0.0003 0.5782 0.0106 0.0568 0.0011 461.29 463.29 483.00 4.49 461 6
JTZ50 53 0.0720 0.0003 0.5372 0.0155 0.0556 0.0013 448.07 436.58 434.83 -3.05 448 7
JTZ50 54 0.0741 0.0003 0.5943 0.0151 0.0579 0.0013 460.93 473.58 526.36 12.43 461 7
JTZ50 55 0.0724 0.0003 0.5585 0.0094 0.0566 0.0010 450.60 450.56 475.98 5.33 451 4
JTZ50 56 0.0728 0.0002 0.5631 0.0093 0.0563 0.0010 452.88 453.54 464.22 2.44 453 3
JTZ50 57 0.0731 0.0003 0.5790 0.0139 0.0568 0.0013 454.93 463.79 484.17 6.04 455 4
JTZ50 58 0.0690 0.0003 0.5331 0.0119 0.0555 0.0011 430.37 433.86 431.22 0.20 430 4
JTZ50 59 0.0684 0.0003 0.5222 0.0125 0.0568 0.0011 426.51 426.63 483.39 11.77 427 4
JTZ50 60 0.0744 0.0003 0.5757 0.0122 0.0566 0.0011 462.49 461.69 475.59 2.75 462 4
JTZ50 61 0.0755 0.0003 0.5931 0.0153 0.0571 0.0012 469.15 472.87 495.78 5.37 469 4
JTZ50 62 0.0767 0.0002 0.5678 0.0116 0.0567 0.0012 476.10 456.58 478.32 0.47 476 3
JTZ50 63 0.0758 0.0003 0.6090 0.0103 0.0595 0.0011 470.94 482.90 585.44 19.56 471 4
JTZ50 64 0.0685 0.0003 0.5085 0.0152 0.0551 0.0013 426.81 417.41 417.50 -2.23 427 4
JTZ50 65 0.0639 0.0002 0.4743 0.0088 0.0548 0.0010 399.42 394.17 403.66 1.05 399 3
JTZ50 66 0.0718 0.0003 0.5427 0.0158 0.0557 0.0012 447.05 440.21 440.43 -1.50 447 5
JTZ50 67 0.0749 0.0003 0.5904 0.0101 0.0566 0.0010 465.43 471.15 474.03 1.81 465 4
JTZ50 68 0.0763 0.0003 0.5941 0.0153 0.0573 0.0013 473.88 473.48 504.25 6.02 474 5
JTZ50 69 0.0702 0.0003 0.5313 0.0129 0.0555 0.0012 437.60 432.67 433.63 -0.92 438 4
JTZ50 70 0.0690 0.0003 0.5235 0.0153 0.0570 0.0012 430.01 427.46 491.92 12.59 430 4
JTZ50 71 0.0731 0.0002 0.5543 0.0094 0.0566 0.0010 454.62 447.79 475.98 4.49 455 3
JTZ50 72 0.0731 0.0003 0.5692 0.0106 0.0568 0.0010 454.75 457.51 481.83 5.62 455 4
JTZ50 73 0.0692 0.0003 0.5525 0.0113 0.0574 0.0011 431.09 446.61 505.02 14.64 431 4
JTZ50 74 0.0717 0.0003 0.5512 0.0098 0.0563 0.0010 446.09 445.79 464.22 391 446 4
JTZ50 75 0.0692 0.0003 0.5314 0.0139 0.0558 0.0012 431.39 432.71 444 .82 3.02 431 4
JTZ50 76 0.0692 0.0003 0.5455 0.0126 0.0571 0.0013 431.15 442.04 496.17 13.10 431 4
JTZ50 77 0.0722 0.0004 0.5669 0.0171 0.0561 0.0014 449.64 455.98 454.35 1.04 450 5
JTZ50 78 0.0627 0.0004 0.5034 0.0217 0.0599 0.0017 391.96 413.97 599.60 34.63 392 6
JTZ50 79 0.0715 0.0004 0.5922 0.0191 0.0631 0.0014 445.07 472.30 710.25 37.34 445 5
JTZ50 80 0.0711 0.0003 0.5697 0.0109 0.0601 0.0011 442.48 457.84 607.54 27.17 442 4
JTZ50 81 0.0745 0.0003 0.6136 0.0103 0.0570 0.0011 463.39 485.83 491.92 5.80 463 4
JTZ50 82 0.0737 0.0003 0.5565 0.0146 0.0559 0.0012 458.23 449.24 449.59 -1.92 458 4
JTZ50 83 0.0682 0.0003 0.5233 0.0091 0.0558 0.0010 425.06 427.33 445.61 4.61 425 4
JTZ50 84 0.0715 0.0004 0.5675 0.0187 0.0558 0.0014 444.89 456.37 445.61 0.16 445 5
JTZ50 85 0.0709 0.0004 0.5351 0.0182 0.0559 0.0014 441.64 435.20 447.60 1.33 442 5
JTZ50 86 0.0768 0.0003 0.5889 0.0138 0.0568 0.0012 477.05 470.18 484.17 1.47 477 4
JTZ50 87 0.0719 0.0002 0.5360 0.0067 0.0561 0.0009 447.29 435.75 454.35 1.55 447 3
JTZ50 88 0.0729 0.0003 0.5732 0.0095 0.0576 0.0010 453.72 460.06 516.10 12.09 454 4
JTZ50 89 0.0693 0.0003 0.5467 0.0094 0.0556 0.0010 431.64 442 .81 434.83 0.73 432 4
JTZ50 90 0.0736 0.0003 0.5651 0.0145 0.0562 0.0012 458.05 454.86 461.07 0.65 458 4
JTZ50 91 0.0740 0.0003 0.6022 0.0116 0.0582 0.0011 460.15 478.60 535.79 14.12 460 4
JTZ50 92 0.0732 0.0003 0.5445 0.0124 0.0562 0.0012 455.35 441.37 458.70 0.73 455 4
JTZ50 93 0.0737 0.0003 0.5586 0.0134 0.0554 0.0011 458.35 450.60 426.39 -7.50 458 4
JTZ50 94 0.0691 0.0003 0.5898 0.0134 0.0627 0.0012 430.43 470.73 698.07 38.34 430 4
JTZ50 95 0.0750 0.0002 0.5800 0.0120 0.0566 0.0014 466.03 464.43 474.42 1.77 466 3
JTZ50 96 0.0753 0.0008 0.5969 0.0537 0.0588 0.0014 468.13 475.27 558.96 16.25 468 10
JTZ50 97 0.2241 0.0003 2.5267 0.0106 0.0840 0.0010 1303.71 1279.74 1292.78 -0.85 1293 18
JTZ50 98 0.0676 0.0003 0.5632 0.0107 0.0592 0.0011 421.38 453.62 574.09 26.60 421 4
JTZ50 99 0.0756 0.0003 0.5743 0.0193 0.0560 0.0016 469.69 460.76 453.16 -3.65 470 4
JTZ50 100 0.0729 0.0003 0.5590 0.0135 0.0565 0.0013 453.48 450.88 471.68 3.86 453 4
JTZ52 1 0.0739 0.0003 0.5503 0.0111 0.0560 0.0011 459.55 44521 450.38 -2.03 460 9
JTZ52 2 0.0731 0.0004 0.6031 0.0212 0.0599 0.0016 455.05 479.19 600.33 24.20 455 10
JTZ52 3 0.0704 0.0003 0.5305 0.0112 0.0558 0.0011 438.63 432.15 443.62 1.13 439 9
JTZ52 4 0.0724 0.0004 0.5728 0.0154 0.0567 0.0013 450.48 459.80 478.71 5.90 450 9
JTZ52 5 0.0710 0.0003 0.5595 0.0132 0.0577 0.0012 441.94 451.18 516.49 14.43 442 9
JTZ52 6 0.0684 0.0003 0.5576 0.0109 0.0587 0.0011 426.51 449.97 554.13 23.03 427 8
JTZ52 7 0.0696 0.0003 0.5351 0.0104 0.0569 0.0011 433.56 435.19 488.05 11.16 434 8
JTZ52 8 0.0681 0.0003 0.5385 0.0117 0.0589 0.0012 424.40 437.46 562.29 24.52 424 9
JTZ52 9 0.0687 0.0003 0.5216 0.0094 0.0559 0.0010 428.56 426.19 448.00 434 429 8
JTZ52 10 0.0686 0.0003 0.5390 0.0096 0.0578 0.0010 427.59 437.78 521.81 18.06 428 8
JTZ52 11 0.0705 0.0003 0.5633 0.0103 0.0570 0.0010 439.35 453.66 489.98 10.33 439 8
JTZ52 12 0.0681 0.0003 0.5622 0.0088 0.0579 0.0010 424.52 452.98 527.49 19.52 425 8
JTZ52 13 0.0633 0.0002 0.5412 0.0084 0.0620 0.0011 39591 439.24 675.49 41.39 396 8
JTZ52 14 0.0627 0.0003 0.5232 0.0098 0.0624 0.0011 391.72 427.27 686.14 42.91 392 8
JTZ52 15 0.0719 0.0003 0.5575 0.0111 0.0579 0.0011 447.59 449.92 526.74 15.03 448 9
JTZ52 16 0.0668 0.0004 0.5464 0.0171 0.0596 0.0015 416.73 442.62 588.36 29.17 417 9
JTZ52 17 0.0711 0.0004 0.5638 0.0195 0.0560 0.0015 442.48 454.00 453.95 2.53 442 10
JTZ52 18 0.0700 0.0005 0.6053 0.0295 0.0637 0.0022 436.34 480.61 730.35 40.26 436 11
JTZ52 19 0.0674 0.0003 0.5272 0.0115 0.0581 0.0012 420.17 429.97 535.04 21.47 420 8
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JTZ52 20 0.0705 0.0003 0.5407 0.0095 0.0560 0.0010 439.11 438.89 453.56 3.19 439 8
JTZ52 21 0.0693 0.0004 0.5208 0.0151 0.0557 0.0013 431.88 425.67 439.63 1.76 432 9
JTZ52 22 0.0725 0.0004 0.5700 0.0165 0.0569 0.0013 451.32 458.00 485.72 7.08 451 9
JTZ52 23 0.0710 0.0004 0.5349 0.0154 0.0569 0.0013 442.24 435.04 486.88 9.17 442 9
JTZ52 24 0.0708 0.0003 0.5322 0.0123 0.0571 0.0012 441.03 433.26 494.63 10.83 441 9
JTZ52 25 0.0691 0.0003 0.5222 0.0126 0.0558 0.0012 430.97 426.59 444.42 3.03 431 9
JTZ52 26 0.0651 0.0003 0.5000 0.0133 0.0587 0.0013 406.51 411.72 556.36 26.93 407 9
JTZ52 27 0.0571 0.0002 0.4791 0.0097 0.0620 0.0012 357.66 397.46 674.45 46.97 358 8
JTZ52 28 0.0710 0.0003 0.5555 0.0123 0.0581 0.0012 442.42 448.60 533.91 17.14 442 9
JTZ52 29 0.0631 0.0003 0.5112 0.0136 0.0587 0.0013 394.39 419.28 554.13 28.83 394 9
JTZ52 30 0.0610 0.0002 0.5162 0.0094 0.0607 0.0011 381.83 422.60 630.04 39.40 382 8
JTZ52 31 0.0682 0.0003 0.5295 0.0136 0.0580 0.0013 425.42 431.50 529.38 19.64 425 9
JTZ52 32 0.0692 0.0003 0.5367 0.0143 0.0560 0.0012 431.09 436.27 453.16 4.87 431 9
JTZ52 33 0.0679 0.0003 0.5237 0.0149 0.0567 0.0013 423.55 427.62 478.71 11.52 424 9
JTZ52 34 0.1919 0.0010 2.1200 0.0800 0.0790 0.0017  1131.71 1155.34 1170.88 3.35 1171 34
JTZ52 35 0.0729 0.0004 0.5628 0.0167 0.0586 0.0014 453.78 453.36 551.89 17.78 454 10
JTZ52 36 0.0726 0.0003 0.5705 0.0127 0.0570 0.0011 451.56 458.31 491.92 8.20 452 9
JTZ52 37 0.0720 0.0003 0.6336 0.0143 0.0642 0.0013 448.37 498.36 747.90 40.05 448 9
JTZ52 38 0.0701 0.0003 0.5259 0.0125 0.0558 0.0012 436.94 429.11 444.02 1.59 437 9
JTZ52 39 0.0661 0.0003 0.5311 0.0153 0.0586 0.0014 412.50 432.51 553.76 25.51 413 9
JTZ52 40 0.0663 0.0003 0.4975 0.0122 0.0561 0.0012 413.70 409.99 454.75 9.02 414 9
JTZ52 41 0.0708 0.0003 0.6053 0.0115 0.0607 0.0011 441.21 480.58 627.55 29.69 441 8
JTZ52 42 0.0752 0.0004 0.6206 0.0184 0.0593 0.0014 467.29 490.23 579.59 19.38 467 10
JTZ52 43 0.0655 0.0004 0.5389 0.0182 0.0605 0.0016 409.05 437.69 621.86 34.22 409 9
JTZ52 44 0.0706 0.0003 0.5477 0.0132 0.0571 0.0012 439.77 443.46 493.85 10.95 440 9
JTZ52 45 0.0704 0.0003 0.5552 0.0124 0.0575 0.0012 438.32 448.36 509.61 13.99 438 9
JTZ52 46 0.0656 0.0003 0.5209 0.0117 0.0591 0.0012 409.71 425.74 572.25 28.40 410 8
JTZ52 47 0.0712 0.0003 0.5524 0.0135 0.0562 0.0012 443.08 446.53 459.88 3.65 443 9
JTZ52 48 0.0683 0.0003 0.5474 0.0147 0.0590 0.0013 425.66 443.29 568.20 25.09 426 9
JTZ52 49 0.0634 0.0003 0.5330 0.0148 0.0596 0.0014 396.39 433.81 590.54 32.88 396 9
JTZ52 50 0.0680 0.0003 0.5228 0.0140 0.0564 0.0013 424.22 427.04 466.97 9.16 424 9
JTZ52 51 0.0680 0.0003 0.5415 0.0129 0.0582 0.0012 423.97 43941 535.79 20.87 424 9
JTZ52 52 0.0711 0.0003 0.5471 0.0133 0.0581 0.0012 442.84 443.11 533.91 17.06 443 9
JTZ52 53 0.0722 0.0003 0.5422 0.0132 0.0563 0.0012 449.64 439.85 463.43 2.98 450 9
JTZ52 54 0.0707 0.0004 0.5570 0.0173 0.0572 0.0014 440.13 449.59 498.48 11.71 440 9
JTZ52 55 0.0709 0.0004 0.5879 0.0225 0.0632 0.0018 441.52 469.55 714.30 38.19 442 10
JTZ52 56 0.0692 0.0004 05114 0.0193 0.0562 0.0016 431.45 419.36 458.70 5.94 431 10
JTZ52 57 0.0711 0.0004 0.5491 0.0177 0.0563 0.0014 442.60 444.42 465.01 4.82 443 10
JTZ52 58 0.0713 0.0004 0.5653 0.0215 0.0609 0.0017 443.86 454.94 635.00 30.10 444 10
JTZ52 59 0.0677 0.0003 0.5542 0.0149 0.0609 0.0014 422.40 447.71 635.35 33.52 422 9
JTZ52 60 0.0719 0.0003 0.5572 0.0148 0.0571 0.0013 447.35 449.73 493.47 9.35 447 9
JTZ52 61 0.0710 0.0003 0.5291 0.0148 0.0564 0.0013 442.00 431.24 466.19 5.19 442 9
JTZ52 62 0.0718 0.0003 0.5524 0.0152 0.0562 0.0013 446.93 446.55 461.46 3.15 447 9
JTZ52 63 0.0705 0.0003 0.5286 0.0129 0.0561 0.0012 439.23 430.87 455.54 3.58 439 9
JTZ52 64 0.0728 0.0003 0.5652 0.0092 0.0566 0.0010 453.18 454.87 477.15 5.02 453 5
JTZ52 65 0.0786 0.0004 0.5952 0.0163 0.0576 0.0013 487.46 474.16 515.34 5.41 487 6
JTZ52 66 0.0724 0.0003 0.5679 0.0129 0.0566 0.0011 450.84 456.68 474.42 4.97 451 5
JTZ52 67 0.0710 0.0003 0.5607 0.0103 0.0578 0.0010 442.00 451.95 52143 15.23 442 5
JTZ52 68 0.0745 0.0004 0.5529 0.0198 0.0564 0.0015 462.91 446.91 468.54 1.20 463 7
JTZ52 69 0.0749 0.0003 0.5626 0.0128 0.0563 0.0011 465.73 453.24 465.79 0.01 466 5
JTZ52 70 0.0684 0.0004 0.5133 0.0177 0.0562 0.0015 426.45 420.68 458.30 6.95 426 6
JTZ52 71 0.0741 0.0003 0.5634 0.0111 0.0577 0.0011 460.99 453.72 516.87 10.81 461 5
JTZ52 72 0.0679 0.0003 0.5430 0.0126 0.0594 0.0012 423.25 440.37 579.96 27.02 423 5
JTZ52 73 0.0743 0.0003 0.5843 0.0134 0.0586 0.0012 462.07 467.20 553.76 16.56 462 5
JTZ52 74 0.0731 0.0003 0.5880 0.0145 0.0562 0.0012 454.62 469.60 459.88 1.14 455 5
JTZ52 75 0.0745 0.0003 0.5586 0.0101 0.0566 0.0010 463.27 450.64 475.98 2.67 463 5
JTZ52 76 0.0733 0.0003 0.5609 0.0115 0.0563 0.0011 455.71 452.14 464.61 1.92 456 5
JTZ52 77 0.0725 0.0003 0.5651 0.0151 0.0584 0.0013 451.14 454.83 546.30 17.42 451 5
JTZ52 78 0.0713 0.0003 0.5764 0.0114 0.0591 0.0011 443.92 462.16 570.05 22.12 444 5
JTZ52 79 0.0731 0.0005 0.5666 0.0232 0.0564 0.0017 454.56 455.80 468.15 2.90 455 7
JTZ52 80 0.0731 0.0003 0.5722 0.0121 0.0570 0.0011 454.56 459.46 489.98 7.23 455 5
JTZ52 81 0.0764 0.0004 0.5850 0.0186 0.0567 0.0014 474.84 467.69 481.44 1.37 475 6
JTZ52 82 0.0748 0.0004 0.5744 0.0150 0.0584 0.0013 464.89 460.87 543.68 14.49 465 6
JTZ52 83 0.0744 0.0003 0.5850 0.0132 0.0568 0.0011 462.85 467.69 482.22 4.02 463 5
JTZ52 84 0.0713 0.0003 0.5408 0.0123 0.0570 0.0012 443.98 438.96 491.53 9.67 444 5
JTZ52 85 0.0768 0.0003 0.5566 0.0129 0.0569 0.0012 477.05 449.33 488.05 2.25 477 5
JTZ52 86 0.0640 0.0003 0.5341 0.0163 0.0622 0.0015 399.66 434.51 681.68 41.37 400 6
JTZ52 87 0.0711 0.0003 0.5323 0.0109 0.0558 0.0011 442.72 433.36 443.62 0.20 443 5
JTZ52 88 0.0683 0.0003 0.5624 0.0126 0.0588 0.0012 425.78 453.11 558.96 23.83 426 5
JTZ52 89 0.0700 0.0003 0.5342 0.0138 0.0585 0.0013 436.40 434.62 547.04 20.23 436 5
JTZ52 90 0.0728 0.0004 0.5856 0.0166 0.0602 0.0014 452.94 468.07 611.85 25.97 453 6
JTZ52 91 0.0738 0.0004 0.5308 0.0145 0.0562 0.0013 459.07 432.35 459.09 0.01 459 6
JTZ52 92 0.0747 0.0003 0.5769 0.0132 0.0561 0.0011 464.41 462.44 455.54 -1.95 464 5
JTZ52 93 0.0743 0.0004 0.5591 0.0148 0.0576 0.0013 462.01 450.93 515.34 10.35 462 6
JTZ52 94 0.0726 0.0003 0.5426 0.0112 0.0560 0.0011 452.04 440.14 453.56 0.33 452 5
JTZ52 95 0.0761 0.0004 0.5603 0.0183 0.0565 0.0014 472.92 451.73 472.46 -0.10 473 6
JTZ52 96 0.0752 0.0003 0.5575 0.0136 0.0558 0.0012 467.35 449.92 445.22 -4.97 467 5
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JTZ52 97 0.0692 0.0003 0.5038 0.0115 0.0555 0.0011 431.27 414.30 430.81 -0.11 431 5
JTZ52 98 0.0716 0.0003 0.5522 0.0134 0.0578 0.0012 445.85 446.42 522.19 14.62 446 5
JTZ52 99 0.0727 0.0003 0.5658 0.0116 0.0561 0.0011 45222 45532 455.93 0.81 452 5
JTZ52 100 0.0751 0.0003 0.5654 0.0129 0.0566 0.0012 467.05 455.05 475.20 1.72 467 5
JTZ52 101 0.0738 0.0003 0.5555 0.0140 0.0564 0.0012 459.13 448.56 466.58 1.60 459 5
JTZ52 102 0.0683 0.0003 0.5098 0.0103 0.0556 0.0011 425.78 418.29 436.03 235 426 5
JTZ52 103 0.0717 0.0004 0.5442 0.0156 0.0561 0.0013 446.39 441.16 454.75 1.84 446 6
JTZ52 104 0.0746 0.0004 0.5709 0.0181 0.0557 0.0014 463.75 458.62 441.23 -5.10 464 6
JTZ52 105 0.0738 0.0004 0.5538 0.0171 0.0562 0.0014 458.77 447.45 460.28 0.33 459 6
JTZ52 106 0.0740 0.0003 0.5700 0.0135 0.0569 0.0012 460.39 457.98 489.21 5.89 460 5
JTZ52 107 0.0706 0.0004 0.5328 0.0195 0.0560 0.0015 439.53 433.66 450.38 241 440 6
JTZ54 1 0.0707 0.0004 0.5383 0.0089 0.0570 0.0009 440.19 437.30 489.98 10.16 440 10
JTZ54 2 0.0721 0.0005 0.5575 0.0128 0.0589 0.0011 448.92 449.88 562.66 20.22 449 10
JTZ54 3 0.0750 0.0007 0.6029 0.0260 0.0604 0.0019 466.39 479.09 617.58 24.48 466 13
JTZ54 4 0.0721 0.0005 0.5637 0.0135 0.0579 0.0011 448.49 453.94 525.60 14.67 448 10
JTZ54 5 0.0704 0.0005 0.5583 0.0118 0.0568 0.0010 438.81 450.44 484.94 9.51 439 10
JTZ54 6 0.0751 0.0005 0.5896 0.0097 0.0594 0.0009 466.69 470.60 582.15 19.83 467 10
JTZ54 7 0.0697 0.0004 0.5426 0.0111 0.0594 0.0010 434.41 440.14 582.88 25.47 434 10
JTZ54 8 0.0749 0.0005 0.6012 0.0164 0.0627 0.0013 465.49 477.98 698.75 33.38 465 11
JTZ54 9 0.0714 0.0005 0.5884 0.0143 0.0601 0.0012 444.40 469.87 607.18 26.81 444 10
JTZ54 10 0.0748 0.0005 0.5811 0.0118 0.0555 0.0010 465.19 465.19 431.62 -7.18 465 10
JTZ54 11 0.0690 0.0004 0.5425 0.0110 0.0595 0.0010 430.01 440.07 583.98 26.37 430 10
JTZ54 12 0.0723 0.0004 0.5705 0.0103 0.0567 0.0009 450.24 458.32 481.05 6.41 450 10
JTZ54 13 0.0760 0.0005 0.6219 0.0158 0.0608 0.0012 472.20 491.01 631.10 25.18 472 10
JTZ54 14 0.0738 0.0005 0.6228 0.0146 0.0630 0.0012 459.13 491.59 707.56 35.11 459 10
JTZ54 15 0.0793 0.0006 0.5959 0.0170 0.0567 0.0012 491.88 474.63 480.66 -2.33 492 11
JTZ54 16 0.0744 0.0005 0.5874 0.0118 0.0587 0.0010 462.67 469.23 556.36 16.84 463 10
JTZ54 17 0.2184 0.0014 25219 0.0641 0.0860 0.0013  1273.63 1278.37 1338.18 4.82 1338 27
JTZ54 18 0.0723 0.0005 0.5537 0.0128 0.0555 0.0011 450.18 447.44 432.42 -4.11 450 10
JTZ54 19 0.0743 0.0005 0.6330 0.0164 0.0627 0.0013 462.19 497.98 698.41 33.82 462 10
JTZ54 20 0.0761 0.0005 0.6126 0.0152 0.0569 0.0011 472.56 485.22 488.44 3.25 473 10
JTZ54 21 0.0759 0.0005 0.5939 0.0136 0.0566 0.0011 471.36 473.35 477.54 1.29 471 10
JTZ54 22 0.0723 0.0005 0.5590 0.0138 0.0555 0.0011 449.88 450.90 432.02 -4.13 450 10
JTZ54 23 0.0738 0.0005 0.6019 0.0146 0.0598 0.0012 459.01 478.45 597.43 23.17 459 10
JTZ54 24 0.0739 0.0004 0.6320 0.0127 0.0624 0.0011 459.43 497.31 686.14 33.04 459 10
JTZ54 25 0.0712 0.0005 0.5520 0.0145 0.0576 0.0012 443.50 446.32 515.72 14.00 444 10
JTZ54 26 0.0748 0.0007 0.6217 0.0278 0.0607 0.0019 464.95 490.89 627.20 25.87 465 12
JTZ54 27 0.0759 0.0005 0.5852 0.0147 0.0564 0.0011 471.60 467.78 466.97 -0.99 472 10
JTZ54 28 0.0764 0.0007 0.6184 0.0278 0.0572 0.0018 474.84 488.84 498.10 4.67 475 12
JTZ54 29 0.0750 0.0005 0.5694 0.0140 0.0569 0.0011 466.09 457.63 485.72 4.04 466 10
JTZ54 30 0.0745 0.0005 0.5828 0.0156 0.0577 0.0012 463.33 466.27 518.77 10.69 463 10
JTZ54 31 0.0731 0.0004 0.5588 0.0092 0.0548 0.0009 454.50 450.75 402.03 -13.05 455 9
JTZ54 32 0.0775 0.0004 0.6181 0.0109 0.0592 0.0009 481.18 488.68 573.36 16.08 481 9
JTZ54 33 0.0699 0.0004 0.5737 0.0108 0.0583 0.0010 435.43 460.42 539.93 19.35 435 9
JTZ54 34 0.0698 0.0004 0.5654 0.0142 0.0599 0.0012 434.95 455.01 598.88 27.37 435 10
JTZ54 35 0.0711 0.0004 0.5670 0.0103 0.0584 0.0010 442.54 456.05 542.93 18.49 443 9
JTZ54 36 0.0746 0.0004 0.6065 0.0122 0.0599 0.0010 463.75 481.38 599.96 22.70 464 9
JTZ54 37 0.0711 0.0004 0.5754 0.0113 0.0601 0.0010 442.72 461.51 607.54 27.13 443 9
JTZ54 38 0.0709 0.0004 0.5591 0.0113 0.0588 0.0010 441.40 450.95 557.84 20.87 441 9
JTZ54 39 0.0712 0.0004 0.5888 0.0115 0.0581 0.0010 443.56 470.11 535.04 17.10 444 9
JTZ54 40 0.0719 0.0004 0.5761 0.0124 0.0572 0.0011 447.65 461.93 498.87 10.27 448 9
JTZ54 41 0.0702 0.0004 0.5664 0.0136 0.0586 0.0012 437.48 455.69 553.01 20.89 437 9
JTZ54 42 0.0733 0.0005 0.5519 0.0155 0.0549 0.0012 455.89 446.22 409.37 -11.36 456 10
JTZ54 43 0.0747 0.0005 0.6202 0.0156 0.0611 0.0012 464.23 489.98 643.46 27.85 464 10
JTZ54 44 0.0684 0.0004 0.5146 0.0146 0.0561 0.0013 426.39 421.52 457.12 6.72 426 10
JTZ54 45 0.0725 0.0005 0.5805 0.0169 0.0587 0.0013 451.26 464.78 555.62 18.78 451 10
JTZ54 46 0.0718 0.0004 0.5682 0.0127 0.0580 0.0011 446.93 456.84 530.14 15.70 447 9
JTZ54 47 0.0694 0.0005 0.5701 0.0225 0.0581 0.0017 432.36 458.08 533.91 19.02 432 11
JTZ54 48 0.0679 0.0006 0.5337 0.0255 0.0609 0.0021 423.67 434.27 636.06 33.39 424 12
JTZ54 49 0.0751 0.0006 0.5742 0.0230 0.0590 0.0017 466.87 460.75 565.62 17.46 467 11
JTZ54 50 0.0729 0.0004 0.5629 0.0121 0.0572 0.0011 453.30 453.39 500.02 9.34 453 9
JTZ54 51 0.0644 0.0004 0.5385 0.0198 0.0617 0.0018 402.33 437.43 661.99 39.22 402 13
JTZ54 52 0.0694 0.0003 0.5642 0.0090 0.0589 0.0010 432.54 454.25 561.55 22.97 433 11
JTZ54 53 0.0734 0.0003 0.6148 0.0125 0.0587 0.0011 456.85 486.56 557.10 18.00 457 11
JTZ54 54 0.0673 0.0003 0.5477 0.0095 0.0563 0.0010 419.63 443.51 465.01 9.76 420 11
JTZ54 55 0.0687 0.0003 0.5361 0.0135 0.0560 0.0012 428.38 435.86 451.97 522 428 12
JTZ54 56 0.0706 0.0003 0.5339 0.0070 0.0549 0.0009 439.59 434.36 409.37 -7.38 440 11
JTZ54 57 0.0658 0.0003 0.5503 0.0079 0.0612 0.0010 410.68 445.18 644.51 36.28 411 10
JTZ54 58 0.0696 0.0003 0.5412 0.0119 0.0554 0.0011 433.81 439.22 427.19 -1.55 434 11
JTZ54 59 0.0680 0.0003 0.5406 0.0100 0.0571 0.0010 42391 438.81 493.85 14.16 424 11
JTZ54 60 0.0696 0.0003 0.5378 0.0098 0.0556 0.0010 433.99 436.97 436.83 0.65 434 11
JTZ54 61 0.0706 0.0003 0.5576 0.0108 0.0559 0.0010 439.89 449.96 446.41 1.46 440 11
JTZ54 62 0.0716 0.0003 0.5588 0.0085 0.0582 0.0010 44591 450.71 538.80 17.24 446 11
JTZ54 63 0.0695 0.0003 0.5411 0.0080 0.0559 0.0009 433.14 439.16 447.21 3.14 433 11
JTZ54 64 0.0708 0.0003 0.5550 0.0082 0.0559 0.0009 440.67 448.25 449.99 2.07 441 11
JTZ54 65 0.0702 0.0003 0.5453 0.0079 0.0561 0.0009 437.24 441.88 454.35 3.77 437 11
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JTZ54 66 0.0712 0.0003 0.5467 0.0076 0.0564 0.0009 443.14 442.85 468.15 5.34 443 11
JTZ54 67 0.0680 0.0003 0.5598 0.0080 0.0592 0.0010 424.10 451.42 574.46 26.17 424 11
JTZ54 68 0.0686 0.0003 0.5348 0.0071 0.0575 0.0009 427.41 435.00 511.91 16.51 427 10
JTZ54 69 0.0698 0.0003 0.5409 0.0062 0.0563 0.0009 435.19 439.00 465.79 6.57 435 10
JTZ54 70 0.0641 0.0002 0.5051 0.0066 0.0573 0.0009 400.69 415.18 504.25 20.54 401 10
IJTZ54 71 0.0691 0.0003 0.5381 0.0095 0.0560 0.0010 430.79 437.16 451.58 4.60 431 11
JTZ54 72 0.0710 0.0003 0.5489 0.0073 0.0565 0.0009 442.24 444.25 470.11 5.93 442 11
JTZ54 73 0.0678 0.0002 0.5267 0.0062 0.0572 0.0009 422.59 429.62 498.10 15.16 423 10
JTZ54 74 0.0674 0.0003 0.5458 0.0141 0.0570 0.0012 420.41 442.24 491.92 14.54 420 11
JTZ54 75 0.0667 0.0003 0.5396 0.0088 0.0586 0.0010 416.12 438.15 552.64 24.70 416 11
JTZ54 76 0.0663 0.0003 0.5459 0.0151 0.0583 0.0013 414.01 442.33 541.80 23.59 414 12
IJTZ54 77 0.2357 0.0009 2.9139 0.0444 0.0904 0.0014 1364.36 1385.53 1433.15 4.80 1433 30
JTZ54 78 0.0706 0.0003 0.6138 0.0087 0.0635 0.0010 439.65 485.98 725.02 39.36 440 11
JTZ54 79 0.0683 0.0003 0.5550 0.0085 0.0592 0.0010 425.72 448.24 574.83 25.94 426 11
JTZ54 80 0.0676 0.0003 0.5439 0.0079 0.0577 0.0009 421.74 440.99 516.49 18.34 422 10
JTZ54 81 0.0654 0.0003 0.5098 0.0101 0.0557 0.0011 408.26 418.31 438.43 6.88 408 11
JTZ54 82 0.0650 0.0003 0.5085 0.0120 0.0556 0.0012 405.90 417.44 434.83 6.65 406 11
JTZ54 83 0.0675 0.0003 0.5619 0.0140 0.0580 0.0012 421.32 452.76 529.76 20.47 421 11
JTZ54 84 0.0680 0.0004 0.5024 0.0149 0.0557 0.0013 424.22 413.29 440.03 3.59 424 12
JTZ54 85 0.0679 0.0003 0.5670 0.0096 0.0606 0.0011 423.19 456.04 625.07 3230 423 11
JTZ54 86 0.2348 0.0010 3.0931 0.0782 0.0911 0.0015  1359.66 1430.99 1448.07 6.11 1448 33
JTZ54 87 0.0683 0.0004 0.5458 0.0158 0.0620 0.0015 425.85 442.26 672.73 36.70 426 12
JTZ54 88 0.0656 0.0003 0.5393 0.0130 0.0561 0.0012 409.77 437.96 457.12 10.36 410 11
JTZ54 89 0.0653 0.0003 0.5204 0.0084 0.0568 0.0010 407.90 42541 484.55 15.82 408 10
JTZ54 90 0.0649 0.0003 0.5131 0.0116 0.0548 0.0011 405.36 420.55 403.66 -0.42 405 11
JTZ54 91 0.0656 0.0003 0.5307 0.0117 0.0556 0.0011 409.35 432.24 435.63 6.03 409 11
JTZ54 92 0.0641 0.0003 05172 0.0124 0.0590 0.0012 400.21 423.27 565.25 29.20 400 11
JTZ54 93 0.0674 0.0003 0.5182 0.0084 0.0562 0.0010 420.23 423.94 459.09 8.47 420 10
JTZ54 94 0.0687 0.0003 0.5569 0.0093 0.0581 0.0010 428.32 449.51 531.65 19.44 428 11
JTZ54 95 0.0669 0.0003 0.5379 0.0107 0.0575 0.0011 417.15 437.05 510.38 18.27 417 11
JTZ54 96 0.0642 0.0003 0.5113 0.0104 0.0557 0.0011 400.94 419.32 441.63 9.21 401 11
JTZ54 97 0.0683 0.0002 0.5449 0.0078 0.0579 0.0010 425.78 441.68 527.12 19.22 426 10
JTZ54 98 0.0690 0.0003 0.5531 0.0098 0.0557 0.0010 430.01 447.00 439.23 2.10 430 11
JTZ54 99 0.0674 0.0003 0.5241 0.0101 0.0561 0.0011 420.47 427.85 455.93 7.78 420 11
JTZ54 100 0.0670 0.0003 0.5551 0.0107 0.0581 0.0011 418.00 448.35 533.91 21.71 418 11
JTZ54 101 0.0710 0.0003 0.5554 0.0096 0.0566 0.0010 442.18 448.53 474.03 6.72 442 11
JTZ54 102 0.0657 0.0003 0.5194 0.0133 0.0554 0.0012 410.14 424.78 428.40 4.26 410 11
JTZ54 103 0.0695 0.0003 0.5597 0.0108 0.0564 0.0011 433.14 451.31 469.33 7.71 433 11
JTZ54 104 0.0704 0.0003 0.5962 0.0121 0.0597 0.0011 438.32 474.79 590.90 25.82 438 11
JTZ54 105 0.0688 0.0003 0.5427 0.0101 0.0553 0.0010 428.74 440.19 425.58 -0.74 429 11
JTZ54 106 0.0704 0.0003 0.5559 0.0121 0.0568 0.0011 438.69 448.86 484.55 9.47 439 11
JTZ56 1 0.0773 0.0003 0.5635 0.0121 0.0564 0.0011 479.81 453.77 467.36 -2.66 480 19
JTZ56 2 0.0697 0.0003 0.5495 0.0091 0.0557 0.0010 434.05 444.64 440.03 1.36 434 18
JTZ56 3 0.0741 0.0003 0.5563 0.0121 0.0585 0.0011 460.57 449.12 547.04 15.81 461 19
JTZ56 4 0.0765 0.0004 0.5669 0.0137 0.0566 0.0012 475.38 455.98 475.98 0.13 475 19
JTZ56 5 0.0753 0.0004 0.5909 0.0163 0.0564 0.0013 468.01 471.42 468.93 0.20 468 19
JTZ56 6 0.0749 0.0003 0.5589 0.0124 0.0563 0.0011 465.31 450.79 463.83 -0.32 465 19
JTZ56 7 0.0770 0.0003 0.6108 0.0106 0.0568 0.0010 477.89 484.04 485.33 1.53 478 18
JTZ56 8 0.0746 0.0003 0.5804 0.0124 0.0572 0.0011 464.05 464.71 497.33 6.69 464 19
JTZ56 9 0.0628 0.0003 0.4999 0.0102 0.0548 0.0010 392.81 411.62 402.85 2.49 393 18
JTZ56 10 0.0709 0.0003 0.5423 0.0121 0.0575 0.0011 441.70 439.95 510.76 13.52 442 19
JTZ56 11 0.0760 0.0004 0.5653 0.0182 0.0553 0.0014 472.26 454.94 423.97 -11.39 472 20
JTZ56 12 0.0671 0.0003 0.5390 0.0082 0.0566 0.0010 418.36 437.78 47481 11.89 418 18
JTZ56 13 0.0736 0.0003 0.5717 0.0099 0.0560 0.0010 457.99 459.09 450.38 -1.69 458 18
JTZ56 14 0.0688 0.0003 0.5650 0.0091 0.0563 0.0010 428.86 454.78 464.61 7.69 429 18
JTZ56 15 0.0717 0.0003 0.5416 0.0106 0.0558 0.0010 446.51 439.49 443.62 -0.65 447 18
JTZ56 16 0.0765 0.0003 0.5577 0.0114 0.0556 0.0011 475.08 450.03 437.63 -8.56 475 19
JTZ56 17 0.0956 0.0004 0.8474 0.0155 0.0605 0.0011 588.34 623.24 620.79 523 588 19
JTZ56 18 0.0785 0.0005 0.6163 0.0220 0.0570 0.0015 486.86 487.55 489.60 0.56 487 20
JTZ56 19 0.0747 0.0003 0.5867 0.0095 0.0563 0.0010 464.23 468.75 463.04 -0.26 464 18
JTZ56 20 0.0715 0.0003 0.5594 0.0103 0.0562 0.0010 445.31 451.15 458.30 2.84 445 18
JTZ56 21 0.0764 0.0004 0.5674 0.0157 0.0570 0.0013 474.84 456.31 489.60 3.01 475 19
JTZ56 22 0.0744 0.0003 0.5948 0.0130 0.0566 0.0011 462.61 473.91 475.20 2.65 463 19
JTZ56 23 0.0737 0.0004 0.5788 0.0154 0.0561 0.0012 458.41 463.72 457.51 -0.20 458 19
JTZ56 24 0.0720 0.0003 0.5547 0.0132 0.0551 0.0011 448.25 448.09 416.69 -7.58 448 19
JTZ56 25 0.1812 0.0008 1.7691 0.0470 0.0751 0.0014  1073.36 1034.20 1071.18 -0.20 1071 39
JTZ56 26 0.0724 0.0003 0.5606 0.0113 0.0580 0.0011 450.78 451.94 530.89 15.09 451 18
JTZ56 27 0.0784 0.0003 0.6484 0.0106 0.0569 0.0010 486.27 507.51 486.11 -0.03 486 18
JTZ56 28 0.0722 0.0003 0.5703 0.0104 0.0562 0.0010 449.58 458.19 460.67 241 450 18
JTZ56 29 0.1752 0.0007 1.7576 0.0355 0.0741 0.0013  1040.75 1029.98 1043.10 0.23 1043 37
JTZ56 30 0.0750 0.0003 0.5526 0.0121 0.0557 0.0011 466.03 446.72 439.23 -6.10 466 19
JTZ56 31 0.2756 0.0010 4.2227 0.0635 0.1037 0.0016  1569.16 1678.44 1692.08 7.26 1692 41
JTZ56 32 0.0746 0.0003 0.5830 0.0112 0.0593 0.0011 463.99 466.37 579.59 19.95 464 18
JTZ56 33 0.0776 0.0005 0.6020 0.0231 0.0571 0.0016 481.48 478.51 495.40 2.81 481 20
JTZ56 34 0.0721 0.0003 0.5318 0.0124 0.0560 0.0012 448.73 433.00 452.76 0.89 449 19
JTZ56 35 0.0741 0.0004 0.5659 0.0156 0.0562 0.0013 461.05 455.35 460.28 -0.17 461 19
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JTZ56 36 0.0855 0.0005 0.6770 0.0233 0.0580 0.0015 529.05 524.94 529.01 -0.01 529 20
JTZ56 37 0.0781 0.0005 0.6026 0.0233 0.0575 0.0016 484.65 478.86 509.61 4.90 485 21
JTZ56 38 0.0724 0.0003 0.5906 0.0121 0.0564 0.0011 450.30 471.23 466.97 3.57 450 18
JTZ56 39 0.0836 0.0005 0.6178 0.0222 0.0577 0.0015 517.69 488.45 518.39 0.13 518 21
JTZ56 40 0.0747 0.0003 0.5649 0.0127 0.0562 0.0011 464.41 454.68 460.28 -0.90 464 19
JTZ56 41 0.0717 0.0003 0.5782 0.0112 0.0560 0.0011 446.27 463.27 452.76 1.43 446 18
JTZ56 42 0.0695 0.0003 0.5589 0.0091 0.0556 0.0010 432.90 450.80 437.23 0.99 433 18
JTZ56 43 0.0818 0.0004 0.6399 0.0186 0.0580 0.0013 506.68 502.25 529.01 4.22 507 20
JTZ56 44 0.0695 0.0003 0.5582 0.0112 0.0555 0.0011 432.90 450.36 433.63 0.17 433 18
JTZ56 45 0.0810 0.0004 0.5982 0.0195 0.0559 0.0014 502.15 476.08 448.00 -12.09 502 20
JTZ56 46 0.0811 0.0003 0.6061 0.0128 0.0561 0.0011 502.92 481.07 454.75 -10.59 503 19
JTZ56 47 0.0725 0.0003 0.5703 0.0113 0.0562 0.0011 451.08 458.18 459.09 1.75 451 18
JTZ56 48 0.0737 0.0004 0.5507 0.0154 0.0561 0.0013 458.47 445.46 45791 -0.12 458 19
JTZ56 49 0.0740 0.0003 0.5603 0.0142 0.0564 0.0012 460.09 451.72 466.19 1.31 460 19
JTZ56 50 0.0749 0.0004 0.5412 0.0179 0.0563 0.0014 465.85 439.22 463.04 -0.61 466 20
JTZ56 51 0.0723 0.0003 0.5594 0.0126 0.0571 0.0012 450.18 451.11 496.55 9.34 450 18
JTZ56 52 0.0717 0.0003 0.5257 0.0143 0.0561 0.0013 446.51 428.97 455.93 2.07 447 19
JTZ56 53 0.0682 0.0003 0.5285 0.0103 0.0553 0.0011 425.48 430.80 425.18 -0.07 425 18
JTZ56 54 0.0763 0.0003 0.5785 0.0145 0.0564 0.0012 474.00 463.48 469.33 -1.00 474 19
JTZ56 55 0.0701 0.0003 0.5575 0.0102 0.0556 0.0010 436.52 449.92 436.83 0.07 437 18
JTZ56 56 0.0781 0.0004 0.6465 0.0205 0.0611 0.0015 484.59 506.29 644.16 24.77 485 20
JTZ56 57 0.0648 0.0003 0.5143 0.0098 0.0552 0.0011 404.57 421.31 421.14 3.94 405 18
JTZ56 58 0.0686 0.0004 0.5072 0.0152 0.0570 0.0014 427.47 416.54 493.08 13.31 427 19
JTZ56 59 0.0775 0.0003 0.5725 0.0134 0.0574 0.0012 481.42 459.62 507.70 5.18 481 19
JTZ56 60 0.3291 0.0012 4.5982 0.0955 0.1071 0.0019  1833.78 1748.94 1750.30 -4.71 1750 45
JTZ56 61 0.0766 0.0004 0.5890 0.0164 0.0567 0.0013 475.62 470.20 479.10 0.73 476 19
JTZ56 62 0.0739 0.0003 0.5440 0.0138 0.0557 0.0012 459.79 441.08 442.03 -4.02 460 19
JTZ56 63 0.0738 0.0003 0.5818 0.0130 0.0560 0.0011 458.89 465.59 453.56 -1.18 459 7
JTZ56 64 0.0700 0.0003 0.5279 0.0135 0.0556 0.0012 43591 430.42 436.03 0.03 436 7
JTZ56 65 0.0717 0.0003 0.5871 0.0122 0.0572 0.0011 446.33 469.03 497.33 10.25 446 7
JTZ56 66 0.0764 0.0004 0.6624 0.0196 0.0634 0.0014 474.72 516.08 721.68 34.22 475 8
JTZ56 67 0.0793 0.0004 0.6339 0.0196 0.0576 0.0014 491.82 498.53 515.72 4.63 492 8
JTZ56 68 0.0762 0.0004 0.6202 0.0165 0.0588 0.0013 473.10 489.99 557.84 15.19 473 8
JTZ56 69 0.0772 0.0005 0.5883 0.0217 0.0568 0.0015 479.09 469.78 484.94 1.21 479 9
JTZ56 70 0.0778 0.0005 0.5537 0.0221 0.0568 0.0016 482.68 447.42 483.78 0.23 483 9
JTZ56 71 0.0755 0.0003 0.5784 0.0138 0.0569 0.0012 468.91 463.45 488.44 4.00 469 7
JTZ56 72 0.0662 0.0002 0.5412 0.0088 0.0551 0.0010 413.10 439.24 417.09 0.96 413 6
JTZ56 73 0.0744 0.0003 0.5842 0.0144 0.0564 0.0012 462.31 467.16 468.54 1.33 462 7
JTZ56 74 0.0696 0.0003 0.5385 0.0140 0.0557 0.0012 433.99 43741 441.63 1.73 434 7
JTZ56 75 0.2526 0.0012 3.1932 0.1053 0.0912 0.0017  1451.77 1455.52 1449.95 -0.13 1450 33
JTZ56 76 0.0748 0.0003 0.5815 0.0134 0.0561 0.0011 465.25 465.42 45791 -1.60 465 7
JTZ56 77 0.0700 0.0005 0.5309 0.0250 0.0570 0.0019 436.10 432.42 490.76 11.14 436 9
JTZ56 78 0.2668 0.0011 3.3913 0.0857 0.0934 0.0017 1524.64 1502.39 1495.81 -1.93 1496 31
JTZ56 79 0.0735 0.0003 0.5653 0.0121 0.0560 0.0011 457.27 454.94 453.95 -0.73 457 7
JTZ56 80 0.0740 0.0003 0.5643 0.0118 0.0561 0.0011 459.91 454.30 455.14 -1.05 460 7
JTZ56 81 0.0689 0.0003 0.5321 0.0151 0.0563 0.0013 429.40 433.21 463.83 7.42 429 7
JTZ56 82 0.0722 0.0003 0.5742 0.0110 0.0561 0.0011 449.34 460.70 454.35 1.10 449 7
JTZ56 83 0.0737 0.0004 0.5744 0.0177 0.0560 0.0013 458.41 460.82 452.76 -1.25 458 8
JTZ56 84 0.0747 0.0003 0.5803 0.0134 0.0564 0.0011 464.17 464.67 467.36 0.68 464 7
JTZ56 85 0.0630 0.0003 0.5000 0.0147 0.0554 0.0013 393.84 411.69 428.40 8.07 394 7
JTZ56 86 0.0708 0.0003 0.5628 0.0130 0.0559 0.0011 441.03 453.33 449.19 1.82 441 7
JTZ56 87 0.0694 0.0004 0.5530 0.0170 0.0555 0.0013 432.48 446.95 432.42 -0.01 432 8
JTZ56 88 0.0771 0.0004 0.5866 0.0185 0.0565 0.0014 478.55 468.67 471.68 -1.46 479 8
JTZ56 89 0.0704 0.0003 0.5882 0.0110 0.0560 0.0010 438.26 469.74 451.18 2.86 438 7
JTZ56 90 0.0729 0.0003 0.5699 0.0144 0.0563 0.0012 453.48 457.95 464.61 2.40 453 7
JTZ56 91 0.0767 0.0003 0.5953 0.0134 0.0566 0.0011 476.34 474.27 476.76 0.09 476 7
JTZ56 92 0.0738 0.0003 0.5753 0.0139 0.0562 0.0012 459.07 461.45 459.09 0.01 459 7
JTZ56 93 0.0671 0.0004 0.5352 0.0172 0.0577 0.0014 418.42 435.23 518.39 19.28 418 8
JTZ56 94 0.0733 0.0003 0.5707 0.0130 0.0562 0.0011 456.19 458.45 459.49 0.72 456 7
JTZ56 95 0.0737 0.0003 0.5787 0.0118 0.0561 0.0011 458.47 463.61 455.14 -0.73 458 7
JTZ56 96 0.0728 0.0003 0.5757 0.0157 0.0560 0.0013 453.00 461.68 453.16 0.03 453 7
JTZ56 97 0.0705 0.0003 0.5475 0.0125 0.0558 0.0011 439.35 443.36 442.82 0.79 439 7
JTZ56 98 0.0718 0.0004 0.5824 0.0183 0.0560 0.0014 447.23 466.00 451.18 0.87 447 8
JTZ56 99 0.0718 0.0003 0.5382 0.0138 0.0548 0.0012 447.11 437.20 402.44 -11.10 447 7
JTZ56 100 0.0690 0.0003 0.5542 0.0119 0.0555 0.0011 429.95 447.76 432.42 0.57 430 7
JTZ56 101 0.0723 0.0003 0.5401 0.0143 0.0556 0.0012 450.00 438.50 436.03 -3.20 450 7
JTZ56 102 0.0762 0.0003 0.5880 0.0149 0.0569 0.0012 473.64 469.62 488.05 2.95 474 7
JTZ56 103 0.0724 0.0004 0.5269 0.0168 0.0538 0.0014 450.66 429.76 361.43 -24.69 451 8
JTZ56 104 0.0726 0.0004 0.5711 0.0222 0.0566 0.0016 451.92 458.72 477.54 5.37 452 9
JTZ56 105 0.0691 0.0003 0.5169 0.0134 0.0557 0.0012 430.67 423.07 442.03 2.57 431 7
JTZ56 106 0.0777 0.0004 0.5978 0.0178 0.0568 0.0013 482.32 475.85 484.55 0.46 482 8
JTZ56 107 0.0722 0.0003 0.5668 0.0151 0.0562 0.0013 449.28 455.94 458.70 2.05 449 7
JTZ56 108 0.0684 0.0004 0.5086 0.0191 0.0528 0.0015 426.45 417.48 321.50 -32.64 426 8
JTZ56 109 0.0730 0.0003 0.5761 0.0138 0.0562 0.0012 454.44 461.96 461.46 1.52 454 7
JTZ56 110 0.0742 0.0003 0.5687 0.0133 0.0549 0.0012 461.35 457.19 408.56 -12.92 461 7
JTZ56 111 0.0671 0.0004 0.5027 0.0203 0.0569 0.0017 418.36 413.54 488.44 14.35 418 8
JTZ56 112 0.0701 0.0004 0.5412 0.0198 0.0570 0.0016 436.82 439.20 491.92 11.20 437 8

170



Appendix 4

JTZ58 1 0.0732 0.0005 0.5621 0.0113 0.0558 0.0010 455.53 452.92 444.02 -2.59 456 10
JTZ58 2 0.0757 0.0005 0.5446 0.0130 0.0565 0.0011 470.47 441.47 470.50 0.01 470 10
JTZ58 3 0.0780 0.0005 0.5766 0.0138 0.0566 0.0011 484.29 462.27 476.76 -1.58 484 10
JTZ58 4 0.0722 0.0005 0.5854 0.0185 0.0609 0.0015 449.28 467.90 636.41 29.40 449 11
JTZ58 5 0.0744 0.0004 0.5712 0.0083 0.0565 0.0008 462.85 458.78 470.50 1.63 463 9
JTZ58 6 0.0781 0.0005 0.5974 0.0100 0.0575 0.0009 484.95 475.57 510.00 491 485 10
JTZ58 7 0.0763 0.0005 0.5753 0.0136 0.0578 0.0011 474.24 461.41 522.95 9.31 474 10
JTZ58 8 0.0737 0.0004 0.5503 0.0105 0.0567 0.0009 458.41 44522 480.27 4.55 458 10
JTZ58 9 0.0738 0.0005 0.5598 0.0132 0.0565 0.0011 458.71 451.37 473.64 3.15 459 10
JTZ58 10 0.0698 0.0004 0.5676 0.0104 0.0584 0.0009 434.77 456.44 545.55 20.31 435 9
JTZ58 11 0.0774 0.0005 0.6277 0.0127 0.0605 0.0010 480.47 494.65 620.79 22.60 480 10
JTZ58 12 0.0682 0.0004 0.5532 0.0097 0.0590 0.0009 425.18 447.08 567.10 25.02 425 9
JTZ58 13 0.0718 0.0004 0.5880 0.0121 0.0602 0.0010 446.93 469.60 612.21 27.00 447 10
JTZ58 14 0.0719 0.0004 0.5417 0.0093 0.0560 0.0009 447.53 439.56 451.18 0.81 448 9
JTZ58 15 0.0770 0.0005 0.5854 0.0116 0.0567 0.0010 478.31 467.94 481.44 0.65 478 10
JTZ58 16 0.0742 0.0005 0.5554 0.0122 0.0567 0.0010 461.47 448.53 478.32 3.52 461 10
JTZ58 17 0.0723 0.0004 0.5718 0.0095 0.0587 0.0009 449.76 459.15 557.10 19.27 450 9
JTZ58 18 0.0701 0.0005 0.5228 0.0148 0.0583 0.0013 436.82 427.04 542.18 19.43 437 10
JTZ58 19 0.0715 0.0004 0.5825 0.0088 0.0591 0.0008 445.07 466.09 570.78 22.03 445 9
JTZ58 20 0.0744 0.0005 0.5698 0.0184 0.0568 0.0014 462.55 457.88 485.33 4.69 463 11
JTZ58 21 0.0754 0.0005 0.5757 0.0125 0.0566 0.0010 468.73 461.69 474.03 1.12 469 10
JTZ58 22 0.0815 0.0007 0.6174 0.0249 0.0576 0.0017 504.95 488.20 513.44 1.65 505 12
JTZ58 23 0.0755 0.0005 0.5792 0.0124 0.0565 0.0010 469.45 463.93 471.68 0.47 469 10
JTZ58 24 0.0738 0.0005 0.5502 0.0137 0.0562 0.0011 458.95 445.15 459.09 0.03 459 10
JTZ58 25 0.0707 0.0004 0.5548 0.0122 0.0600 0.0011 440.13 448.14 602.85 26.99 440 10
JTZ58 26 0.0691 0.0008 0.5315 0.0338 0.0635 0.0029 430.73 432.80 725.69 40.65 431 15
JTZ58 27 0.0717 0.0004 0.5650 0.0086 0.0570 0.0008 446.09 454.77 492.31 9.39 446 9
JTZ58 28 0.0680 0.0004 0.5170 0.0085 0.0567 0.0009 424.16 423.12 479.10 11.47 424 9
JTZ58 29 0.0711 0.0004 0.5699 0.0091 0.0578 0.0009 443.02 457.96 521.81 15.10 443 9
JTZ58 30 0.0735 0.0005 0.5809 0.0155 0.0593 0.0012 457.03 465.04 579.59 21.15 457 10
JTZ58 31 0.0687 0.0005 0.5244 0.0138 0.0582 0.0012 428.56 428.07 537.67 20.29 429 10
JTZ58 32 0.0698 0.0004 0.5288 0.0108 0.0566 0.0010 434.83 431.03 474.03 8.27 435 9
JTZ58 33 0.0665 0.0004 0.5203 0.0103 0.0592 0.0010 414.73 425.38 573.72 27.71 415 9
JTZ58 34 0.0704 0.0004 0.5433 0.0102 0.0570 0.0009 438.75 440.62 492.31 10.88 439 9
JTZ58 35 0.0710 0.0006 0.5178 0.0231 0.0609 0.0020 442.24 423.67 636.06 30.47 442 12
JTZ58 36 0.0750 0.0004 0.5844 0.0112 0.0564 0.0009 466.27 467.30 466.19 -0.02 466 9
JTZ58 37 0.0742 0.0004 0.5685 0.0101 0.0574 0.0009 461.65 457.02 506.93 8.93 462 9
JTZ58 38 0.0710 0.0004 0.5623 0.0087 0.0560 0.0008 442.18 453.00 451.58 2.08 442 9
JTZ58 39 0.0733 0.0004 0.5437 0.0121 0.0561 0.0010 455.77 440.87 457.51 0.38 456 10
JTZ58 40 0.0714 0.0005 0.5193 0.0157 0.0559 0.0013 444 .46 424.71 448.40 0.88 444 10
JTZ58 41 0.0697 0.0004 0.5658 0.0112 0.0583 0.0010 434.41 455.31 539.55 19.49 434 9
JTZ58 42 0.0719 0.0004 0.5766 0.0108 0.0565 0.0009 447.59 462.29 470.11 4.79 448 9
JTZ58 43 0.0711 0.0004 0.5297 0.0120 0.0560 0.0011 442.66 431.63 450.38 1.72 443 9
JTZ58 44 0.0770 0.0006 0.6261 0.0204 0.0617 0.0015 477.95 493.66 662.68 27.88 478 11
JTZ58 45 0.0716 0.0005 0.5533 0.0143 0.0569 0.0012 445.79 447.15 486.88 8.44 446 10
JTZ58 46 0.0728 0.0004 0.5545 0.0129 0.0569 0.0011 452.76 447.95 486.88 7.01 453 10
JTZ58 47 0.0705 0.0005 0.5406 0.0197 0.0553 0.0015 439.23 438.80 422.35 -4.00 439 11
JTZ58 48 0.0717 0.0005 0.5275 0.0143 0.0551 0.0012 446.21 430.14 417.50 -6.88 446 10
JTZ58 49 0.0791 0.0005 0.6259 0.0183 0.0615 0.0014 490.87 493.56 657.12 25.30 491 11
JTZ58 50 0.0709 0.0004 0.5729 0.0099 0.0589 0.0009 441.33 459.91 561.55 21.41 441 9
JTZ58 51 0.0766 0.0006 0.6014 0.0221 0.0587 0.0016 475.50 478.09 555.99 14.48 476 11
JTZ58 52 0.0684 0.0004 0.5360 0.0120 0.0584 0.0011 426.63 435.80 544.80 21.69 427 9
JTZ58 53 0.0718 0.0004 0.5540 0.0115 0.0568 0.0010 446.69 447.59 485.33 7.96 447 9
JTZ58 54 0.0680 0.0006 0.5145 0.0205 0.0582 0.0017 423.97 421.48 535.42 20.81 424 11
JTZ58 55 0.0715 0.0004 0.5314 0.0125 0.0561 0.0011 445.25 432.74 456.33 243 445 9
JTZ58 56 0.0728 0.0005 0.5240 0.0143 0.0561 0.0012 452.82 427.80 457.12 0.94 453 10
JTZ58 57 0.0758 0.0005 0.5545 0.0157 0.0567 0.0013 471.18 447.94 477.93 1.41 471 10
JTZ58 58 0.0842 0.0005 0.6872 0.0129 0.0604 0.0010 521.26 531.13 617.58 15.60 521 10
JTZ58 59 0.0723 0.0004 0.5236 0.0110 0.0561 0.0010 450.00 427.54 456.72 1.47 450 9
JTZ58 60 0.0765 0.0005 0.5765 0.0147 0.0566 0.0012 475.08 462.19 474.03 -0.22 475 10
JTZ58 61 0.0699 0.0005 0.5481 0.0160 0.0590 0.0013 435.25 443.76 566.73 23.20 435 10
JTZ58 62 0.0719 0.0005 0.5529 0.0163 0.0562 0.0013 447.71 446.88 460.28 2.73 448 10
JTZ58 63 0.0732 0.0004 0.5579 0.0120 0.0576 0.0011 455.11 450.15 514.96 11.62 455 9
JTZ58 64 0.0737 0.0004 0.5471 0.0104 0.0560 0.0010 458.11 443.12 452.76 -1.18 458 9
JTZ58 65 0.0684 0.0004 0.5381 0.0099 0.0568 0.0010 426.51 437.18 485.33 12.12 427 9
JTZ58 66 0.0711 0.0004 0.5494 0.0140 0.0587 0.0012 442.54 444.57 554.87 20.24 443 10
JTZ58 67 0.0720 0.0004 0.5496 0.0137 0.0566 0.0012 448.25 444.73 476.37 5.90 448 10
JTZ58 68 0.0697 0.0004 0.5342 0.0113 0.0570 0.0011 434.23 434.56 489.98 11.38 434 9
JTZ58 69 0.0699 0.0005 0.5352 0.0161 0.0592 0.0014 435.61 435.23 572.99 23.98 436 10
JTZ58 70 0.0701 0.0004 0.5626 0.0097 0.0579 0.0010 436.88 453.22 525.60 16.88 437 9
JTZ58 71 0.0738 0.0004 0.5663 0.0140 0.0575 0.0012 458.83 455.59 511.53 10.30 459 10
JTZ58 72 0.0733 0.0004 0.5732 0.0124 0.0568 0.0011 456.25 460.06 481.83 5.31 456 9
JTZ58 73 0.0727 0.0004 0.5664 0.0139 0.0595 0.0012 452.28 455.71 586.90 22.94 452 10
JTZ58 74 0.0754 0.0005 0.5924 0.0180 0.0581 0.0014 468.55 472.39 533.16 12.12 469 10
JTZ58 75 0.0728 0.0005 0.5695 0.0196 0.0603 0.0016 453.24 457.66 615.07 26.31 453 11
JTZ58 76 0.0766 0.0005 0.5803 0.0204 0.0565 0.0015 475.62 464.63 472.07 -0.75 476 11
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JTZ60 1 0.0653 0.0003 0.4643 0.0142 0.0557 0.0014 407.72 387.25 442.03 7.76 408 4
JTZ60 2 0.0679 0.0003 0.5160 0.0113 0.0574 0.0011 423.37 422.47 506.17 16.36 423 4
JTZ60 3  0.0650 0.0003 0.5241 0.0130 0.0616 0.0013 406.14 427.89 659.90 38.45 406 4
JTZ60 4 0.0756 0.0003 0.5860 0.0138 0.0577 0.0012 470.05 468.28 519.91 9.59 470 4
JTZ60 5 0.0744 0.0004 0.5940 0.0166 0.0604 0.0013 462.49 473.44 618.29 25.20 462 4
JTZ60 6 0.0749 0.0003 0.5741 0.0132 0.0582 0.0012 465.85 460.69 535.42 12.99 466 4
JTZ60 7 0.0774 0.0003 0.5984 0.0138 0.0581 0.0012 480.82 476.19 534.29 10.01 481 4
JTZ60 8 0.0690 0.0003 0.5436 0.0093 0.0570 0.0010 429.89 440.80 492.31 12.68 430 3
JTZ60 9 0.0769 0.0003 0.6580 0.0153 0.0632 0.0013 477.35 513.37 715.30 33.27 477 4
JTZ60 10 0.0690 0.0003 0.5523 0.0103 0.0579 0.0011 430.01 446.50 526.36 18.31 430 3
JTZ60 11 0.0699 0.0003 0.5815 0.0123 0.0623 0.0012 435.79 465.44 684.08 36.29 436 4
JTZ60 12 0.0754 0.0003 0.5763 0.0111 0.0582 0.0011 468.61 462.06 535.42 12.48 469 4
JTZ60 13 0.0760 0.0004 0.6690 0.0196 0.0697 0.0016 471.96 520.10 920.12 48.71 472 5
JTZ60 14 0.0714 0.0004 0.6043 0.0183 0.0642 0.0015 444.40 479.93 747.24 40.53 444 4
JTZ60 15 0.0712 0.0003 0.5680 0.0132 0.0572 0.0012 443.38 456.69 499.25 11.19 443 4
JTZ60 16 0.0739 0.0003 0.6187 0.0111 0.0620 0.0011 459.37 489.01 674.45 31.89 459 3
JTZ60 17 0.0762 0.0003 0.6071 0.0139 0.0606 0.0012 473.34 481.71 624.00 24.14 473 4
JTZ60 18 0.0725 0.0003 0.6164 0.0117 0.0607 0.0011 451.44 487.61 628.98 28.23 451 3
JTZ60 19 0.0749 0.0003 0.5838 0.0143 0.0581 0.0012 465.85 466.88 533.53 12.69 466 4
JTZ60 20 0.0740 0.0003 0.5871 0.0126 0.0596 0.0012 459.91 469.02 590.54 22.12 460 4
JTZ60 21 0.0760 0.0003 0.5878 0.0116 0.0571 0.0011 472.08 469.47 495.78 4.78 472 4
JTZ60 22 0.0759 0.0003 0.5743 0.0121 0.0566 0.0011 471.42 460.80 475.20 0.79 471 4
JTZ60 23 0.0713 0.0003 0.5478 0.0135 0.0584 0.0012 443.68 443.57 543.30 18.34 444 4
JTZ60 24 0.0769 0.0005 0.5959 0.0214 0.0600 0.0016 477.71 474.64 605.02 21.04 478 5
JTZ60 25 0.0767 0.0004 0.5750 0.0165 0.0573 0.0013 476.57 461.27 503.10 5.27 477 5
JTZ60 26 0.0799 0.0003 0.6142 0.0131 0.0576 0.0011 495.76 486.18 514.58 3.66 496 4
JTZ60 27 0.0764 0.0005 0.5826 0.0248 0.0588 0.0018 474.66 466.11 559.33 15.14 475 6
JTZ60 28 0.0741 0.0003 0.5743 0.0138 0.0584 0.0012 460.75 460.76 544.43 15.37 461 4
JTZ60 29 0.0727 0.0003 0.5962 0.0114 0.0593 0.0011 452.28 474.79 577.03 21.62 452 5
JTZ60 30 0.0752 0.0003 0.5554 0.0096 0.0570 0.0010 467.23 448.54 492.31 5.09 467 5
JTZ60 31 0.0747 0.0003 0.5505 0.0101 0.0556 0.0010 464.41 445.29 436.83 -6.31 464 5
JTZ60 32 0.0715 0.0003 0.5370 0.0126 0.0569 0.0012 445.19 436.41 488.82 8.93 445 5
JTZ60 33 0.2507 0.0012 2.8312 0.0884 0.0922 0.0017  1442.24 1363.84 1470.68 1.93 1471 29
JTZ60 34 0.0654 0.0003 0.5523 0.0086 0.0613 0.0010 408.20 446.50 650.83 37.28 408 4
JTZ60 35 0.0734 0.0003 0.5362 0.0103 0.0552 0.0010 456.61 435.90 418.71 -9.05 457 5
JTZ60 36 0.0679 0.0003 0.5663 0.0082 0.0592 0.0010 423.37 455.61 573.36 26.16 423 4
JTZ60 37 0.0774 0.0003 0.5840 0.0109 0.0568 0.0010 480.76 467.02 482.61 0.38 481 5
JTZ60 38 0.0698 0.0003 0.5455 0.0073 0.0558 0.0009 434.95 442.05 443.62 1.95 435 4
JTZ60 39 0.0766 0.0003 0.5618 0.0125 0.0574 0.0011 475.74 452.70 507.32 6.23 476 5
JTZ60 40 0.0657 0.0002 0.5048 0.0067 0.0551 0.0009 410.44 414.97 415.47 1.21 410 4
JTZ60 41 0.0720 0.0003 0.5689 0.0088 0.0559 0.0009 447.95 457.28 448.80 0.19 448 4
JTZ60 42 0.0803 0.0004 0.6253 0.0186 0.0586 0.0014 497.61 493.16 551.52 9.77 498 6
JTZ60 43 0.0710 0.0003 0.5346 0.0113 0.0558 0.0011 442.00 434.84 444 .82 0.63 442 5
JTZ60 44 0.0707 0.0004 0.5241 0.0175 0.0565 0.0015 440.07 427.90 470.11 6.39 440 6
JTZ60 45 0.0678 0.0003 0.5322 0.0102 0.0567 0.0010 422.59 433.24 480.27 12.01 423 4
JTZ60 46 0.0723 0.0003 0.5788 0.0105 0.0572 0.0010 450.18 463.72 500.02 9.97 450 4
JTZ60 47 0.0722 0.0003 0.5569 0.0112 0.0587 0.0011 449.28 449.50 557.47 19.41 449 5
JTZ60 48 0.0766 0.0003 0.6172 0.0112 0.0574 0.0010 475.50 488.12 505.40 5.92 476 5
JTZ60 49 0.0732 0.0004 0.5174 0.0154 0.0561 0.0013 455.11 423.39 455.54 0.09 455 6
JTZ60 50 0.0733 0.0003 0.5339 0.0119 0.0551 0.0011 456.07 434.37 417.90 -9.13 456 5
JTZ60 51 0.0743 0.0004 0.5571 0.0149 0.0559 0.0012 461.77 449.62 446.81 -3.35 462 5
JTZ60 52 0.0737 0.0003 0.5619 0.0126 0.0570 0.0011 458.11 452.75 491.92 6.87 458 5
JTZ60 53 0.0720 0.0003 0.5523 0.0139 0.0561 0.0012 448.43 446.50 457.12 1.90 448 5
JTZ60 54 0.0694 0.0003 0.5276 0.0094 0.0555 0.0010 432.24 430.18 430.81 -0.33 432 4
JTZ60 55 0.0755 0.0003 0.5705 0.0125 0.0564 0.0011 469.21 458.31 466.97 -0.48 469 5
JTZ60 56 0.0747 0.0003 0.5751 0.0120 0.0566 0.0011 464.47 461.28 476.37 2.50 464 5
JTZ60 57 0.0708 0.0003 0.5634 0.0087 0.0565 0.0010 441.09 453.72 473.64 6.87 441 4
JTZ60 58 0.0783 0.0003 0.6281 0.0116 0.0575 0.0010 485.85 49491 508.85 4.52 486 5
JTZ60 59 0.0753 0.0003 0.6126 0.0125 0.0563 0.0011 468.13 485.22 462.64 -1.19 468 5
JTZ60 60 0.0821 0.0004 0.6277 0.0138 0.0573 0.0011 508.70 494.69 503.48 -1.04 509 5
JTZ60 61 0.0700 0.0003 0.5636 0.0119 0.0588 0.0011 436.16 453.84 560.81 22.23 436 4
JTZ60 62 0.0769 0.0003 0.5909 0.0111 0.0573 0.0010 477.29 471.45 501.56 4.84 477 5
JTZ60 63 0.0655 0.0003 0.5148 0.0113 0.0584 0.0012 408.75 421.64 545.17 25.02 409 4
JTZ60 64 0.0795 0.0004 0.6273 0.0162 0.0593 0.0013 493.32 494 .43 577.76 14.62 493 5
JTZ60 65 0.0710 0.0003 0.5760 0.0156 0.0599 0.0013 441.88 461.89 601.41 26.53 442 5
JTZ60 66 0.0758 0.0003 0.5826 0.0132 0.0582 0.0012 471.24 466.12 536.55 12.17 471 5
JTZ60 67 0.0733 0.0003 0.5395 0.0124 0.0561 0.0011 456.01 438.10 456.33 0.07 456 5
JTZ60 68 0.0750 0.0004 0.5502 0.0178 0.0567 0.0014 466.09 445.15 480.66 3.03 466 6
JTZ60 69 0.0745 0.0003 0.5406 0.0116 0.0555 0.0011 463.09 438.83 433.22 -6.89 463 5
JTZ60 70 0.0750 0.0003 0.5667 0.0125 0.0555 0.0011 466.21 455.85 432.82 -7.71 466 5
JTZ60 71 0.0741 0.0004 0.6009 0.0160 0.0618 0.0014 460.57 477.18 668.58 31.11 461 5
JTZ60 72 0.0763 0.0003 0.5896 0.0143 0.0567 0.0012 474.24 470.62 481.44 1.50 474 5
JTZ60 73 0.0749 0.0004 0.6189 0.0188 0.0607 0.0014 465.43 489.16 629.33 26.04 465 6
JTZ60 74 0.0699 0.0003 0.5787 0.0119 0.0579 0.0011 435.55 463.59 527.49 17.43 436 4
JTZ60 75 0.0741 0.0003 0.5711 0.0113 0.0568 0.0011 460.63 458.71 482.61 4.55 461 4
JTZ60 76 0.0729 0.0003 0.5476 0.0097 0.0558 0.0010 453.54 443.44 446.01 -1.69 454 4
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JTZ60 77 0.0715 0.0003 0.5778 0.0087 0.0568 0.0009 445.07 463.01 483.78 8.00 445 4
JTZ60 78 0.0744 0.0003 0.5415 0.0095 0.0556 0.0010 462.67 439.44 434.43 -6.50 463 4
JTZ60 79 0.0699 0.0003 0.5444 0.0083 0.0559 0.0009 435.79 441.32 448.80 2.90 436 4
JTZ60 80 0.0760 0.0003 0.5959 0.0076 0.0567 0.0009 472.02 474.60 479.10 1.48 472 4
JTZ60 81 0.0748 0.0003 0.5371 0.0094 0.0553 0.0010 464.77 436.50 425.58 -9.21 465 4
JTZ60 82 0.2207 0.0008 2.6211 0.0339 0.0860 0.0013  1285.31 1306.58 1337.28 3.89 1337 23
JTZ60 83 0.0799 0.0004 0.5702 0.0126 0.0570 0.0011 495.47 458.14 491.15 -0.88 495 5
JTZ60 84 0.0737 0.0003 0.5747 0.0118 0.0581 0.0011 458.17 461.06 532.03 13.88 458 5
JTZ60 85 0.3857 0.0016 5.9045 0.1368 0.1215 0.0019  2102.86 1961.90 1978.52 -6.28 2103 16
JTZ60 86 0.0722 0.0003 0.5527 0.0106 0.0573 0.0011 449.34 446.73 503.10 10.69 449 4
JTZ60 87 0.0820 0.0004 0.6487 0.0186 0.0622 0.0014 507.99 507.70 680.99 25.40 508 6
JTZ60 88 0.0711 0.0004 0.5005 0.0154 0.0566 0.0014 442.96 412.07 475.20 6.78 443 6
JTZ60 89 0.0643 0.0002 0.5511 0.0071 0.0617 0.0010 401.90 445.73 663.38 39.42 402 4
JTZ60 90 0.0741 0.0003 0.5504 0.0094 0.0558 0.0010 460.93 445.25 444.42 -3.72 461 4
JTZ60 91 0.0705 0.0003 0.5728 0.0114 0.0639 0.0012 439.11 459.79 736.67 40.39 439 4
JTZ60 92 0.0683 0.0003 0.5620 0.0089 0.0592 0.0010 425.60 452.79 574.83 25.96 426 4
JTZ60 93 0.0775 0.0004 0.5492 0.0138 0.0568 0.0012 481.18 444.49 483.00 0.38 481 5
JTZ60 94 0.0696 0.0003 0.5258 0.0112 0.0572 0.0011 433.69 429.04 498.10 12.93 434 4
JTZ60 95 0.0701 0.0003 0.5375 0.0089 0.0565 0.0010 436.58 436.78 471.29 7.36 437 4
JTZ60 96 0.0673 0.0003 0.5524 0.0105 0.0598 0.0011 419.81 446.54 597.79 29.77 420 4
JTZ60 97 0.0733 0.0004 0.5329 0.0170 0.0578 0.0014 456.25 433.75 520.67 12.37 456 6
JTZ60 98 0.0674 0.0003 0.5127 0.0086 0.0558 0.0010 420.17 420.26 444.82 5.54 420 4
JTZ60 99 0.0756 0.0003 0.5629 0.0126 0.0565 0.0011 469.69 453.43 470.90 0.26 470 5
JTZ60 100 0.0765 0.0003 0.5586 0.0119 0.0572 0.0011 475.08 450.63 499.64 4.92 475 5
JTZ60 101 0.0753 0.0004 0.5759 0.0193 0.0596 0.0015 468.07 461.82 587.63 20.35 468 6
JTZ60 102 0.0736 0.0003 0.5191 0.0113 0.0558 0.0011 457.63 424.56 444.02 -3.06 458 5
JTZ60 103 0.0722 0.0003 0.5513 0.0097 0.0558 0.0010 449.64 445.84 442.43 -1.63 450 4
JTZ60 104 0.0686 0.0003 0.5269 0.0120 0.0577 0.0012 427.53 429.74 517.63 17.41 428 5
JTZ60 105 0.0734 0.0003 0.6154 0.0118 0.0652 0.0012 456.85 486.95 779.83 41.42 457 4
JTZ60 106 0.0692 0.0003 0.5078 0.0131 0.0555 0.0012 431.03 416.97 434.03 0.69 431 5
JTZ60 107 0.0702 0.0003 0.5412 0.0096 0.0556 0.0010 437.30 439.20 434.83 -0.57 437 4
JTZ60 108 0.0724 0.0003 0.5802 0.0131 0.0575 0.0012 450.54 464.57 509.61 11.59 451 5
JTZ60 109 0.0685 0.0003 0.5274 0.0099 0.0559 0.0010 427.11 430.10 446.41 432 427 4
JTZ60 110 0.0761 0.0003 0.5728 0.0127 0.0581 0.0012 472.98 459.81 532.03 11.10 473 5
JTZ60 111 0.0734 0.0003 0.5643 0.0122 0.0557 0.0011 456.73 454.33 439.63 -3.89 457 5
JTZ60 112 0.0705 0.0003 0.5424 0.0123 0.0549 0.0011 439.23 440.02 408.97 -7.40 439 5
JTZ60 113 0.0753 0.0003 0.5962 0.0129 0.0573 0.0011 468.07 47481 504.25 7.18 468 5
JTZ60 114 0.0673 0.0003 0.5186 0.0113 0.0577 0.0012 419.81 424.19 518.77 19.08 420 4
JTZ62 1 0.0742 0.0003 0.5557 0.0119 0.0562 0.0011 461.65 448.70 460.67 -0.21 462 6
JTZ62 2 0.0702 0.0003 0.5200 0.0136 0.0549 0.0012 437.06 425.16 407.75 -7.19 437 7
JTZ62 3 0.0759 0.0005 0.5963 0.0222 0.0597 0.0016 471.72 474.88 594.17 20.61 472 8
JTZ62 4 0.0712 0.0003 0.5785 0.0092 0.0560 0.0010 443.62 463.48 451.18 1.67 444 6
JTZ62 5 0.0699 0.0003 0.5478 0.0138 0.0560 0.0012 435.73 443.58 453.95 4.01 436 7
JTZ62 6 0.0738 0.0003 0.5346 0.0104 0.0559 0.0010 458.95 434.84 446.81 -2.72 459 6
JTZ62 7 0.0761 0.0004 0.5849 0.0137 0.0580 0.0012 472.50 467.61 530.52 10.94 473 7
JTZ62 8 0.0671 0.0003 0.5524 0.0095 0.0570 0.0010 418.78 446.56 490.37 14.60 419 6
JTZ62 9 0.0779 0.0003 0.5815 0.0130 0.0570 0.0011 483.52 465.43 489.60 1.24 484 7
JTZ62 10 0.0664 0.0003 0.5556 0.0104 0.0579 0.0011 41431 448.64 524.09 20.95 414 6
JTZ62 11 0.0718 0.0004 0.5446 0.0149 0.0570 0.0013 447.11 441.42 489.98 8.75 447 7
JTZ62 12 0.0718 0.0004 0.5452 0.0180 0.0556 0.0014 446.75 441.87 435.23 -2.65 447 7
JTZ62 13 0.0734 0.0003 0.5476 0.0107 0.0558 0.0010 456.79 443.44 445.61 -2.51 457 6
JTZ62 14 0.0695 0.0004 0.5166 0.0191 0.0554 0.0016 433.26 422.90 430.01 -0.76 433 8
JTZ62 15 0.3300 0.0015 4.9298 0.1416 0.1086 0.0019  1838.58 1807.37 1776.40 -3.50 1776 31
JTZ62 16 0.0665 0.0003 0.5311 0.0139 0.0577 0.0013 414.79 432.57 516.87 19.75 415 6
JTZ62 17 0.0706 0.0003 0.5008 0.0109 0.0543 0.0011 439.95 412.26 383.51 -14.72 440 6
JTZ62 18 0.0754 0.0003 0.5642 0.0129 0.0559 0.0011 468.85 454.22 446.81 -4.93 469 7
JTZ62 19 0.0782 0.0003 0.6079 0.0139 0.0565 0.0011 485.61 482.20 470.50 -3.21 486 7
JTZ62 20 0.0758 0.0004 0.5992 0.0185 0.0566 0.0014 471.00 476.70 476.37 1.13 471 7
JTZ62 21 0.0792 0.0004 0.6209 0.0192 0.0573 0.0014 491.47 490.44 503.10 231 491 8
JTZ62 22 0.0753 0.0003 0.5760 0.0138 0.0561 0.0012 467.717 461.86 45791 -2.15 468 7
JTZ62 23 0.0780 0.0003 0.6980 0.0140 0.0661 0.0012 484.11 537.57 808.28 40.11 484 6
JTZ62 24 0.0800 0.0004 0.6252 0.0165 0.0577 0.0013 496.00 493.12 518.39 432 496 7
JTZ62 25 0.0764 0.0004 0.5974 0.0151 0.0564 0.0012 474.66 475.61 466.58 -1.73 475 7
JTZ62 26 0.0766 0.0004 0.5760 0.0140 0.0558 0.0012 475.86 461.87 445.61 -6.79 476 7
JTZ62 27 0.0688 0.0004 0.5426 0.0185 0.0578 0.0015 428.98 440.11 521.81 17.79 429 7
JTZ62 28 0.0782 0.0005 0.5685 0.0225 0.0572 0.0017 485.13 457.01 497.71 2.53 485 9
JTZ62 29 0.0704 0.0003 0.5652 0.0105 0.0556 0.0010 438.50 454.88 436.83 -0.38 439 6
JTZ62 30 0.0741 0.0003 0.5718 0.0146 0.0569 0.0012 460.57 459.18 489.21 5.85 461 7
JTZ62 31 0.0723 0.0003 0.5829 0.0125 0.0557 0.0011 449.82 466.30 439.23 -2.41 450 6
JTZ62 32 0.0755 0.0003 0.5687 0.0141 0.0568 0.0012 469.21 457.14 483.39 2.93 469 7
JTZ62 33 0.0683 0.0003 0.5739 0.0135 0.0599 0.0013 426.15 460.56 601.41 29.14 426 6
JTZ62 34 0.0746 0.0003 0.5535 0.0131 0.0560 0.0012 463.99 44731 453.56 -2.30 464 7
JTZ62 35 0.0700 0.0004 0.5731 0.0166 0.0596 0.0014 436.10 459.99 589.08 25.97 436 13
JTZ62 36 0.0760 0.0004 0.5696 0.0150 0.0559 0.0012 472.08 457.71 447.60 -5.47 472 13
JTZ62 37 0.0657 0.0004 0.4907 0.0178 0.0562 0.0016 410.26 405.39 459.88 10.79 410 14
JTZ62 38 0.0674 0.0003 0.5581 0.0094 0.0574 0.0010 420.71 450.27 508.47 17.26 421 12
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JTZ62 39 0.0730 0.0003 0.5597 0.0098 0.0564 0.0010 453.90 451.34 469.33 3.29 454 12
JTZ62 40 0.0724 0.0003 0.6287 0.0128 0.0642 0.0012 450.66 495.29 747.90 39.74 451 13
JTZ62 41 0.0673 0.0004 0.5114 0.0154 0.0567 0.0014 419.63 419.40 480.66 12.70 420 13
JTZ62 42 0.0665 0.0004 0.5072 0.0164 0.0550 0.0014 415.03 416.53 413.85 -0.29 415 13
JTZ62 43 0.0653 0.0003 0.5572 0.0090 0.0568 0.0010 407.84 449.68 484.94 15.90 408 12
JTZ62 44 0.0646 0.0003 0.5403 0.0094 0.0568 0.0010 403.24 438.59 484.17 16.71 403 12
JTZ62 45 0.0736 0.0003 0.5757 0.0128 0.0563 0.0011 457.51 461.72 465.79 1.78 458 13
JTZ62 46 0.0699 0.0003 0.5244 0.0094 0.0556 0.0010 435.25 428.05 434.43 -0.19 435 12
JTZ62 47 0.0755 0.0004 0.6061 0.0152 0.0594 0.0012 469.33 481.09 581.42 19.28 469 13
JTZ62 48 0.0645 0.0003 0.5174 0.0088 0.0558 0.0010 402.75 423.40 445.61 9.62 403 12
JTZ62 49 0.0648 0.0003 0.5326 0.0091 0.0569 0.0010 404.45 433.51 487.66 17.06 404 12
JTZ62 50 0.0660 0.0003 0.5290 0.0121 0.0580 0.0012 411.95 431.12 530.52 22.35 412 12
JTZ62 51 0.0720 0.0003 0.5492 0.0127 0.0558 0.0011 448.07 444.46 445.61 -0.55 448 13
JTZ62 52 0.0738 0.0004 0.6030 0.0156 0.0616 0.0013 458.71 479.11 659.90 30.49 459 13
JTZ62 53 0.0698 0.0004 0.5546 0.0215 0.0558 0.0016 435.19 448.01 442.43 1.64 435 14
JTZ62 54 0.0695 0.0004 0.5366 0.0169 0.0556 0.0014 433.38 436.15 434.43 0.24 433 13
JTZ62 55 0.0699 0.0003 0.5463 0.0129 0.0558 0.0011 435.31 442.54 445.22 2.22 435 13
JTZ62 56 0.0671 0.0003 0.5316 0.0154 0.0552 0.0013 418.66 432.89 419.93 0.30 419 13
JTZ62 57 0.0674 0.0003 0.5502 0.0090 0.0553 0.0010 420.29 445.14 422.35 0.49 420 12
JTZ62 58 0.2783 0.0011 3.8280 0.0758 0.1004 0.0016  1582.79 1598.64 1631.51 2.99 1632 35
JTZ62 59 0.0699 0.0003 0.5811 0.0090 0.0559 0.0009 435.73 465.16 449.59 3.08 436 12
JTZ62 60 0.0694 0.0003 0.5718 0.0103 0.0555 0.0010 432.24 459.16 431.22 -0.24 432 12
JTZ62 61 0.0663 0.0003 0.5748 0.0101 0.0586 0.0010 413.77 461.14 551.89 25.03 414 12
JTZ62 62 0.0680 0.0004 0.5380 0.0175 0.0557 0.0014 424.28 437.09 438.83 332 424 13
JTZ62 63 0.0682 0.0003 0.5191 0.0102 0.0553 0.0010 425.00 424.53 423.57 -0.34 425 12
JTZ62 64 0.0749 0.0003 0.5885 0.0146 0.0562 0.0012 465.73 469.93 461.07 -1.01 466 13
JTZ62 65 0.0492 0.0003 0.3900 0.0146 0.0590 0.0018 309.61 334.39 565.25 45.23 310 13
JTZ62 66 0.0692 0.0003 0.5725 0.0110 0.0596 0.0011 431.45 459.64 589.08 26.76 431 12
JTZ62 67 0.0718 0.0003 0.5582 0.0116 0.0574 0.0011 446.99 450.38 505.02 11.49 447 12
JTZ62 68 0.0696 0.0003 0.5733 0.0132 0.0572 0.0012 433.50 460.12 498.48 13.04 434 12
JTZ62 69 0.0710 0.0004 0.5871 0.0159 0.0621 0.0014 441.88 469.02 678.59 34.88 442 13
JTZ62 70 0.0695 0.0003 0.5104 0.0121 0.0540 0.0011 432.96 418.70 368.96 -17.35 433 13
JTZ62 71 0.0743 0.0005 0.5786 0.0255 0.0580 0.0018 461.95 463.54 530.89 12.99 462 15
JTZ62 72 0.0705 0.0003 0.5594 0.0131 0.0563 0.0012 439.05 451.14 465.40 5.66 439 13
JTZ62 73 0.0734 0.0003 0.5706 0.0142 0.0563 0.0012 456.37 458.38 465.79 2.02 456 13
JTZ62 74 0.0705 0.0005 0.5481 0.0244 0.0557 0.0018 439.05 443.74 440.43 0.31 439 15
JTZ62 75 0.0725 0.0005 0.5601 0.0229 0.0545 0.0016 451.32 451.59 390.53 -15.57 451 14
JTZ62 76 0.0741 0.0003 0.6001 0.0150 0.0577 0.0012 460.69 477.27 518.39 11.13 461 13
JTZ62 77 0.0632 0.0004 0.5140 0.0200 0.0612 0.0018 394.75 421.10 646.27 38.92 395 14
JTZ62 78 0.0713 0.0004 0.5480 0.0171 0.0559 0.0014 444.04 443.67 449.99 1.32 444 13
JTZ62 79 0.0740 0.0003 0.6038 0.0151 0.0594 0.0013 460.15 479.67 579.96 20.66 460 13
JTZ62 80 0.0736 0.0003 0.5812 0.0147 0.0561 0.0012 457.81 465.22 456.72 -0.24 458 13
JTZ62 81 0.0678 0.0003 0.5251 0.0127 0.0575 0.0012 422.83 428.58 511.53 17.34 423 12
JTZ62 82 0.0670 0.0003 0.5122 0.0123 0.0562 0.0012 418.30 419.89 461.86 9.43 418 12
JTZ62 83 0.0666 0.0003 0.5237 0.0123 0.0571 0.0012 415.70 427.60 496.55 16.28 416 12
JTZ62 84 0.0706 0.0003 0.5630 0.0125 0.0558 0.0011 439.89 453.48 444.02 0.93 440 12
JTZ62 85 0.0730 0.0005 0.5944 0.0241 0.0550 0.0016 453.96 473.65 412.22 -10.13 454 14
JTZ62 86 0.0733 0.0004 0.5600 0.0178 0.0569 0.0014 455.71 451.53 487.27 6.48 456 14
JTZ62 87 0.0897 0.0004 0.7367 0.0201 0.0587 0.0013 553.47 560.50 555.99 0.45 553 14
JTZ62 88 0.0730 0.0004 0.5680 0.0190 0.0569 0.0015 454.44 456.73 488.05 6.89 454 14
JTZ62 89 0.0715 0.0004 0.6038 0.0214 0.0591 0.0016 445.43 479.66 569.31 21.76 445 14
JTZ62 90 0.0725 0.0004 0.5334 0.0150 0.0565 0.0013 451.20 434.04 471.29 4.26 451 13
JTZ62 91 0.2334 0.0013 29040 0.1296 0.0844 0.0019  1352.29 1382.94 1302.71 -3.81 1303 42
JTZ62 92 0.0685 0.0003 0.5586 0.0138 0.0558 0.0012 426.87 450.63 442.82 3.60 427 12
JTZ62 93 0.1551 0.0007 1.5077 0.0397 0.0701 0.0014 929.38 933.50 930.70 0.14 929 16
JTZ62 94 0.0788 0.0004 0.6195 0.0175 0.0567 0.0013 489.02 489.53 480.66 -1.74 489 13
JTZ62 95 0.0742 0.0003 0.5865 0.0150 0.0562 0.0012 461.47 468.61 459.49 -0.43 461 13
JTZ62 96 0.0695 0.0005 0.5158 0.0212 0.0562 0.0017 432.96 422.36 460.28 593 433 14
JTZ62 97 0.0747 0.0003 0.5855 0.0150 0.0563 0.0012 464.53 468.01 464.61 0.02 465 13
JTZ62 98 0.0699 0.0003 0.5618 0.0137 0.0570 0.0012 435.37 452.70 491.53 11.43 435 12
JTZ62 99 0.0714 0.0003 0.5614 0.0156 0.0559 0.0013 444.28 452.45 448.00 0.83 444 13
JTZ62 100 0.0710 0.0004 0.5387 0.0188 0.0568 0.0015 442.12 437.58 483.78 8.61 442 14
JTZ62 101 0.0716 0.0004 0.5542 0.0173 0.0558 0.0014 445.67 447.74 442.43 -0.73 446 13
JTZ62 102 0.0695 0.0004 0.5330 0.0170 0.0551 0.0014 432.84 433.79 416.69 -3.88 433 13
JTZ62 103 0.0709 0.0005 0.5805 0.0273 0.0606 0.0020 441.76 464.78 625.78 29.41 442 15
JTZ62 104 0.0713 0.0004 0.5689 0.0218 0.0599 0.0017 443.80 457.33 598.16 25.80 444 14
JTZ62 105 0.0694 0.0003 0.5552 0.0155 0.0567 0.0013 432.30 448.40 479.88 9.92 432 13
JTZ62 106 0.0653 0.0004 0.5344 0.0197 0.0605 0.0017 407.66 434.73 620.79 3433 408 14
JTZ62 107 0.0709 0.0003 0.5535 0.0123 0.0562 0.0012 441.40 44727 461.07 427 441 12
JTZ62 108 0.0695 0.0003 0.5589 0.0139 0.0582 0.0013 433.02 450.79 537.67 19.46 433 12
JTZ62 109 0.0715 0.0003 0.5565 0.0123 0.0579 0.0012 445.07 449.23 527.49 15.63 445 12
JTZ62 110 0.0666 0.0003 0.5061 0.0139 0.0553 0.0013 415.82 415.85 423.97 1.92 416 12
JTZ62 111 0.0604 0.0003 0.5009 0.0135 0.0561 0.0013 377.94 412.33 454.35 16.82 378 13
JTZ62 112 0.0690 0.0004 0.5720 0.0175 0.0615 0.0015 429.95 459.27 657.81 34.64 430 13
JTZ62 113 0.0635 0.0003 0.4880 0.0114 0.0545 0.0012 396.82 403.52 389.71 -1.82 397 12
JTZ62 114 0.0689 0.0004 0.5659 0.0200 0.0606 0.0017 429.717 455.35 625.42 31.28 430 14
JTZ62 115 0.0694 0.0003 0.5395 0.0172 0.0557 0.0018 432.60 438.11 439.23 1.51 433 13
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JTZ62 116 0.0744 0.0005 0.6443 0.0246 0.0598 0.0019 462.43 504.95 597.43 22.60 462 14
JTZ62 117 0.0572 0.0004 0.4632 0.0224 0.0577 0.0016 358.57 386.51 519.91 31.03 359 14
JTZ62 118 0.0690 0.0004 0.5334 0.0205 0.0559 0.0019 430.19 434.06 449.99 4.40 430 14
JTZ62 119 0.0678 0.0012 0.5149 0.2342 0.0554 0.0086 423.01 421.75 429.21 1.44 423 24
JTZ62 120 0.0667 0.0003 0.5523 0.0143 0.0597 0.0013 416.49 446.51 591.99 29.65 416 13
JTZ62 121 0.0702 0.0004 0.5468 0.0207 0.0576 0.0017 437.06 442.89 514.58 15.06 437 14
JTZ62 122 0.0706 0.0005 0.5363 0.0515 0.0557 0.0032 439.77 435.98 440.43 0.15 440 15
JTZ64 1 0.0722 0.0005 0.5649 0.0105 0.0578 0.0009 449.22 454.72 520.67 13.72 449 9
JTZ64 2 0.2337 0.0015 2.6864 0.0576 0.0867 0.0012  1353.76 1324.73 1352.95 -0.06 1353 24
JTZ64 3 0.0735 0.0005 0.5639 0.0106 0.0578 0.0009 457.15 454.07 521.81 12.39 457 9
JTZ64 4 0.0737 0.0005 0.5344 0.0109 0.0554 0.0010 458.59 434.70 426.79 -7.45 459 9
JTZ64 5 0.0750 0.0005 0.5444 0.0118 0.0554 0.0010 465.91 441.33 428.00 -8.86 466 9
JTZ64 6 0.0783 0.0005 0.6234 0.0150 0.0570 0.0011 486.15 491.95 489.98 0.78 486 9
JTZ64 7 0.0731 0.0005 0.5807 0.0163 0.0582 0.0013 454.56 464.93 536.92 15.34 455 9
JTZ64 8 0.0713 0.0005 0.5690 0.0154 0.0594 0.0013 444.16 457.34 582.88 23.80 444 9
JTZ64 9 0.0718 0.0004 0.5426 0.0097 0.0561 0.0009 446.75 440.14 457.12 2.27 447 8
JTZ64 10 0.0758 0.0006 0.5539 0.0189 0.0566 0.0015 471.12 447.57 474.81 0.78 471 10
JTZ64 11 0.0619 0.0004 0.4905 0.0115 0.0598 0.0012 386.87 405.25 597.07 35.21 387 8
JTZ64 12 0.0706 0.0005 0.5397 0.0114 0.0566 0.0010 439.47 438.25 476.76 7.82 439 9
JTZ64 13 0.0712 0.0004 0.5496 0.0102 0.0576 0.0009 443.14 444.71 512.67 13.56 443 8
JTZ64 14 0.0757 0.0006 0.5948 0.0182 0.0587 0.0014 470.17 473.91 555.99 15.44 470 10
JTZ64 15 0.0726 0.0005 0.5422 0.0109 0.0565 0.0010 451.56 439.88 470.11 3.95 452 9
JTZ64 16 0.0711 0.0005 0.5767 0.0114 0.0579 0.0010 442.60 462.35 524.84 15.67 443 9
JTZ64 17 0.0716 0.0005 0.5314 0.0109 0.0561 0.0010 446.03 432.73 456.33 2.26 446 9
JTZ64 18 0.0719 0.0005 0.5348 0.0106 0.0549 0.0009 447.47 434.96 409.78 -9.20 447 9
JTZ64 19 0.0723 0.0004 0.5425 0.0087 0.0564 0.0008 449.82 440.06 466.19 3.51 450 8
JTZ64 20 0.0721 0.0005 0.5339 0.0126 0.0566 0.0011 448.80 434.39 475.59 5.63 449 9
JTZ64 21 0.0727 0.0005 0.5467 0.0139 0.0561 0.0011 452.22 442 .85 454.35 0.47 452 9
JTZ64 22 0.0677 0.0004 0.4996 0.0088 0.0553 0.0009 422.04 411.42 425.99 0.93 422 8
JTZ64 23 0.0700 0.0004 0.5287 0.0070 0.0550 0.0007 436.04 430.96 411.00 -6.09 436 8
JTZ64 24 0.0715 0.0004 0.5256 0.0086 0.0560 0.0008 445.37 428.91 451.58 1.37 445 8
JTZ64 25 0.0702 0.0004 0.5392 0.0087 0.0560 0.0008 437.18 437.88 452.37 3.36 437 8
JTZ64 26 0.0747 0.0005 0.5879 0.0135 0.0602 0.0011 464.17 469.50 609.69 23.87 464 9
JTZ64 27 0.0741 0.0006 0.5387 0.0166 0.0561 0.0013 460.99 437.58 455.54 -1.20 461 10
JTZ64 28 0.0707 0.0005 0.5530 0.0147 0.0584 0.0012 440.25 446.93 545.17 19.25 440 9
JTZ64 29 0.0810 0.0005 0.6357 0.0117 0.0586 0.0009 502.09 499.62 551.89 9.02 502 9
JTZ64 30 0.0674 0.0004 0.5319 0.0111 0.0601 0.0011 420.35 433.06 605.38 30.56 420 8
JTZ64 31 0.0742 0.0005 0.6094 0.0152 0.0612 0.0012 461.11 483.18 647.67 28.81 461 9
JTZ64 32 0.0764 0.0005 0.5656 0.0128 0.0566 0.0011 474.48 455.17 475.59 0.23 474 9
JTZ64 33 0.0667 0.0004 0.5278 0.0096 0.0571 0.0009 415.94 430.35 496.94 16.30 416 8
JTZ64 34 0.0680 0.0004 0.4908 0.0105 0.0551 0.0010 424.10 405.46 417.50 -1.58 424 8
JTZ64 35 0.0704 0.0006 0.4970 0.0200 0.0558 0.0017 438.44 409.66 442.43 0.90 438 10
JTZ64 36 0.0684 0.0004 0.5295 0.0103 0.0568 0.0010 426.39 431.46 484.55 12.00 426 8
JTZ64 37 0.0693 0.0004 0.5049 0.0093 0.0555 0.0009 431.94 415.04 432.82 0.20 432 8
JTZ64 38 0.0726 0.0005 0.5604 0.0152 0.0574 0.0012 451.50 451.80 508.08 11.14 452 9
JTZ64 39 0.0705 0.0004 0.5177 0.0109 0.0557 0.0010 439.29 423.63 442.03 0.62 439 8
JTZ64 40 0.0728 0.0005 0.5364 0.0145 0.0563 0.0012 453.18 436.03 465.79 2.71 453 9
JTZ64 41 0.0706 0.0004 0.5660 0.0106 0.0588 0.0010 439.95 455.39 560.81 21.55 440 8
JTZ64 42 0.0677 0.0005 0.5130 0.0132 0.0566 0.0012 422.04 420.46 474.42 11.04 422 9
JTZ64 43 0.0729 0.0005 0.5404 0.0107 0.0562 0.0010 453.36 438.68 460.28 1.50 453 8
JTZ64 44 0.0724 0.0005 0.5455 0.0130 0.0572 0.0011 450.42 442.02 500.02 9.92 450 9
JTZ64 45 0.0740 0.0005 0.5757 0.0158 0.0575 0.0012 460.33 461.72 509.23 9.60 460 9
JTZ64 46 0.0724 0.0005 0.5617 0.0131 0.0559 0.0011 450.48 452.63 449.59 -0.20 450 9
JTZ64 47 0.0709 0.0004 0.5568 0.0092 0.0572 0.0009 441.64 449.47 497.71 11.27 442 8
JTZ64 48 0.0672 0.0005 0.4873 0.0149 0.0553 0.0013 419.20 403.04 425.18 1.41 419 9
JTZ64 49 0.0678 0.0004 0.5318 0.0114 0.0556 0.0010 422.59 432.99 436.83 3.26 423 8
JTZ64 50 0.0623 0.0004 0.4814 0.0103 0.0547 0.0010 389.29 399.06 400.80 2.87 389 8
JTZ64 51 0.0702 0.0005 0.5267 0.0145 0.0560 0.0012 437.12 429.59 453.95 3.71 437 9
JTZ64 52 0.0684 0.0004 0.5232 0.0098 0.0561 0.0009 426.39 427.26 457.12 6.72 426 8
JTZ64 53 0.0705 0.0004 0.5243 0.0112 0.0555 0.0010 439.23 428.03 433.63 -1.29 439 8
JTZ64 54 0.0741 0.0007 0.5748 0.0253 0.0581 0.0019 460.75 461.08 535.04 13.89 461 11
JTZ64 55 0.0698 0.0004 0.5335 0.0119 0.0563 0.0010 434.83 434.10 462.25 593 435 8
JTZ64 56 0.0708 0.0004 0.5457 0.0114 0.0584 0.0010 441.21 442.16 546.30 19.24 441 8
JTZ64 57 0.0676 0.0004 0.5027 0.0096 0.0554 0.0009 421.56 413.52 427.60 1.41 422 8
JTZ64 58 0.0669 0.0004 0.5233 0.0081 0.0576 0.0008 417.51 427.37 514.58 18.86 418 8
JTZ64 59 0.0700 0.0005 0.5421 0.0150 0.0579 0.0013 436.22 439.83 524.46 16.83 436 9
JTZ64 60 0.0686 0.0004 0.5331 0.0081 0.0553 0.0008 427.66 433.83 425.99 -0.39 428 8
JTZ64 61 0.0775 0.0006 0.6036 0.0221 0.0583 0.0016 481.36 479.52 539.18 10.72 481 10
JTZ64 62 0.0731 0.0005 0.5615 0.0133 0.0570 0.0011 454.62 452.49 490.76 7.36 455 9
JTZ64 63 0.0702 0.0004 0.5117 0.0105 0.0557 0.0010 437.24 419.60 439.23 0.45 437 8
JTZ64 64 0.0711 0.0004 0.5721 0.0123 0.0581 0.0010 443.02 459.38 531.65 16.67 443 8
JTZ64 65 0.0688 0.0004 0.5075 0.0106 0.0555 0.0010 428.98 416.79 434.03 1.16 429 8
JTZ64 66 0.0729 0.0004 0.5448 0.0107 0.0561 0.0010 453.36 441.58 455.93 0.56 453 8
JTZ64 67 0.0676 0.0004 0.5481 0.0113 0.0598 0.0011 421.86 443.72 595.98 29.22 422 8
JTZ64 68 0.0703 0.0004 0.5453 0.0110 0.0573 0.0010 438.08 441.90 501.95 12.72 438 8
JTZ64 69 0.0717 0.0005 0.5344 0.0165 0.0567 0.0013 446.27 434.72 478.71 6.78 446 9
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JTZ64 70 0.0689 0.0004 0.5049 0.0095 0.0551 0.0009 429.46 415.00 415.07 -3.47 429 8
JTZ64 71 0.0694 0.0005 0.5106 0.0130 0.0547 0.0011 432.60 418.83 400.80 -7.93 433 9
JTZ64 72 0.0715 0.0004 0.5238 0.0118 0.0558 0.0010 445.01 427.70 442.43 -0.58 445 8
JTZ64 73 0.0710 0.0004 0.5410 0.0114 0.0550 0.0010 442.12 439.10 410.19 -7.18 442 8
JTZ64 74 0.0678 0.0004 0.5488 0.0098 0.0592 0.0010 422.95 444.18 574.09 26.33 423 8
JTZ64 75 0.0728 0.0004 0.5604 0.0122 0.0567 0.0010 453.06 451.80 481.44 5.89 453 8
JTZ64 76 0.0720 0.0005 0.5566 0.0133 0.0571 0.0011 448.07 449.28 494.24 9.34 448 9
JTZ64 77 0.0701 0.0004 0.5331 0.0110 0.0554 0.0010 436.64 433.86 428.00 -2.02 437 8
JTZ64 78 0.0712 0.0004 0.5377 0.0096 0.0566 0.0009 443.20 436.92 475.59 6.81 443 8
JTZ64 79 0.0684 0.0004 0.5095 0.0126 0.0553 0.0011 426.21 418.08 425.18 -0.24 426 8
JTZ64 80 0.0714 0.0005 0.5469 0.0138 0.0562 0.0011 444 .83 442.94 459.49 3.19 445 9
JTZ64 81 0.0692 0.0004 0.5322 0.0102 0.0568 0.0010 431.58 433.24 484.94 11.00 432 8
JTZ64 82 0.0718 0.0004 0.5215 0.0117 0.0550 0.0010 446.87 426.17 412.22 -8.41 447 8
JTZ64 83 0.0721 0.0005 0.5696 0.0157 0.0576 0.0012 448.67 457.76 513.44 12.61 449 9
JTZ64 84 0.0694 0.0004 0.5375 0.0094 0.0549 0.0009 432.66 436.75 406.93 -6.32 433 8
JTZ64 85 0.0709 0.0004 0.5407 0.0104 0.0558 0.0009 441.33 438.91 442.43 0.25 441 8
JTZ64 86 0.0680 0.0004 0.5020 0.0114 0.0553 0.0011 42391 413.03 424.37 0.11 424 8
JTZ64 87 0.0743 0.0004 0.5771 0.0115 0.0564 0.0010 461.89 462.60 469.72 1.67 462 8
JTZ64 88 0.0722 0.0004 0.5639 0.0122 0.0578 0.0011 449.64 454.09 520.67 13.64 450 8
JTZ64 89 0.0708 0.0003 0.5603 0.0084 0.0629 0.0011 440.91 451.73 705.53 37.51 441 7
JTZ64 90 0.0714 0.0004 0.5434 0.0122 0.0557 0.0011 444.34 440.64 439.63 -1.07 444 8
JTZ64 91 0.0720 0.0006 0.5482 0.0212 0.0565 0.0018 448.07 443.84 472.85 5.24 448 10
JTZ64 92 0.0721 0.0004 0.5362 0.0102 0.0571 0.0009 449.04 43591 493.85 9.08 449 8
JTZ64 93 0.0744 0.0004 0.5638 0.0110 0.0563 0.0010 462.37 454.00 463.04 0.14 462 8
JTZ64 94 0.0712 0.0005 0.5686 0.0166 0.0587 0.0014 443.32 457.11 555.99 20.26 443 9
JTZ64 95 0.0741 0.0005 0.5450 0.0128 0.0563 0.0011 460.99 441.70 465.79 1.03 461 8
JTZ64 96 0.0705 0.0005 0.5208 0.0140 0.0535 0.0012 438.99 425.71 350.48 -25.25 439 9
JTZ64 97 0.0690 0.0005 0.5363 0.0149 0.0575 0.0012 430.07 435.98 510.38 15.74 430 9
JTZ64 98 0.0732 0.0004 0.5656 0.0126 0.0576 0.0011 455.59 455.16 512.67 11.13 456 8
JTZ64 99 0.0672 0.0004 0.5038 0.0134 0.0552 0.0012 419.51 414.24 421.55 0.48 420 8
JTZ64 100 0.0707 0.0004 0.5357 0.0100 0.0562 0.0010 440.07 435.58 459.09 4.14 440 8
JTZ64 101 0.0706 0.0005 0.5422 0.0248 0.0561 0.0018 439.59 439.88 45791 4.00 440 9
JTZ64 102 0.0738 0.0004 0.6064 0.0115 0.0595 0.0010 459.25 481.26 585.08 21.51 459 8
JTZ64 103 0.0728 0.0004 0.5451 0.0125 0.0560 0.0011 452.88 441.78 453.16 0.06 453 8
JTZ64 104 0.0748 0.0005 0.5583 0.0174 0.0564 0.0013 464.89 450.39 468.93 0.86 465 9
JTZ64 105 0.0661 0.0005 0.5126 0.0126 0.0552 0.0011 412.44 420.22 420.33 1.88 412 9
JTZ64 106 0.0729 0.0003 0.5359 0.0086 0.0560 0.0012 453.66 435.72 452.37 -0.29 454 6
JTZ64 107 0.0718 0.0004 0.5317 0.0134 0.0563 0.0012 446.69 43291 464.22 3.78 447 8
JTZ64 108 0.0720 0.0004 0.5430 0.0110 0.0569 0.0010 448.13 440.41 487.27 8.03 448 8
JTZ64 109 0.0719 0.0004 0.5255 0.0123 0.0564 0.0011 447.53 428.81 469.72 4.72 448 8
JTZ64 110 0.0692 0.0004 0.5134 0.0117 0.0555 0.0010 431.58 420.70 431.62 0.01 432 8
JTZ64 111 0.0687 0.0005 0.5355 0.0153 0.0554 0.0013 428.20 435.46 428.00 -0.05 428 9
JTZ64 112 0.0724 0.0004 0.5347 0.0092 0.0559 0.0009 450.78 434.89 448.80 -0.44 451 8
JTZ64 113 0.0750 0.0004 0.5476 0.0098 0.0564 0.0010 465.91 443.41 467.76 0.40 466 7
JTZ64 114 0.0745 0.0004 0.6093 0.0118 0.0639 0.0010 462.97 483.11 739.32 37.38 463 8
JTZ64 115 0.0695 0.0005 0.5549 0.0157 0.0572 0.0013 433.02 448.23 497.33 12.93 433 9
JTZ64 116 0.0721 0.0006 0.5296 0.0211 0.0558 0.0016 448.86 431.56 444 .82 -0.91 449 10
JTZ64 117 0.0663 0.0004 0.5077 0.0100 0.0545 0.0009 413.83 416.89 389.71 -6.19 414 8
JTZ64 118 0.0755 0.0004 0.6080 0.0115 0.0633 0.0010 469.39 482.32 719.33 34.75 469 8
JTZ64 119 0.0744 0.0004 0.5668 0.0090 0.0557 0.0009 462.67 455.96 441.63 -4.76 463 7
JTZ64 120 0.0681 0.0009 0.5453 0.0380 0.0598 0.0027 424.76 441.92 596.35 28.77 425 14
JTZ64 121 0.0737 0.0005 0.5690 0.0157 0.0576 0.0014 458.65 457.39 513.82 10.74 459 8
JTZ64 122 0.0707 0.0004 0.5247 0.0273 0.0567 0.0024 440.61 428.29 478.32 7.88 441 8
JTZ64 123 0.0653 0.0005 0.5230 0.0170 0.0568 0.0013 407.90 427.12 484.17 15.75 408 9
JTZ64 124 0.0704 0.0004 0.5281 0.0120 0.0558 0.0011 438.44 430.56 443.62 1.17 438 8
JTZ66 1 0.0717 0.0002 0.5582 0.0075 0.0556 0.0009 446.33 450.38 436.03 -2.36 446 9
JTZ66 2 0.0683 0.0002 0.5667 0.0074 0.0596 0.0009 425.60 455.89 589.08 27.75 426 9
JTZ66 3 0.0701 0.0005 0.5898 0.0311 0.0560 0.0020 436.82 470.71 450.38 3.01 437 13
JTZ66 4 0.0727 0.0003 0.5647 0.0100 0.0563 0.0010 452.64 454.57 464.22 2.49 453 9
JTZ66 5 0.0701 0.0003 0.5366 0.0093 0.0552 0.0010 436.76 436.15 419.52 -4.11 437 9
JTZ66 6 0.0692 0.0003 0.5234 0.0139 0.0557 0.0012 431.45 427.45 441.23 2.22 431 10
JTZ66 7 0.0692 0.0003 0.5144 0.0109 0.0546 0.0010 431.39 421.43 397.52 -8.52 431 10
JTZ66 8 0.0677 0.0002 0.5564 0.0085 0.0595 0.0010 422.22 449.19 583.62 27.65 422 9
JTZ66 9 0.0697 0.0003 0.5188 0.0088 0.0549 0.0009 434.23 42433 407.34 -6.60 434 9
JTZ66 10 0.0718 0.0004 0.5619 0.0176 0.0559 0.0013 446.75 452.73 448.40 0.37 447 11
JTZ66 11 0.0679 0.0003 0.5221 0.0118 0.0555 0.0011 42331 426.52 430.81 1.74 423 10
JTZ66 12 0.0665 0.0002 0.5213 0.0063 0.0565 0.0009 415.10 425.99 472.46 12.14 415 9
JTZ66 13 0.0628 0.0002 0.5064 0.0080 0.0571 0.0010 392.75 416.02 494.63 20.60 393 9
JTZ66 14 0.0666 0.0002 0.4948 0.0091 0.0549 0.0010 415.76 408.16 409.37 -1.56 416 9
JTZ66 15 0.0665 0.0003 0.5004 0.0104 0.0545 0.0010 415.16 411.95 393.00 -5.64 415 9
JTZ66 16 0.0647 0.0002 0.4737 0.0086 0.0539 0.0010 403.84 393.73 367.29 -9.95 404 9
JTZ66 17 0.0651 0.0002 0.4763 0.0087 0.0541 0.0010 406.26 395.52 376.46 -7.92 406 9
JTZ66 18 0.0620 0.0002 0.4800 0.0081 0.0560 0.0010 387.47 398.04 450.38 13.97 387 9
JTZ66 19 0.0638 0.0002 0.4803 0.0093 0.0539 0.0010 398.57 398.29 367.29 -8.52 399 9
JTZ66 20 0.0637 0.0002 0.4761 0.0095 0.0546 0.0010 398.09 395.39 394.24 -0.98 398 9
JTZ66 21 0.0619 0.0002 0.4727 0.0102 0.0558 0.0011 387.17 393.05 446.01 13.19 387 9
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JTZ66 22 0.0649 0.0003 0.4588 0.0127 0.0519 0.0012 405.36 383.39 280.57 -44.48 405 10
JTZ66 23 0.0632 0.0002 0.4948 0.0078 0.0551 0.0009 394.88 408.14 414.25 4.68 395 9
JTZ66 24 0.0652 0.0002 0.4998 0.0105 0.0536 0.0010 406.99 411.55 354.70 -14.74 407 9
JTZ66 25 0.0626 0.0002 0.4577 0.0077 0.0531 0.0009 391.42 382.62 332.22 -17.82 391 9
JTZ66 26 0.0621 0.0002 0.4596 0.0100 0.0537 0.0010 388.32 384.01 358.49 -8.32 388 9
JTZ66 27 0.0540 0.0002 0.4271 0.0075 0.0562 0.0010 339.28 361.14 461.86 26.54 339 8
JTZ66 28 0.0626 0.0003 0.5309 0.0122 0.0599 0.0012 391.48 432.41 599.60 34.71 391 9
JTZ66 29 0.0602 0.0002 0.4392 0.0080 0.0528 0.0009 376.90 369.71 318.92 -18.18 377 9
JTZ66 30 0.0601 0.0002 0.4400 0.0103 0.0533 0.0011 375.99 370.27 341.59 -10.07 376 9
JTZ66 31 0.0594 0.0002 0.4377 0.0076 0.0537 0.0009 372.10 368.63 358.07 -3.92 372 9
JTZ66 32 0.0605 0.0002 0.4493 0.0088 0.0543 0.0010 37891 376.75 383.51 1.20 379 9
JTZ66 33 0.0574 0.0002 0.4287 0.0107 0.0536 0.0011 359.49 362.25 353.86 -1.59 359 9
JTZ66 34 0.0583 0.0002 0.4255 0.0079 0.0525 0.0009 365.03 359.98 306.38 -19.14 365 9
JTZ66 35 0.0565 0.0002 0.4144 0.0107 0.0529 0.0011 354.18 352.03 323.22 -9.58 354 9
JTZ66 36 0.0560 0.0002 0.4074 0.0087 0.0534 0.0010 351.13 347.03 345.83 -1.53 351 9
JTZ66 37 0.0561 0.0002 0.4237 0.0067 0.0534 0.0009 351.99 358.70 346.68 -1.53 352 8
JTZ66 38 0.0575 0.0002 0.4313 0.0085 0.0537 0.0010 360.46 364.06 356.39 -1.14 360 9
JTZ66 39 0.0555 0.0003 0.4222 0.0117 0.0535 0.0012 348.44 357.62 349.22 0.22 348 9
JTZ66 40 0.0570 0.0002 0.4113 0.0086 0.0519 0.0010 357.05 349.82 280.57 -27.26 357 9
JTZ66 41 0.0572 0.0003 0.3936 0.0139 0.0531 0.0014 358.76 336.96 331.36 -8.27 359 10
JTZ66 42 0.0551 0.0002 0.4015 0.0071 0.0519 0.0009 345.70 342.71 281.45 -22.83 346 8
JTZ66 43 0.0549 0.0002 0.4115 0.0086 0.0527 0.0010 344.60 349.92 314.61 -9.53 345 9
JTZ66 44 0.0551 0.0002 0.4133 0.0093 0.0540 0.0011 345.57 351.24 370.63 6.76 346 9
JTZ66 45 0.0421 0.0002 0.2859 0.0057 0.0484 0.0009 265.65 255.36 118.87 -123.5 266 8
JTZ66 46 0.0418 0.0002 0.2888 0.0062 0.0484 0.0010 263.98 257.63 116.92 -125.8 264 8
JTZ66 47 0.0559 0.0002 0.3909 0.0075 0.0517 0.0010 350.83 335.05 273.49 -28.28 351 8
JTZ66 48 0.0524 0.0002 0.3974 0.0083 0.0530 0.0010 329.42 339.76 327.08 -0.72 329 8
JTZ66 49 0.0557 0.0003 0.3915 0.0128 0.0519 0.0013 349.12 33543 280.57 -24.43 349 10
JTZ66 50 0.0547 0.0002 0.3950 0.0097 0.0525 0.0011 343.56 338.04 308.12 -11.50 344 9
JTZ66 51 0.0539 0.0002 0.3863 0.0103 0.0516 0.0011 338.60 331.68 267.28 -26.69 339 9
JTZ66 52 0.0543 0.0002 0.3842 0.0078 0.0523 0.0010 341.05 330.11 298.98 -14.07 341 8
JTZ66 53 0.0534 0.0002 0.3867 0.0102 0.0510 0.0011 335.12 331.93 239.47 -39.94 335 9
JTZ66 54 0.0541 0.0002 0.3887 0.0094 0.0509 0.0011 339.83 333.40 236.76 -43.53 340 9
JTZ66 55 0.0535 0.0002 0.4319 0.0118 0.0611 0.0013 335.73 364.55 642.76 47.717 336 9
JTZ66 56 0.0525 0.0002 0.3673 0.0099 0.0512 0.0011 329.61 317.68 248.95 -32.40 330 9
JTZ66 57 0.0529 0.0002 0.3816 0.0100 0.0505 0.0011 332.00 328.18 217.61 -52.56 332 9
JTZ66 58 0.0503 0.0002 03573 0.0077 0.0505 0.0010 316.12 310.16 218.07 -44.96 316 8
JTZ66 59 0.0515 0.0002 03779 0.0072 0.0518 0.0010 323.97 325.50 27748 -16.76 324 8
JTZ66 60 0.0503 0.0002 0.3802 0.0081 0.0530 0.0010 316.36 327.16 330.08 4.16 316 8
JTZ66 61 0.0515 0.0002 0.3826 0.0092 0.0520 0.0011 323.48 328.93 286.29 -12.99 323 9
JTZ66 62 0.0487 0.0002 03693 0.0069 0.0536 0.0010 306.41 319.14 352.17 12.99 306 8
JTZ66 63 0.0726 0.0004 0.5478 0.0140 0.0565 0.0012 451.92 443.52 471.68 4.19 452 7
JTZ66 64 0.0717 0.0003 0.5642 0.0138 0.0569 0.0012 446.09 454.26 485.72 8.16 446 7
JTZ66 65 0.0722 0.0003 0.5688 0.0114 0.0570 0.0011 449.22 457.26 491.92 8.68 449 6
JTZ66 66 0.0726 0.0003 0.5780 0.0125 0.0572 0.0011 451.74 463.19 497.71 9.24 452 7
JTZ66 67 0.0684 0.0003 0.4954 0.0117 0.0554 0.0012 426.75 408.57 427.19 0.10 427 7
JTZ66 68 0.0705 0.0003 0.5559 0.0092 0.0570 0.0010 439.35 448.85 492.69 10.83 439 6
JTZ66 69 0.0700 0.0003 0.5475 0.0102 0.0564 0.0010 435.91 443.34 468.93 7.04 436 6
JTZ66 70 0.0716 0.0003 0.6196 0.0120 0.0625 0.0011 445.79 489.62 692.29 35.61 446 6
JTZ66 71 0.0734 0.0003 0.5386 0.0116 0.0548 0.0011 456.73 437.49 403.25 -13.26 457 7
JTZ66 72 0.0697 0.0003 0.5556 0.0088 0.0556 0.0009 434.59 448.68 434.43 -0.04 435 6
JTZ66 73 0.0695 0.0003 0.5557 0.0094 0.0573 0.0010 433.38 448.70 503.10 13.86 433 6
JTZ66 74 0.0658 0.0003 0.5093 0.0133 0.0567 0.0013 410.98 417.98 479.49 14.29 411 7
JTZ66 75 0.0746 0.0004 0.5764 0.0152 0.0579 0.0013 463.57 462.14 524.84 11.67 464 7
JTZ66 76 0.0676 0.0003 0.5207 0.0092 0.0567 0.0010 421.80 425.64 479.10 11.96 422 6
JTZ66 77 0.0724 0.0003 0.5517 0.0125 0.0554 0.0011 450.60 446.08 428.80 -5.08 451 7
JTZ66 78 0.0742 0.0003 0.5777 0.0113 0.0572 0.0011 461.35 462.98 500.02 7.73 461 6
JTZ66 79 0.0704 0.0003 0.5504 0.0096 0.0557 0.0010 438.63 445.23 439.23 0.14 439 6
JTZ66 80 0.0665 0.0003 0.5282 0.0110 0.0566 0.0011 414.73 430.59 474.42 12.58 415 6
JTZ66 81 0.0723 0.0003 0.5522 0.0105 0.0555 0.0010 449.70 446.41 431.22 -4.29 450 6
JTZ66 82 0.0688 0.0003 0.5096 0.0119 0.0558 0.0012 428.98 418.15 446.01 3.82 429 6
JTZ66 83 0.0670 0.0003 0.5354 0.0084 0.0566 0.0010 418.18 435.39 475.98 12.14 418 6
JTZ66 84 0.0714 0.0003 0.5618 0.0125 0.0557 0.0011 444.71 452.70 438.83 -1.34 445 6
JTZ66 85 0.0687 0.0004 0.5439 0.0150 0.0583 0.0013 428.08 441.01 541.05 20.88 428 7
JTZ66 86 0.0697 0.0003 0.5450 0.0090 0.0553 0.0010 434.47 441.69 422.35 -2.87 434 6
JTZ66 87 0.0693 0.0003 0.5642 0.0113 0.0570 0.0011 432.18 454.22 492.69 12.28 432 6
JTZ66 88 0.0708 0.0003 0.5391 0.0090 0.0553 0.0010 440.79 437.86 425.99 -3.48 441 6
JTZ66 89 0.0697 0.0003 0.5387 0.0085 0.0562 0.0010 434.05 437.53 460.28 5.70 434 6
JTZ66 90 0.0715 0.0003 0.5471 0.0124 0.0562 0.0011 44531 443.08 459.09 3.00 445 7
JTZ66 91 0.0685 0.0003 0.5296 0.0106 0.0552 0.0010 426.81 431.54 420.74 -1.44 427 6
JTZ66 92 0.0695 0.0003 0.5419 0.0124 0.0568 0.0011 433.08 439.66 482.22 10.19 433 6
JTZ66 93 0.0688 0.0003 0.5422 0.0104 0.0564 0.0010 429.04 439.89 467.76 8.28 429 6
JTZ66 94 0.0706 0.0003 0.5694 0.0102 0.0566 0.0010 439.59 457.59 474.81 7.42 440 6
JTZ66 95 0.0698 0.0003 0.5630 0.0093 0.0584 0.0010 434.83 453.49 544.80 20.19 435 6
JTZ66 96 0.0679 0.0003 0.5349 0.0106 0.0566 0.0011 423.43 435.02 475.20 10.89 423 6
JTZ66 97 0.0613 0.0003 0.5037 0.0112 0.0580 0.0012 383.77 414.18 528.25 27.35 384 6
JTZ66 98 0.0735 0.0004 0.5699 0.0172 0.0562 0.0013 457.39 457.98 460.67 0.71 457 7
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JTZ66 99 0.0688 0.0004 0.5603 0.0206 0.0569 0.0016 429.16 451.69 487.66 12.00 429 8
JTZ66 100 0.0752 0.0003 0.5837 0.0136 0.0561 0.0011 467.35 466.82 457.12 -2.24 467 7
JTZ66 101 0.0718 0.0003 0.5522 0.0107 0.0570 0.0011 44723 446.42 489.98 8.73 447 6
JTZ66 102 0.0751 0.0003 0.5620 0.0119 0.0560 0.0011 466.63 452.85 452.37 -3.15 467 6
JTZ66 103 0.0702 0.0003 0.5524 0.0082 0.0572 0.0010 437.54 446.57 499.64 12.43 438 6
JTZ66 104 0.0702 0.0005 0.5487 0.0218 0.0561 0.0016 437.06 444.14 45791 4.55 437 8
JTZ66 105 0.0671 0.0003 0.5110 0.0111 0.0564 0.0011 418.90 419.14 466.97 10.29 419 6
JTZ66 106 0.0691 0.0003 0.5153 0.0107 0.0554 0.0011 430.55 422.01 426.39 -0.98 431 6
JTZ66 107 0.0710 0.0003 0.5291 0.0125 0.0561 0.0012 442.00 431.21 455.54 2.97 442 7
JTZ66 108 0.0692 0.0003 0.5334 0.0111 0.0561 0.0011 431.45 434.04 456.72 5.53 431 6
JTZ66 109 0.0715 0.0003 0.5646 0.0131 0.0563 0.0012 445.31 454.54 465.01 4.24 445 6
JTZ66 110 0.0681 0.0003 0.5246 0.0111 0.0564 0.0011 424.40 428.24 468.93 9.50 424 6
JTZ66 111 0.0690 0.0003 0.5217 0.0124 0.0561 0.0012 429.83 426.27 454.75 5.48 430 6
JTZ66 112 0.0677 0.0003 0.5277 0.0091 0.0569 0.0010 422.47 430.29 488.05 13.44 422 6
JTZ66 113 0.0700 0.0003 0.5324 0.0114 0.0556 0.0011 436.40 433.40 434.43 -0.45 436 6
JTZ66 114 0.0746 0.0003 0.5649 0.0134 0.0562 0.0012 463.63 454.71 458.70 -1.07 464 7
JTZ66 115 0.0705 0.0003 0.5154 0.0096 0.0546 0.0010 439.17 422.07 393.83 -11.51 439 6
JTZ66 116 0.0706 0.0003 0.5248 0.0098 0.0554 0.0010 439.77 428.36 428.80 -2.56 440 6
JTZ66 117 0.0711 0.0003 0.5379 0.0114 0.0556 0.0011 442.96 437.02 437.23 -1.31 443 6
JTZ66 118 0.0694 0.0003 0.5202 0.0120 0.0553 0.0011 432.78 425.28 425.58 -1.69 433 6
JTZ66 119 0.0700 0.0004 0.5599 0.0171 0.0597 0.0014 43591 451.43 593.81 26.59 436 7
JTZ66 120 0.0655 0.0003 0.5059 0.0094 0.0568 0.0011 409.05 415.66 484.17 15.51 409 6
JTZ66 121 0.0712 0.0003 0.5337 0.0127 0.0567 0.0012 443.32 434.26 477.93 7.24 443 7
JTZ66 122 0.0702 0.0003 0.5381 0.0091 0.0554 0.0010 437.30 437.16 427.19 -2.37 437 6
JTZ66 123 0.0537 0.0002 0.3890 0.0066 0.0528 0.0010 336.95 333.60 320.21 -5.23 337 5
JTZ66 124 0.0544 0.0002 0.4016 0.0075 0.0539 0.0010 341.66 342.79 366.87 6.87 342 5
CKZ-1 1 0.0707 0.0005 0.5482 0.0219 0.0564 0.0007 440.37 443.80 466.97 5.70 440 6
CKZ-1 2 0.0705 0.0005 0.5521 0.0223 0.0563 0.0007 439.35 446.35 463.43 5.20 439 6
CKZ-1 3 0.0715 0.0005 0.5652 0.0227 0.0575 0.0007 445.19 454.88 510.00 12.71 445 6
CKZ-1 4 0.0684 0.0005 0.5524 0.0222 0.0580 0.0007 426.69 446.58 529.76 19.46 427 6
CKZ-1 5 0.0652 0.0004 0.5508 0.0220 0.0610 0.0007 407.17 445.49 638.88 36.27 407 5
CKZ-1 6 0.0702 0.0005 0.5496 0.0220 0.0564 0.0007 437.60 444.72 469.72 6.84 438 6
CKZ-1 7 0.0699 0.0005 0.5516 0.0224 0.0574 0.0008 435.25 446.02 508.47 14.40 435 6
CKZ-1 8 0.0750 0.0005 0.5976 0.0250 0.0608 0.0010 466.45 475.72 631.46 26.13 466 6
CKZ-1 9 0.0652 0.0004 0.5208 0.0210 0.0576 0.0008 407.17 425.65 513.44 20.70 407 5
CKZ-1 10 0.0693 0.0005 0.5418 0.0217 0.0564 0.0007 432.12 439.58 468.15 7.70 432 6
CKZ-1 11 0.0688 0.0005 0.5375 0.0214 0.0563 0.0006 428.74 436.77 464.22 7.64 429 5
CKZ-1 12 0.0685 0.0005 0.5575 0.0223 0.0590 0.0007 427.29 449.92 567.83 24.75 427 6
CKZ-1 13 0.0700 0.0005 0.5441 0.0221 0.0562 0.0008 436.28 441.14 459.09 4.97 436 6
CKZ-1 14 0.0706 0.0005 0.5524 0.0221 0.0567 0.0007 439.59 446.57 478.71 8.17 440 6
CKZ-1 15 0.0741 0.0005 0.5861 0.0239 0.0576 0.0008 460.51 468.37 513.82 10.37 461 6
CKZ-1 16 0.0713 0.0005 0.5556 0.0225 0.0566 0.0008 443.80 448.63 475.20 6.61 444 6
CKZ-1 17 0.0687 0.0005 0.5572 0.0224 0.0586 0.0007 428.26 449.72 552.64 22.51 428 6
CKZ-1 18 0.0704 0.0005 0.5453 0.0219 0.0560 0.0007 438.57 441.93 453.95 3.39 439 6
CKZ-1 19 0.0671 0.0005 0.5278 0.0221 0.0567 0.0010 418.78 430.36 477.93 12.38 419 6
CKZ-1 20 0.0703 0.0005 0.5431 0.0218 0.0563 0.0007 438.08 440.49 462.64 5.31 438 6
CKZ-1 21 0.1517 0.0010 1.4686 0.0583 0.0697 0.0008 910.49 917.53 918.64 0.89 910 11
CKZ-1 22 0.2034 0.0014 2.2635 0.0907 0.0814 0.0010 1193.56 1201.00 1230.64 3.01 1231 19
CKZ-1 23 0.0662 0.0005 0.5157 0.0208 0.0564 0.0007 413.34 422.27 466.58 11.41 413 5
CKZ-1 24 0.0706 0.0005 0.5490 0.0219 0.0565 0.0007 439.83 444.33 470.90 6.60 440 6
CKZ-1 25 0.0759 0.0005 0.5527 0.0225 0.0568 0.0008 471.84 446.76 483.00 231 472 6
CKZ-1 26 0.0691 0.0005 0.5324 0.0212 0.0558 0.0006 430.85 433.37 443.22 2.79 431 5
CKZ-1 27 0.0634 0.0004 0.5193 0.0209 0.0592 0.0008 396.45 424.68 572.62 30.77 396 5
CKZ-1 28 0.0674 0.0005 0.5186 0.0209 0.0556 0.0008 420.17 424.22 438.03 4.08 420 6
CKZ-1 29 0.0649 0.0004 0.4994 0.0199 0.0554 0.0007 405.30 411.26 426.79 5.04 405 5
CKZ-1 30 0.0675 0.0005 0.5661 0.0237 0.0607 0.0011 421.08 455.46 627.55 32.90 421 6
CKZ-1 31 0.0705 0.0005 0.5350 0.0212 0.0552 0.0006 438.87 435.12 420.74 -4.31 439 6
CKZ-1 32 0.0693 0.0005 0.5430 0.0215 0.0565 0.0007 431.70 440.38 470.11 8.17 432 6
CKZ-1 33 0.0761 0.0005 0.5931 0.0245 0.0613 0.0010 472.68 472.84 651.18 27.41 473 6
CKZ-1 34 0.0686 0.0005 0.5952 0.0240 0.0625 0.0008 427.72 474.18 692.29 38.22 428 6
CKZ-1 35 0.0676 0.0005 0.5340 0.0216 0.0566 0.0008 421.86 434.43 477.15 11.59 422 6
CKZ-1 36 0.0723 0.0005 0.5929 0.0236 0.0595 0.0007 449.76 472.74 586.53 23.32 450 6
CKZ-1 37 0.0673 0.0004 0.5564 0.0221 0.0600 0.0007 419.87 449.20 602.49 30.31 420 5
CKZ-1 38 0.0715 0.0005 0.5485 0.0218 0.0560 0.0007 445.13 444.03 451.58 1.43 445 6
CKZ-1 39 0.0745 0.0005 0.6368 0.0261 0.0617 0.0010 463.33 500.34 663.38 30.16 463 6
CKZ-1 40 0.0719 0.0005 0.5918 0.0236 0.0598 0.0007 447.47 472.02 597.07 25.06 447 6
CKZ-1 41 0.0699 0.0005 0.5462 0.0220 0.0563 0.0008 435.67 442.50 465.79 6.47 436 6
CKZ-1 42 0.0687 0.0005 0.5375 0.0216 0.0569 0.0008 428.08 436.75 485.72 11.87 428 6
CKZ-1 43 0.0824 0.0005 0.6472 0.0257 0.0570 0.0007 510.55 506.76 491.92 -3.79 511 6
CKZ-1 44 0.0691 0.0005 0.5331 0.0212 0.0561 0.0007 430.55 433.85 455.93 5.57 431 6
CKZ-1 45 0.0707 0.0005 0.5415 0.0219 0.0568 0.0008 440.37 43941 484.55 9.12 440 6
CKZ-1 46 0.0702 0.0005 0.5445 0.0218 0.0564 0.0007 437.30 441.39 466.58 6.28 437 6
CKZ-1 47 0.0707 0.0005 0.5880 0.0234 0.0605 0.0007 440.55 469.60 620.79 29.03 441 6
CKZ-1 48 0.0722 0.0005 0.5649 0.0223 0.0565 0.0006 449.40 454.72 471.68 4.72 449 6
CKZ-1 49 0.0669 0.0005 0.5674 0.0229 0.0618 0.0009 417.27 456.34 666.50 37.39 417 6
CKZ-1 50 0.0710 0.0005 0.5558 0.0220 0.0571 0.0007 442.18 448.79 496.55 10.95 442 6
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CKZ-1 51 0.0717 0.0005 0.6099 0.0246 0.0614 0.0009 446.27 483.51 653.63 31.72 446 6
CKZ-1 52 0.0708 0.0005 0.5467 0.0217 0.0559 0.0007 440.79 442.83 448.80 1.78 441 6
CKZ-1 53 0.0698 0.0005 0.5416 0.0216 0.0560 0.0007 434.95 439.45 450.78 3.51 435 6
CKZ-1 54 0.0675 0.0005 0.5372 0.0217 0.0575 0.0008 421.02 436.55 509.61 17.39 421 6
CKZ-1 55 0.0772 0.0006 0.5487 0.0229 0.0560 0.0010 479.45 444.13 452.37 -5.99 479 7
CKZ-1 56 0.0781 0.0005 0.5589 0.0227 0.0567 0.0008 484.59 450.78 480.27 -0.90 485 6
CKZ-1 57 0.0655 0.0005 0.5286 0.0215 0.0584 0.0009 409.11 430.87 544.05 24.80 409 6
CKZ-1 58 0.2463 0.0017 2.7434 0.1095 0.0830 0.0011  1419.16 1340.29 1381.61 -2.72 1382 21
CKZ-1 59 0.0663 0.0004 0.5512 0.0219 0.0601 0.0007 413.83 445.77 607.18 31.84 414 5
CKZ-1 60 0.0732 0.0005 0.5674 0.0226 0.0566 0.0007 455.11 456.30 475.59 431 455 6
CKZ-1 61 0.0710 0.0005 0.5562 0.0228 0.0588 0.0009 442.18 449.08 557.84 20.73 442 6
CKZ-1 62 0.0715 0.0005 0.5503 0.0218 0.0561 0.0007 44537 445.17 455.14 2.15 445 6
CKZ-1 63 0.0703 0.0005 0.5778 0.0229 0.0600 0.0007 437.78 463.03 604.30 27.55 438 6
CKZ-1 64 0.0723 0.0005 0.6244 0.0252 0.0621 0.0009 449.82 492.58 675.83 33.44 450 6
CKZ-1 65 0.0716 0.0005 0.5530 0.0220 0.0561 0.0007 445.67 446.95 456.72 242 446 6
CKZ-1 66 0.0682 0.0005 0.5426 0.0223 0.0575 0.0009 425.18 440.16 509.23 16.51 425 6
CKZ-1 67 0.0723 0.0005 0.5748 0.0229 0.0576 0.0008 450.12 461.14 513.05 12.27 450 6
CKZ-1 68 0.0701 0.0005 0.5546 0.0221 0.0573 0.0007 436.46 447.99 501.18 12.91 436 6
CKZ-1 69 0.0708 0.0005 0.5577 0.0224 0.0567 0.0008 441.09 450.05 479.88 8.08 441 6
CKZ-1 70 0.0765 0.0006 0.5392 0.0225 0.0556 0.0010 475.02 437.90 436.03 -8.94 475 7
CKZ-1 71 0.0699 0.0005 0.5649 0.0227 0.0588 0.0008 435.49 454.71 559.33 22.14 435 6
CKZ-1 72 0.0674 0.0005 0.5756 0.0234 0.0624 0.0009 420.23 461.64 689.21 39.03 420 6
CKZ-1 73 0.0707 0.0005 0.5500 0.0219 0.0560 0.0007 440.25 444.98 452.37 2.68 440 6
CKZ-1 74 0.0740 0.0005 0.5739 0.0227 0.0564 0.0007 460.45 460.50 468.93 1.81 460 6
CKZ-1 75 0.0678 0.0005 0.5505 0.0220 0.0591 0.0008 422.71 445.34 569.31 25.75 423 6
CKZ-1 76 0.0687 0.0005 0.5674 0.0225 0.0596 0.0008 428.14 456.30 589.81 27.41 428 6
CKZ-1 77 0.0683 0.0005 0.5265 0.0212 0.0564 0.0008 426.09 429.51 467.36 8.83 426 6
CKZ-1 78 0.0666 0.0005 0.5346 0.0219 0.0588 0.0009 415.88 434.84 557.84 25.45 416 6
CKZ-1 79 0.0715 0.0005 0.6149 0.0242 0.0627 0.0008 445.13 486.63 698.41 36.27 445 6
CKZ-1 80 0.0641 0.0004 0.5064 0.0199 0.0570 0.0007 400.51 416.03 490.37 18.32 401 5
CKZ-1 81 0.0682 0.0005 0.5521 0.0219 0.0592 0.0007 425.30 446.40 574.09 25.92 425 6
CKZ-1 82 0.0743 0.0005 0.5770 0.0229 0.0567 0.0007 462.25 462.55 480.27 3.75 462 6
CKZ-1 83 0.0720 0.0005 0.5614 0.0223 0.0565 0.0007 447.95 452.46 471.29 4.95 448 6
CKZ-1 84 0.0706 0.0005 0.5487 0.0220 0.0568 0.0008 439.47 444.14 482.61 8.94 439 6
CKZ-1 85 0.0720 0.0005 0.5597 0.0224 0.0566 0.0008 447.89 451.36 474.81 5.67 448 6
CKZ-1 86 0.0706 0.0005 0.5823 0.0232 0.0602 0.0008 439.77 465.94 610.05 2791 440 6
CKZ-1 87 0.0721 0.0005 0.5691 0.0228 0.0571 0.0008 448.98 457.45 495.40 9.37 449 6
CKZ-1 88 0.0729 0.0005 0.5676 0.0226 0.0563 0.0007 453.72 456.49 463.83 2.18 454 6
CKZ-1 89 0.0685 0.0005 0.5623 0.0221 0.0596 0.0007 427.11 453.02 588.72 27.45 427 6
CKZ-1 90 0.0669 0.0004 0.5329 0.0210 0.0580 0.0007 417.63 433.75 529.76 21.17 418 5
CKZ-1 91 0.0683 0.0005 0.5403 0.0216 0.0575 0.0008 425.72 438.60 511.53 16.77 426 6
CKZ-1 92 0.0703 0.0005 0.5732 0.0226 0.0591 0.0007 437.66 460.10 572.25 23.52 438 6
CKZ-1 93 0.0726 0.0005 0.5528 0.0218 0.0555 0.0007 451.92 446.84 432.02 -4.61 452 6
CKZ-1 94 0.0726 0.0005 0.5613 0.0222 0.0564 0.0007 451.68 452.39 466.97 3.27 452 6
CKZ-1 95 0.0715 0.0005 0.5688 0.0225 0.0575 0.0007 445.37 457.26 512.29 13.06 445 6
CKZ-1 96 0.0698 0.0011 0.5689 0.2509 0.0591 0.0059 434.95 457.32 571.52 23.90 435 13
CKZ-1 97 0.0724 0.0005 0.5706 0.0225 0.0573 0.0007 450.48 458.40 504.63 10.73 450 6
CKZ-1 98 0.0667 0.0005 0.5276 0.0226 0.0574 0.0008 416.30 430.22 505.78 17.69 416 6
CKZ-1 99 0.0716 0.0005 0.5553 0.0228 0.0564 0.0008 445.67 448.46 467.76 4.72 446 6
CKZ-1 100 0.0706 0.0005 0.5972 0.0218 0.0616 0.0007 439.89 475.44 661.64 33.52 440 6
CKZ-1 101 0.0725 0.0004 0.6037 0.0210 0.0606 0.0008 451.20 479.57 626.13 27.94 451 5
CKZ-1 102 0.0696 0.0005 0.5900 0.0237 0.0616 0.0008 433.99 470.89 661.64 34.41 434 6
CKZ-1 103 0.0659 0.0005 0.5556 0.0240 0.0612 0.0008 411.53 448.65 646.27 36.32 412 6
CKZ-1 104 0.0705 0.0005 0.5433 0.0235 0.0561 0.0008 439.05 440.57 454.75 3.45 439 6
CKZ-1 105 0.0719 0.0004 0.5581 0.0219 0.0566 0.0008 447.83 450.26 476.37 5.99 448 5
CKZ-1 106 0.0734 0.0005 0.5693 0.0215 0.0566 0.0007 456.55 457.57 477.15 432 457 6
CKZ-1 107 0.0706 0.0005 0.5511 0.0220 0.0565 0.0007 439.77 445.72 473.25 7.07 440 6
CKZ-1 108 0.0686 0.0005 0.5469 0.0225 0.0582 0.0007 427.66 442.95 536.92 20.35 428 6
CKZ-1 109 0.0725 0.0005 0.5651 0.0218 0.0569 0.0007 451.02 454.87 486.88 7.37 451 6
CKZ-1 110 0.0770 0.0005 0.5950 0.0216 0.0595 0.0008 478.31 474.08 584.35 18.15 478 6
CKZ-1 111 0.0713 0.0005 0.5450 0.0224 0.0567 0.0008 443.74 441.70 479.88 7.53 444 6
CKZ-1 112 0.0743 0.0005 0.5750 0.0239 0.0560 0.0009 461.71 461.23 452.37 -2.07 462 6
CKZ-1 113 0.0781 0.0005 0.6600 0.0218 0.0670 0.0008 485.01 514.60 839.02 42.19 485 6
CKZ-1 114 0.0721 0.0005 0.5638 0.0226 0.0568 0.0007 448.73 453.96 482.61 7.02 449 6
CKZ-1 115 0.0688 0.0006 0.5378 0.0265 0.0568 0.0010 428.98 436.97 482.61 11.11 429 7
CKZ-1 116 0.0679 0.0005 0.5769 0.0223 0.0616 0.0008 423.43 462.45 659.90 35.83 423 6
CKZ-1 117 0.0728 0.0005 0.5924 0.0214 0.0592 0.0008 452.94 472.42 574.83 21.20 453 6
CKZ-1 118 0.0719 0.0005 0.6113 0.0227 0.0623 0.0008 447.71 484.39 684.08 34.55 448 6
CKZ-1 119 0.0724 0.0005 0.6020 0.0236 0.0605 0.0008 450.66 478.47 621.15 27.45 451 6
CKZ-1 120 0.0720 0.0005 0.5729 0.0244 0.0577 0.0009 447.95 459.89 516.87 13.33 448 6
CKZ-1 121 0.0721 0.0005 0.5553 0.0237 0.0562 0.0008 449.04 448.44 461.86 2.78 449 6
CKZ-1 122 0.0701 0.0005 0.5468 0.0227 0.0564 0.0008 436.70 442.89 468.93 6.87 437 6
CKZ-1 123 0.0720 0.0005 0.5613 0.0217 0.0566 0.0008 448.19 452.38 474.42 5.53 448 6
CKZ-1 124 0.0720 0.0006 0.5601 0.1217 0.0567 0.0030 447.95 451.58 477.93 6.27 448 7
CKZ-1 125 0.0724 0.0005 0.5752 0.0221 0.0576 0.0007 450.72 461.38 514.96 12.48 451 6
CKZ-1 126 0.0697 0.0005 0.5692 0.0222 0.0594 0.0008 434.53 457.52 582.88 25.45 435 6
CKZ-1 127 0.0809 0.0005 0.5722 0.0229 0.0566 0.0008 501.73 459.43 474.03 -5.84 502 6
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CKZ-1 128 0.0698 0.0005 0.5470 0.0223 0.0571 0.0008 434.65 443.04 493.47 11.92 435 6
CKZ-1 129 0.0725 0.0006 0.5526 0.0232 0.0558 0.0009 451.38 446.72 444.42 -1.57 451 7
CKZ-1 130 0.0725 0.0005 0.5787 0.0218 0.0587 0.0008 451.38 463.63 554.13 18.54 451 6
CKZ-1 131 0.0725 0.0005 0.5514 0.0219 0.0556 0.0008 451.26 445.93 435.23 -3.68 451 6
CKZ-1 132 0.0714 0.0005 0.5514 0.0231 0.0564 0.0008 444.64 445.88 466.58 4.70 445 6
CKZ-1 133 0.0740 0.0005 0.5730 0.0219 0.0567 0.0008 460.09 459.97 480.66 4.28 460 6
CKZ-17 1 0.0681 0.0005 0.5622 0.0226 0.0588 0.0009 424.82 452.92 561.18 24.30 425 5
CKZ-17 2 0.0715 0.0005 0.5718 0.0227 0.0572 0.0008 44495 459.18 497.71 10.60 445 6
CKZ-17 3 0.0716 0.0005 0.5549 0.0220 0.0559 0.0008 445.49 448.19 446.41 0.21 445 6
CKZ-17 4 0.0710 0.0005 0.5566 0.0220 0.0560 0.0008 442.18 449.28 453.95 2.59 442 5
CKZ-17 5 0.0697 0.0004 0.5517 0.0216 0.0571 0.0007 434.11 446.12 495.01 12.30 434 5
CKZ-17 6 0.0696 0.0004 0.5467 0.0217 0.0566 0.0008 433.81 442.84 475.98 8.86 434 5
CKZ-17 7 0.0696 0.0007 0.5810 0.0295 0.0601 0.0020 433.93 465.13 607.90 28.62 434 8
CKZ-17 8 0.0710 0.0005 0.5619 0.0226 0.0574 0.0009 442.06 452.73 505.40 12.53 442 6
CKZ-17 9 0.0689 0.0005 0.5252 0.0218 0.0562 0.0011 429.22 428.59 461.46 6.99 429 6
CKZ-17 10  0.0716 0.0005 0.5665 0.0228 0.0579 0.0009 445.73 455.72 525.60 15.20 446 6
CKZ-17 11 0.0737 0.0005 0.6011 0.0248 0.0592 0.0011 458.59 477.96 575.56 20.32 459 6
CKZ-17 12 0.0728 0.0006 0.5544 0.0241 0.0549 0.0012 453.12 447.86 406.52 -11.46 453 7
CKZ-17 13 0.0719 0.0005 0.6257 0.0248 0.0623 0.0009 447.65 493.39 683.74 34.53 448 6
CKZ-17 14 0.0769 0.0005 0.5917 0.0237 0.0562 0.0009 477.83 471.97 461.86 -3.46 478 6
CKZ-17 15 0.0676 0.0005 0.5675 0.0229 0.0610 0.0010 421.86 456.38 637.82 33.86 422 5
CKZ-17 16 0.0697 0.0004 0.5254 0.0208 0.0551 0.0008 434.05 428.75 415.47 -4.47 434 5
CKZ-17 17 0.0704 0.0005 0.5251 0.0215 0.0555 0.0010 438.44 428.58 432.02 -1.49 438 6
CKZ-17 18 0.0735 0.0005 0.5615 0.0225 0.0562 0.0009 457.33 452.52 458.30 0.21 457 6
CKZ-17 19 0.0726 0.0005 0.5684 0.0236 0.0567 0.0011 451.80 456.95 478.71 5.62 452 6
CKZ-17 20 0.0735 0.0005 0.5896 0.0237 0.0585 0.0009 457.45 470.64 546.67 16.32 457 6
CKZ-17 21 0.0702 0.0007 0.5674 0.0293 0.0603 0.0021 437.42 456.31 613.28 28.68 437 8
CKZ-17 22 0.0686 0.0005 0.5633 0.0224 0.0590 0.0009 427.66 453.67 566.73 24.54 428 5
CKZ-17 23 0.0799 0.0005 0.6202 0.0252 0.0566 0.0010 495.41 489.95 475.20 -4.25 495 6
CKZ-17 24 0.0721 0.0005 0.5431 0.0218 0.0550 0.0009 448.73 440.49 411.00 -9.18 449 6
CKZ-17 25 0.0763 0.0005 0.6631 0.0274 0.0638 0.0012 473.76 516.52 734.67 35.51 474 6
CKZ-17 26  0.0628 0.0006 0.4629 0.0227 0.0547 0.0017 392.57 386.28 398.34 1.45 393 7
CKZ-17 27 0.0761 0.0005 0.6600 0.0273 0.0640 0.0012 472.50 514.63 740.64 36.20 473 6
CKZ-17 28 0.0743 0.0005 0.5677 0.0226 0.0555 0.0009 462.13 456.55 432.02 -6.97 462 6
CKZ-17 29 0.0686 0.0005 0.5935 0.0236 0.0620 0.0009 42741 473.07 673.42 36.53 427 5
CKZ-17 30 0.0703 0.0005 0.5460 0.0220 0.0559 0.0009 438.08 442.34 448.40 230 438 6
CKZ-17 31 0.0738 0.0005 0.6164 0.0243 0.0592 0.0009 459.25 487.58 574.46 20.06 459 6
CKZ-17 32 0.0683 0.0005 0.5194 0.0207 0.0569 0.0009 426.03 424.72 487.66 12.64 426 5
CKZ-17 33 0.0720 0.0005 0.5576 0.0219 0.0557 0.0008 447.89 449.96 441.23 -1.51 448 6
CKZ-17 34 0.0741 0.0005 0.5659 0.0223 0.0559 0.0008 460.57 455.38 448.00 -2.81 461 6
CKZ-17 35 0.0720 0.0005 0.5469 0.0216 0.0563 0.0008 448.37 442.96 463.43 3.25 448 6
CKZ-17 36 0.0768 0.0006 0.5684 0.0253 0.0551 0.0014 476.75 456.99 417.09 -1430 477 7
CKZ-17 37 0.0722 0.0005 0.5347 0.0221 0.0550 0.0011 449.28 434.92 412.22 -8.99 449 6
CKZ-17 38 0.0749 0.0005 0.5700 0.0232 0.0561 0.0010 465.61 458.00 456.33 -2.03 466 6
CKZ-17 39 0.0748 0.0005 0.5784 0.0230 0.0564 0.0009 464.95 463.43 467.76 0.60 465 6
CKZ-17 40 0.0713 0.0004 0.5537 0.0215 0.0560 0.0007 443.80 447.42 451.97 1.81 444 5
CKZ-17 41 0.0733 0.0005 0.5585 0.0220 0.0560 0.0008 455.77 450.54 451.58 -0.93 456 6
CKZ-17 42 0.0717 0.0005 0.5565 0.0230 0.0565 0.0011 446.27 449.23 471.68 5.39 446 6
CKZ-17 43 0.0712 0.0005 0.6192 0.0243 0.0625 0.0009 443.32 489.36 690.92 35.84 443 6
CKZ-17 44 0.0731 0.0005 0.5631 0.0220 0.0560 0.0008 454.69 453.52 452.37 -0.51 455 6
CKZ-17 45 0.0667 0.0005 0.5233 0.0213 0.0568 0.0010 416.36 427.32 482.61 13.73 416 6
CKZ-17 46 0.0718 0.0005 0.5314 0.0211 0.0546 0.0009 447.11 432.74 393.83 -13.53 447 6
CKZ-17 47 0.0743 0.0005 0.5904 0.0242 0.0586 0.0011 461.95 471.12 551.89 16.30 462 6
CKZ-17 48 0.0741 0.0005 0.5662 0.0227 0.0566 0.0009 460.81 455.52 476.76 3.35 461 6
CKZ-17 49 0.0735 0.0005 0.6253 0.0251 0.0625 0.0011 457.21 493.18 690.58 33.79 457 6
CKZ-17 50 0.0731 0.0005 0.5573 0.0228 0.0569 0.0010 454.93 449.76 487.66 6.71 455 6
CKZ-17 51 0.0631 0.0007 0.4878 0.0275 0.0576 0.0024 394.27 403.44 513.82 23.27 394 8
CKZ-17 52 0.0743 0.0005 0.5981 0.0236 0.0588 0.0009 462.13 476.04 558.96 17.32 462 6
CKZ-17 53 0.0735 0.0005 0.5690 0.0231 0.0570 0.0010 457.03 457.37 493.08 7.31 457 6
CKZ-17 54 0.0750 0.0005 0.5730 0.0226 0.0565 0.0009 466.15 459.93 473.25 1.50 466 6
CKZ-17 55 0.0731 0.0005 0.6260 0.0256 0.0629 0.0012 454.99 493.58 705.53 35.51 455 6
CKZ-17 56 0.0773 0.0005 0.5992 0.0241 0.0583 0.0010 479.81 476.75 540.68 11.26 480 6
CKZ-17 57 0.0714 0.0005 0.5477 0.0225 0.0567 0.0011 444.28 443.46 478.71 7.19 444 6
CKZ-17 58 0.0709 0.0005 0.5458 0.0213 0.0556 0.0008 441.82 44223 434.43 -1.70 442 5
CKZ-17 59 0.0703 0.0005 0.5410 0.0212 0.0559 0.0008 437.84 439.11 449.99 2.70 438 5
CKZ-17 60 0.0728 0.0005 0.5678 0.0226 0.0582 0.0010 453.12 456.61 537.30 15.67 453 6
CKZ-17 61 0.0728 0.0005 0.5731 0.0229 0.0580 0.0010 453.18 460.03 529.76 14.46 453 6
CKZ-17 62 0.0685 0.0004 0.5484 0.0215 0.0578 0.0009 427.11 443.92 521.81 18.15 427 5
CKZ-17 63 0.0728 0.0005 0.5404 0.0228 0.0555 0.0012 453.06 438.66 430.41 -5.26 453 6
CKZ-17 64 0.0731 0.0005 0.5544 0.0218 0.0558 0.0009 454.93 447.86 442.82 -2.73 455 6
CKZ-17 65 0.0683 0.0005 0.5104 0.0203 0.0548 0.0009 426.09 418.74 404.89 -5.24 426 5
CKZ-17 66 0.0713 0.0005 0.5630 0.0218 0.0568 0.0009 444.16 453.44 483.00 8.04 444 6
CKZ-17 67 0.0721 0.0005 0.5946 0.0220 0.0598 0.0009 448.92 473.83 597.43 24.86 449 6
CKZ-17 68 0.0739 0.0005 0.5617 0.0331 0.0563 0.0013 459.55 452.66 465.79 1.34 460 5
CKZ-17 69 0.0708 0.0005 0.5888 0.0563 0.0598 0.0019 440.85 470.12 594.90 25.89 441 6
CKZ-17 70  0.0732 0.0005 0.5639 0.0327 0.0562 0.0014 455.17 454.07 459.09 0.86 455 6

180



Appendix 4

CKZ-17 71 0.0709 0.0005 0.5771 0.0235 0.0590 0.0010 441.27 462.60 565.62 21.98 441 6
CKZ-17 72 0.0716 0.0005 0.5352 0.0224 0.0557 0.0009 445.79 435.27 438.43 -1.68 446 6
CKZ-17 73 0.0720 0.0005 0.5330 0.0224 0.0554 0.0009 448.01 433.79 426.39 -5.07 448 5
CKZ-17 74 0.0698 0.0005 0.5625 0.0217 0.0595 0.0010 434.71 453.12 586.17 25.84 435 6
CKZ-17 75 0.0732 0.0005 0.5951 0.0213 0.0593 0.0010 455.29 474.13 576.66 21.05 455 6
CKZ-17 76  0.0717 0.0006 0.5931 0.0245 0.0610 0.0014 446.21 472.83 638.88 30.16 446 7
CKZ-17 77 0.0689 0.0005 0.5569 0.0237 0.0583 0.0010 429.22 449.49 539.18 20.39 429 6
CKZ-17 78 0.0727 0.0005 0.5578 0.0234 0.0556 0.0010 452.52 450.12 435.23 -3.97 453 6
CKZ-17 79 0.0714 0.0005 0.5509 0.0219 0.0575 0.0009 44428 445.55 511.91 13.21 444 5
CKZ-17 80 0.0688 0.0005 0.5532 0.0218 0.0584 0.0009 428.62 447.06 543.30 21.11 429 6
CKZ-17 81 0.0739 0.0005 0.5624 0.0271 0.0566 0.0014 459.31 453.08 475.98 3.50 459 6
CKZ-17 82 0.0730 0.0008 0.6414 0.0952 0.0638 0.0046 454.26 503.18 733.68 38.08 454 9
CKZ-17 83 0.0709 0.0005 0.5390 0.0223 0.0558 0.0010 441.58 437.78 442.82 0.28 442 6
CKZ-17 84 0.0734 0.0005 0.5814 0.0253 0.0572 0.0010 456.73 465.33 500.41 8.73 457 6
CKZ-17 85 0.0756 0.0006 0.6080 0.0264 0.0598 0.0015 469.87 482.32 595.26 21.07 470 7
CKZ-17 86 0.0752 0.0006 0.5795 0.0587 0.0576 0.0024 467.53 464.13 514.20 9.08 468 7
CKZ-17 87 0.0725 0.0004 0.5768 0.0248 0.0586 0.0012 451.38 462.42 551.15 18.10 451 5
CKZ-17 88 0.0731 0.0005 0.5564 0.0422 0.0567 0.0020 454.75 449.18 478.32 493 455 6
CKZ-17 89 0.0716 0.0006 0.5492 0.0691 0.0559 0.0027 44591 444.47 447.60 0.38 446 7
CKZ-17 90 0.0712 0.0005 0.5534 0.0224 0.0559 0.0010 443.08 447.22 449.59 1.45 443 6
CKZ-17 91 0.0707 0.0005 0.5350 0.0216 0.0565 0.0009 440.13 435.15 473.64 7.07 440 6
CKZ-17 92 0.0748 0.0005 0.5649 0.0216 0.0565 0.0009 465.19 454.68 471.29 1.29 465 6
9TS511 1 0.0719 0.0006 0.5431 0.0238 0.0558 0.0012 447.35 440.46 445.22 -0.48 447 7
9TS511 2 0.0664 0.0005 0.5056 0.0222 0.0559 0.0012 414.25 415.49 447.21 7.37 414 6
9TS511 3 0.0698 0.0004 0.5478 0.0218 0.0570 0.0008 434.77 443.55 491.15 11.48 435 5
9TS511 4 0.0706 0.0005 0.5591 0.0223 0.0568 0.0008 439.71 450.96 484.94 9.33 440 5
9TS511 5 0.0673 0.0005 0.4943 0.0214 0.0550 0.0012 419.81 407.81 412.63 -1.74 420 6
9TS511 6 0.0707 0.0005 0.5620 0.0225 0.0586 0.0008 440.61 452.80 551.15 20.06 441 5
9TS511 7 0.0706 0.0005 0.5372 0.0217 0.0556 0.0008 439.77 436.58 435.63 -0.95 440 6
9TS511 8 0.0730 0.0005 0.5718 0.0233 0.0573 0.0009 454.02 459.20 503.87 9.89 454 6
9TS511 9 0.0739 0.0005 0.5798 0.0231 0.0562 0.0008 459.37 464.31 461.07 0.37 459 6
9TS511 10 0.0694 0.0005 0.5511 0.0227 0.0575 0.0010 432.30 445.69 510.38 15.30 432 6
9TS511 11 0.2201 0.0015 2.6132 0.1059 0.0883 0.0013  1282.19 1304.36 1389.89 7.75 1390 27
9TS511 12 0.0697 0.0004 0.5536 0.0221 0.0575 0.0008 434.17 447.32 509.61 14.80 434 5
9TS511 13 0.0677 0.0005 0.5280 0.0219 0.0572 0.0010 422.47 430.51 498.87 15.32 422 6
9TS511 14 0.0710 0.0005 0.5651 0.0225 0.0573 0.0008 442.18 454.82 503.10 12.11 442 5
9TS511 15 0.0754 0.0005 0.5810 0.0238 0.0572 0.0009 468.55 465.09 500.41 6.37 469 6
9TS511 16 0.0744 0.0006 0.5453 0.0240 0.0552 0.0013 462.67 441.92 420.33 -10.07 463 7
9TS511 17 0.0724 0.0005 0.5616 0.0242 0.0567 0.0012 450.78 452.57 480.27 6.14 451 6
9TS511 18 0.0737 0.0005 0.5772 0.0234 0.0578 0.0009 458.29 462.65 523.71 12.49 458 6
9TS511 19 0.0724 0.0005 0.5524 0.0225 0.0567 0.0009 450.84 446.56 478.71 5.82 451 6
9TS511 20 0.0741 0.0005 0.5534 0.0228 0.0565 0.0010 460.51 447.23 470.50 2.12 461 6
9TS511 21 0.0697 0.0005 0.5326 0.0220 0.0564 0.0010 434.05 433.53 466.58 6.97 434 6
9TS511 22 0.0726 0.0005 0.5581 0.0233 0.0560 0.0010 451.62 450.30 451.97 0.08 452 6
9TS511 23 0.0727 0.0005 0.5945 0.0237 0.0602 0.0008 452.40 473.75 611.13 25.97 452 6
9TS511 24 0.0730 0.0005 0.5899 0.0234 0.0590 0.0008 454.02 470.77 568.57 20.15 454 6
9TS511 25 0.0715 0.0004 0.5601 0.0220 0.0568 0.0007 445.37 451.59 483.78 7.94 445 5
9TS511 26 0.0741 0.0005 0.6047 0.0252 0.0595 0.0011 460.81 480.19 586.17 21.39 461 6
9TS511 27 0.0685 0.0005 0.5163 0.0216 0.0557 0.0010 427.35 422.68 438.83 2.62 427 6
9TS511 28 0.0731 0.0005 0.5821 0.0230 0.0574 0.0008 454.81 465.81 505.78 10.08 455 6
9TS511 29 0.0717 0.0005 0.5468 0.0219 0.0560 0.0008 446.51 442.89 453.95 1.64 447 6
9TS511 30 0.0734 0.0005 0.5615 0.0226 0.0569 0.0009 456.31 452.50 485.72 6.06 456 6
9TS511 31 0.0736 0.0006 0.5953 0.0260 0.0601 0.0013 457.93 474.27 605.74 24.40 458 7
9TSS511 32 0.0723 0.0005 0.5455 0.0218 0.0562 0.0008 449.70 442.04 461.07 247 450 6
9TS511 33 0.0699 0.0005 0.5340 0.0213 0.0562 0.0008 435.25 434.48 458.30 5.03 435 5
9TS511 34 0.0709 0.0005 0.5510 0.0218 0.0563 0.0008 441.27 445.65 462.64 4.62 441 5
9TS511 35 0.0732 0.0005 0.6409 0.0255 0.0631 0.0009 455.47 502.84 711.94 36.02 455 6
9TS511 36 0.0708 0.0005 0.5594 0.0221 0.0569 0.0008 441.03 451.14 488.82 9.78 441 5
9TS511 37 0.0656 0.0005 0.5072 0.0213 0.0567 0.0011 409.59 416.57 481.44 14.92 410 6
9TS511 38 0.0679 0.0005 0.5313 0.0214 0.0567 0.0009 423.55 432.70 480.66 11.88 424 5
9TS511 39 0.0727 0.0005 0.5583 0.0228 0.0566 0.0010 452.10 450.43 475.98 5.02 452 6
9TS511 40 0.0726 0.0005 0.5715 0.0230 0.0588 0.0009 451.86 458.96 558.22 19.05 452 6
9TS511 41 0.0687 0.0004 0.5314 0.0212 0.0563 0.0008 428.38 432.76 463.83 7.64 428 5
9TS511 42 0.0704 0.0005 0.5061 0.0217 0.0538 0.0011 438.75 415.81 361.85 -21.25 439 6
9TS511 43 0.0693 0.0004 0.6003 0.0237 0.0620 0.0008 432.06 477.43 673.42 35.84 432 5
9TS511 44 0.0700 0.0005 0.5481 0.0218 0.0569 0.0008 436.40 443.74 489.21 10.80 436 5
9TS511 45 0.0709 0.0005 0.5458 0.0215 0.0557 0.0008 441.70 442.22 441.23 -0.11 442 5
9TS511 46 0.0708 0.0005 0.5362 0.0214 0.0564 0.0008 440.79 435.91 466.19 5.45 441 6
9TS511 47 0.0739 0.0005 0.5637 0.0229 0.0561 0.0009 459.43 453.94 457.12 -0.51 459 6
9TS511 48 0.0677 0.0004 0.5395 0.0212 0.0580 0.0008 421.98 438.09 527.87 20.06 422 5
9TS511 49 0.0695 0.0005 0.5454 0.0216 0.0569 0.0008 433.08 441.97 486.50 10.98 433 5
9TS511 50 0.0691 0.0004 0.5962 0.0234 0.0622 0.0008 430.79 474.84 679.27 36.58 431 5
9TS511 51 0.0674 0.0004 0.5044 0.0201 0.0552 0.0008 420.65 414.68 421.14 0.12 421 5
9TSS511 52 0.0702 0.0005 0.5442 0.0220 0.0572 0.0009 437.30 441.17 499.25 12.41 437 6
9TS511 53 0.0656 0.0005 0.4825 0.0215 0.0550 0.0013 409.29 399.78 413.04 0.91 409 6
9TS511 54 0.0766 0.0005 0.6630 0.0267 0.0641 0.0010 475.62 516.42 743.61 36.04 476 6
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9TS511 55 0.0693 0.0005 0.5436 0.0221 0.0580 0.0010 432.06 440.80 530.52 18.56 432 6
9TS511 56 0.0751 0.0005 0.5594 0.0228 0.0560 0.0009 466.81 451.15 450.38 -3.65 467 6
9TS511 57 0.0736 0.0005 0.5786 0.0232 0.0568 0.0009 457.87 463.56 484.17 5.43 458 6
9TS511 58 0.0705 0.0005 0.5487 0.0218 0.0558 0.0008 439.05 444.14 445.22 1.39 439 6
9TS511 59 0.0734 0.0005 0.5810 0.0235 0.0576 0.0009 456.37 465.13 513.82 11.18 456 6
9TS511 60 0.0746 0.0005 0.5674 0.0230 0.0565 0.0009 464.05 456.31 470.90 1.45 464 6
9TS511 61 0.0727 0.0005 0.5526 0.0231 0.0563 0.0011 452.22 446.70 464.61 2.67 452 6
9TS511 62 0.0691 0.0005 0.5285 0.0210 0.0570 0.0008 430.43 430.83 491.15 12.36 430 5
9TS511 63 0.0704 0.0005 0.5486 0.0220 0.0573 0.0009 438.69 444.10 503.48 12.87 439 6
9TS511 64 0.0669 0.0004 0.4964 0.0198 0.0550 0.0008 417.33 409.28 413.44 -0.94 417 5
9TS511 65 0.0729 0.0005 0.5773 0.0232  0.0583 0.0009 453.30 462.71 539.55 15.99 453 6
9TS511 66 0.1374 0.0009 1.4613 0.0585 0.0779 0.0012 829.94 914.52 114432 27.47 830 10
9TS511 67 0.0733 0.0005 0.5536 0.0222 0.0562 0.0009 456.19 447.36 459.88 0.80 456 6
9TS511 68 0.0727 0.0005 0.5361 0.0216 0.0551 0.0009 452.10 435.88 415.07 -8.92 452 6
9TS511 69 0.0725 0.0005 0.5565 0.0223 0.0564 0.0009 451.02 449.26 466.97 3.42 451 6
9TS511 70 0.0722 0.0005 0.5420 0.0219 0.0557 0.0009 449.40 439.72 441.63 -1.76 449 6
9TS511 71 0.0701 0.0005 0.5368 0.0217 0.0567 0.0010 436.46 436.33 480.66 9.20 436 6
9TS511 72 0.0747 0.0005 0.5985 0.0236 0.0581 0.0008 464.65 476.29 533.53 12.91 465 6
9TS511 73 0.0722 0.0005 0.5716 0.0227 0.0580 0.0009 449.46 459.07 529.38 15.10 449 6
9TS511 74 0.0730 0.0005 0.5613 0.0220 0.0560 0.0008 454.14 452.39 453.95 -0.04 454 6
9TS511 75 0.0629 0.0005 0.4856 0.0209 0.0563 0.0012 392.93 401.89 463.83 15.28 393 6
9TS511 76  0.0710 0.0006 0.5501 0.0239 0.0578 0.0013 442.12 445.06 520.29 15.02 442 7
9TS511 77 0.0676 0.0005 0.5251 0.0213 0.0570 0.0010 421.92 428.57 493.08 14.43 422 6
9TS511 78 0.0721 0.0005 0.5614 0.0220 0.0562 0.0008 448.67 452.44 459.88 2.44 449 5
9TS511 79 0.0763 0.0005 0.5819 0.0234 0.0568 0.0009 473.94 465.67 482.22 1.72 474 6
9TS511 80 0.0705 0.0005 0.5552 0.0218 0.0571 0.0008 43941 448.40 494.63 11.16 439 5
9TS511 81 0.0677 0.0005 0.5206 0.0209 0.0551 0.0009 422.22 425.57 415.47 -1.63 422 5
9TS511 82 0.0732 0.0005 0.6103 0.0244 0.0619 0.0010 455.35 483.77 669.96 32.03 455 6
9TS511 83 0.0742 0.0007 0.5722  0.0297 0.0589 0.0021 461.47 459.46 561.55 17.82 461 9
9TS511 84 0.0737 0.0005 0.5555 0.0222 0.0557 0.0009 458.35 448.58 440.83 -3.97 458 6
9TS511 85 0.0699 0.0006 0.5902 0.0368 0.0612 0.0018 435.25 471.02 644.87 32.51 435 7
9TS511 86 0.0766 0.0005 0.5736 0.0308 0.0557 0.0012 475.56 460.33 442.03 -7.59 476 6
9TS511 87 0.0719 0.0005 0.5399 0.0234 0.0558 0.0009 44741 438.34 443.62 -0.85 447 6
9TS511 88 0.0666 0.0005 0.5092 0.0231 0.0553 0.0009 415.58 417.90 425.99 2.44 416 6
9TS511 89 0.0708 0.0005 0.5252 0.0221 0.0547 0.0010 441.09 428.61 401.62 -9.83 441 6
9TS511 90 0.0745 0.0004 0.5755 0.0200 0.0568 0.0008 463.21 461.56 484.55 4.40 463 5
9TS511 91 0.0726 0.0005 0.5933 0.0218 0.0602 0.0011 451.86 472.95 610.41 25.97 452 6
9TS511 92 0.0704 0.0005 0.5244 0.0231 0.0555 0.0009 438.32 428.10 432.82 -1.27 438 6
9TS511 93 0.0721 0.0046 0.5404 0.4532 0.0558 0.0119 448.92 438.67 442.82 -1.38 449 55
9TS511 94 0.0741 0.0006 0.5602 0.0263 0.0558 0.0016 460.69 451.68 444.42 -3.66 461 7
9TS511 95 0.0702 0.0005 0.5365 0.0222 0.0553 0.0010 437.18 436.13 423.16 -3.31 437 6
9TS511 96 0.0707 0.0005 0.5477 0.0228 0.0564 0.0012 440.49 443.47 468.54 5.99 440 6
9TS511 97 0.0748 0.0005 0.5656 0.0273 0.0561 0.0012 465.01 455.14 455.93 -1.99 465 6
9TS511 98 0.0707 0.0005 0.5534 0.0215 0.0598 0.0008 440.19 447.23 596.71 26.23 440 5
9TS511 99 0.0648 0.0006 0.5010 0.0241 0.0573 0.0012 404.63 412.35 502.71 19.51 405 7
9TS511 100 0.0725 0.0018 0.5405 0.0895 0.0552 0.0070 451.14 438.72 420.74 -7.23 451 22
9TS511 101 0.0691 0.0011 0.5142 0.1291 0.0554 0.0061 430.43 421.25 429.61 -0.19 430 13
9TS511 102 0.0719 0.0005 0.5421 0.0218 0.0559 0.0010 447.65 439.81 446.81 -0.19 448 6
11TS02 1 0.0709 0.0005 0.5305 0.0218 0.0547 0.0007 441.52 432.11 401.62 -9.93 442 6
11TS02 2 0.0687 0.0005 0.5955 0.0250 0.0695 0.0011 428.56 474.34 912.43 53.03 429 6
11TS02 3  0.0705 0.0005 0.5530 0.0227 0.0565 0.0007 439.17 446.93 470.50 6.66 439 6
11TS02 4 0.0702 0.0005 0.5300 0.0217 0.0547 0.0007 437.54 431.80 399.98 -9.39 438 6
11TS02 5 0.0706 0.0005 0.5399 0.0222 0.0558 0.0007 439.71 438.33 442.43 0.61 440 6
11TS02 6 0.0735 0.0006 0.5329 0.0236 0.0582 0.0012 457.39 433.73 538.05 14.99 457 7
11TS02 7 0.0712 0.0005 0.5560 0.0225 0.0566 0.0006 443.26 448.92 47481 6.64 443 6
11TS02 8 0.0747 0.0006 0.5473 0.0234 0.0586 0.0010 464.53 443.23 550.78 15.66 465 7
11TS02 9 0.0739 0.0005 0.5587 0.0234 0.0607 0.0009 459.79 450.65 629.33 26.94 460 6
11TS02 10 0.0797 0.0006 0.5758 0.0240 0.0573 0.0008 49451 461.74 502.33 1.56 495 7
11TS02 11 0.0712 0.0005 0.5459 0.0223 0.0559 0.0007 443.20 44231 449.19 1.33 443 6
11TS02 12 0.0724 0.0005 0.5543 0.0228 0.0561 0.0007 450.48 447.82 455.54 1.11 450 6
11TS02 13 0.0806 0.0006 0.5757 0.0248 0.0569 0.0010 499.58 461.69 488.44 -2.28 500 7
11TS02 14 0.0714 0.0006 0.6173 0.0264 0.0639 0.0011 444.28 488.16 737.99 39.80 444 7
11TS02 15 0.0720 0.0005 0.5561 0.0233 0.0566 0.0009 448.43 449.00 474.81 5.55 448 6
11TS02 16 0.0665 0.0005 0.5400 0.0220 0.0595 0.0007 415.28 438.44 585.08 29.02 415 6
11TS02 17 0.0692 0.0005 0.5492 0.0226 0.0575 0.0008 431.39 444.45 508.85 15.22 431 6
11TS02 18 0.0739 0.0005 0.6130 0.0250 0.0600 0.0007 459.67 485.43 603.57 23.84 460 6
11TS02 19 0.0725 0.0005 0.6011 0.0243 0.0602 0.0007 451.44 477.93 610.41 26.04 451 6
11TS02 20 0.0671 0.0005 0.5180 0.0224 0.0573 0.0011 418.54 423.79 503.10 16.81 419 6
11TS02 21 0.0712 0.0005 0.5788 0.0237 0.0589 0.0008 443.08 463.66 564.14 21.46 443 6
11TS02 22 0.0749 0.0005 0.5864 0.0238 0.0571 0.0007 465.49 468.57 496.17 6.18 465 6
11TS02 23 0.0681 0.0005 0.5275 0.0214 0.0562 0.0007 424.52 430.12 459.49 7.61 425 6
11TS02 24 0.0697 0.0005 0.5397 0.0223 0.0563 0.0008 434.05 438.21 462.25 6.10 434 6
11TS02 25 0.0714 0.0007 0.5609 0.0273 0.0617 0.0018 444.64 452.13 662.34 32.87 445 8
11TS02 26 0.0693 0.0005 0.5560 0.0233 0.0588 0.0009 432.12 448.91 559.70 22.79 432 6
11TS02 27 0.0800 0.0006 0.6104 0.0258 0.0584 0.0010 496.12 483.79 544.43 8.87 496 7
11TS02 28 0.0746 0.0006 0.5762 0.0241 0.0565 0.0009 463.51 462.04 470.90 1.57 464 7
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11TS02 29 0.0720 0.0006 0.5674 0.0242 0.0564 0.0010 448.19 456.31 469.72 4.58 448 7
11TS02 30 0.0750 0.0005 0.5759 0.0232 0.0555 0.0006 466.15 461.85 432.02 -7.90 466 6
11TS02 31 0.0827 0.0006 0.5842 0.0247 0.0568 0.0009 512.40 467.17 483.39 -6.00 512 7
11TS02 32 0.0733 0.0005 0.5637 0.0229 0.0562 0.0007 456.07 453.93 461.07 1.08 456 6
11TS02 33 0.0809 0.0006 0.5709 0.0237 0.0559 0.0008 501.61 458.58 449.59 -11.57 502 7
11TS02 34 0.0724 0.0005 0.5595 0.0231 0.0566 0.0008 450.66 451.22 475.59 5.24 451 6
11TS02 35 0.0727 0.0005 0.5718 0.0232 0.0569 0.0007 452.46 459.15 489.21 7.51 452 6
11TS02 36 0.0796 0.0006 0.5662 0.0234 0.0575 0.0008 493.44 455.58 509.23 3.10 493 7
11TS02 37 0.0763 0.0008 0.5557 0.0285 0.0570 0.0019 473.70 448.72 492.31 3.78 474 9
11TS02 38 0.0697 0.0005 0.5368 0.0217 0.0560 0.0006 434.59 436.30 451.58 3.76 435 6
11TS02 39 0.0704 0.0005 0.5433 0.0219 0.0561 0.0006 438.44 440.62 455.93 3.84 438 6
11TS02 40 0.0804 0.0006 0.5917 0.0248 0.0590 0.0009 498.57 471.92 568.20 12.25 499 7
11TS02 41 0.0813 0.0006 0.5749 0.0243 0.0571 0.0010 504.00 461.19 494.63 -1.89 504 7
11TS02 42 0.0761 0.0006 0.5711 0.0239 0.0559 0.0009 473.04 458.70 449.19 -5.31 473 7
11TS02 43 0.0748 0.0005 0.5674 0.0235 0.0564 0.0008 464.71 456.33 468.93 0.90 465 6
11TS02 44 0.0730 0.0005 0.5562 0.0226 0.0551 0.0007 454.44 449.04 417.50 -8.85 454 6
11TS02 45 0.0684 0.0005 0.5281 0.0215 0.0565 0.0007 426.33 430.57 472.07 9.69 426 6
11TS02 46 0.0821 0.0006 0.5950 0.0247 0.0582 0.0009 508.70 474.07 535.42 4.99 509 7
11TS02 47 0.0751 0.0005 0.5739 0.0236 0.0563 0.0008 467.05 460.52 465.79 -0.27 467 6
11TS02 48 0.0731 0.0005 0.5572 0.0225 0.0553 0.0006 454.93 449.71 422.76 -7.61 455 6
11TS02 49 0.0693 0.0005 0.5899 0.0244 0.0624 0.0009 432.12 470.81 686.48 37.05 432 6
11TS02 50 0.0796 0.0006 0.6959 0.0293 0.0712 0.0012 493.79 536.36 962.87 48.72 494 7
11TS02 51 0.0761 0.0005 0.5785 0.0237 0.0576 0.0008 472.74 463.48 513.82 7.99 473 6
11TS02 52 0.0788 0.0006 0.6008 0.0246 0.0588 0.0008 489.08 477.72 560.81 12.79 489 7
11TS02 53 0.0727 0.0005 0.5589 0.0229 0.0559 0.0007 452.58 450.82 449.99 -0.58 453 6
11TS02 54 0.0731 0.0005 0.5721 0.0232 0.0568 0.0007 454.99 459.35 483.39 5.88 455 6
11TS02 55 0.0760 0.0006 0.5258 0.0219 0.0559 0.0009 472.02 429.01 447.60 -5.46 472 7
11TS02 56 0.0740 0.0005 0.5738 0.0232 0.0564 0.0007 460.15 460.44 467.36 1.54 460 6
11TS02 57 0.0742 0.0005 0.5777 0.0233 0.0567 0.0007 461.47 462.98 480.27 3.92 461 6
11TS02 58 0.0756 0.0006 0.5831 0.0241 0.0569 0.0008 469.93 466.47 486.11 3.33 470 7
11TS02 59 0.0685 0.0005 0.5166 0.0210 0.0558 0.0007 427.11 422.88 444.02 3.81 427 6
11TS02 60 0.0762 0.0005 0.6062 0.0244 0.0576 0.0007 473.40 481.19 514.58 8.00 473 6
11TS02 61 0.0760 0.0005 0.5834 0.0239 0.0571 0.0008 472.44 466.67 496.17 4.78 472 6
11TS02 62 0.0726 0.0005 0.5584 0.0228 0.0556 0.0007 451.68 450.47 436.83 -3.40 452 6
11TS02 63 0.0757 0.0006 0.5269 0.0222 0.0561 0.0009 470.64 429.78 455.54 -3.32 471 7
11TS02 64 0.0766 0.0007 0.5571 0.0255 0.0588 0.0014 475.74 449.63 559.70 15.00 476 8
11TS02 65 0.0732 0.0005 0.5609 0.0228 0.0558 0.0007 455.65 452.13 444.02 -2.62 456 6
11TS02 66 0.0773 0.0006 0.5687 0.0234 0.0556 0.0008 479.87 457.17 437.23 -9.75 480 7
11TS02 67 0.0744 0.0005 0.5740 0.0234 0.0563 0.0008 462.43 460.58 463.04 0.13 462 6
11TS02 68 0.0803 0.0007 0.7089 0.0320 0.0736 0.0017 497.67 544.10 1029.42  51.65 498 8
11TS02 69 0.0843 0.0006 0.5886 0.0247 0.0570 0.0009 521.56 470.00 493.08 -5.78 522 7
11TS02 70 0.0725 0.0005 0.5717 0.0231 0.0573  0.0007 450.96 459.12 501.56 10.09 451 6
11TS02 71 0.0729 0.0005 0.5553 0.0224 0.0558 0.0007 453.66 448.47 445.22 -1.90 454 6
11TS02 72 0.0763 0.0006 0.6232 0.0268 0.0669 0.0013 474.18 491.88 83591 43.27 474 7
11TS02 73 0.0766 0.0006 0.5311 0.0227 0.0558 0.0010 476.04 432.55 445.22 -6.92 476 7
11TS02 74 0.0744 0.0005 0.5776 0.0236 0.0560 0.0008 462.73 462.93 453.56 -2.02 463 6
11TS02 75 0.0751 0.0006 0.5318 0.0234 0.0566 0.0012 466.75 433.00 476.76 2.10 467 7
11TS02 76 0.0795 0.0006 0.6084 0.0253 0.0584 0.0009 493.38 482.55 544.05 9.31 493 7
11TS02 77 0.0695 0.0005 0.5308 0.0214 0.0556 0.0007 433.08 432.36 436.03 0.68 433 6
11TS02 78 0.0742 0.0005 0.5691 0.0230 0.0560 0.0007 461.23 457.40 453.95 -1.60 461 6
11TS02 79 0.0743 0.0005 0.5730 0.0231 0.0564 0.0007 461.71 459.92 469.72 1.71 462 6
11TS02 80 0.0717 0.0005 0.5537 0.0226 0.0558 0.0008 446.33 447.40 442.43 -0.88 446 6
11TS02 81 0.0802 0.0006 0.5768 0.0238 0.0568 0.0008 497.26 462.39 484.55 -2.62 497 7
11TS02 82 0.0823 0.0006 0.5796 0.0239 0.0577 0.0009 509.72 464.21 516.87 1.38 510 7
11TS02 83 0.0754 0.0006 0.6518 0.0276 0.0710 0.0013 468.85 509.56 958.28 51.07 469 7
11TS02 84 0.0725 0.0005 0.5437 0.0222 0.0556 0.0008 451.02 440.88 436.83 -3.25 451 6
11TS02 85 0.0744 0.0005 0.5525 0.0226 0.0559 0.0008 462.43 446.66 447.21 -3.40 462 6
11TS02 86 0.0811 0.0006 0.5657 0.0237 0.0570 0.0009 502.69 455.20 490.76 -2.43 503 7
11TS02 87 0.0720 0.0005 0.5565 0.0226 0.0560 0.0008 448.37 449.23 451.18 0.62 448 6
11TS02 88 0.0753 0.0006 0.5259 0.0218 0.0564 0.0009 468.19 429.07 468.15 -0.01 468 7
11TS02 89 0.0721 0.0005 0.5529 0.0222 0.0560 0.0007 449.04 446.90 452.76 0.82 449 6
11TS02 90 0.0807 0.0006 0.5630 0.0230 0.0564 0.0008 500.24 453.48 466.58 -7.21 500 7
11TS02 91 0.0775 0.0006 0.5531 0.0227 0.0550 0.0008 481.30 446.99 413.44 -16.41 481 7
11TS02 92 0.0751 0.0006 0.5255 0.0219 0.0575 0.0009 466.87 428.83 508.85 8.25 467 7
11TS02 93 0.0528 0.0006 0.3796 0.0227 0.0533 0.0008 331.75 326.72 342.44 3.12 332 7
11TS02 94 0.0728 0.0006 0.5565 0.0219 0.0555 0.0009 452.76 449.27 433.22 -4.51 453 7
11TS02 95 0.0744 0.0004 0.5662 0.0158 0.0620 0.0009 462.43 455.53 673.76 31.37 462 5
11TS02 96 0.0719 0.0005 0.5527 0.0223 0.0559 0.0006 447.47 446.76 449.19 0.38 447 6
11TS02 97 0.0711 0.0006 0.5459 0.0261 0.0559 0.0016 442.60 44231 447.60 1.12 443 8
11TS02 98 0.0707 0.0005 0.5472 0.0226 0.0564 0.0008 440.07 443.19 469.33 6.23 440 6
11TS02 99 0.0805 0.0005 0.5578 0.0220 0.0561 0.0007 499.05 450.11 454.75 -9.74 499 6
11TS02 100 0.0802 0.0006 0.5602 0.0231 0.0568 0.0009 497.44 451.65 485.33 -2.49 497 7
11TS02 101 0.0725 0.0006 0.5795 0.0228 0.0580 0.0008 451.20 464.17 531.27 15.07 451 7
11TS02 102 0.0770 0.0006 0.5699 0.0231 0.0567 0.0009 478.07 457.95 481.05 0.62 478 7
11TS02 103 0.0725 0.0005 0.5549 0.0233 0.0561 0.0007 451.32 448.22 455.54 0.93 451 6
11TS02 104 0.0734 0.0006 0.5761 0.0232 0.0570 0.0008 456.49 461.94 491.53 7.13 456 7
11TS02 105 0.0735 0.0005 0.5675 0.0223 0.0561 0.0007 457.45 456.37 455.93 -0.33 457 6

183



Appendix 4

11TS02 106 0.0735 0.0005 0.5668 0.0234 0.0561 0.0008 456.91 455.92 457.12 0.05 457 6
11TS02 107 0.0785 0.0005 0.5442 0.0229 0.0570 0.0007 487.40 441.22 490.37 0.61 487 6
11TS02 108 0.0767 0.0007 0.5617 0.0252 0.0598 0.0015 476.16 452.60 594.53 19.91 476 8
11TS02 109 0.0741 0.0006 0.5719 0.0540 0.0563 0.0020  460.81 459.21 464.22 0.73 461 7
11TS02 110 0.0797 0.0005 0.5727 0.0233 0.0558 0.0008 49421 459.77 44522 -11.01 494 6
11TS02 111 0.0742 0.0006 0.5686 0.0235 0.0561 0.0008 461.17 457.12 454.75 -1.41 461 7
11TS02 112 0.0812 0.0005 0.5594 0.0233 0.0566 0.0008 503.52 451.15 475.20 -5.96 475 25
11TS02 113 0.0697 0.0006 0.5259 0.0235 0.0560 0.0008 43423 429.09 450.78 3.67 434 7
11TS02 114 0.0822 0.0007 0.5709 0.0247 0.0570 0.0009 509.12 458.61 49231 -3.42 492 26
11TS02 115 0.0753 0.0006 0.5886 0.0225 0.0574 0.0012 468.19 469.98 507.70 7.78 468 7
11TS02 116 0.0744 0.0005 0.5800 0.0237 0.0569 0.0007 462.49 464.47 488.05 5.24 462 6
11TS02 117 0.0819 0.0006 0.5847 0.0223 0.0573 0.0010 507.16 467.49 503.87 -0.65 507 7
11TS02 118 0.0758 0.0005 0.5894 0.0236 0.0568 0.0008 471.06 470.47 484.94 2.86 471 6
11TS02 119 0.0832 0.0006 0.5839 0.0242 0.0567 0.0009 515.37 466.94 478.71 -7.66 515 7
11TS02 120 0.0747 0.0006 0.5825 0.0241 0.0562 0.0008 464.29 466.07 461.07 -0.70 464 7
11TS02 121 0.0823 0.0006 0.5759 0.0245 0.0570 0.0010 509.78 461.83 492.69 -3.47 510 8
11TS02 122 0.0734 0.0005 0.5544 0.0238 0.0547 0.0008 456.49 447.84 399.16 -1436 456 6
11TS02 123 0.0725 0.0006 0.5616  0.0237 0.0562 0.0009  451.26 452.57 458.70 1.62 451 7
Table A4.2. Compilation of zircon U-Pb ages from basement lithologies in eastern Kyrgyzstan
Sample Latitude Longitude Age’ +20 Reference
U-Pb analysis
3030 41.7904 78.1769 997 Baev [1989]
3030/1 41.7904 78.1769 773 Baev [1989]
4029 41.9878 78.4192 426 Baev [1989]
4087 41.9923 78.4960 820 Baev [1989]
4092 41.9841 78.4988 687 Baev [1989]
4345 41.8814 78.4562 361 Baev [1989]
4417/1 42.0686 78.3021 454 Baev [1989]
4528 41.7917 78.1227 573 Baev [1989]
5106 41.9383 78.4745 990 Baev [1989]
80-87 42.4319 79.2249 240 Apayarov [2002; 2009; 2010]
2236 41.7391 79.1418 774 Kiselev [1993; 1999]
1093 42.3660 80.0807 422 Esmintsev [1989]
1-1 42.3426 80.1924 303 Esmintsev [1989]
1211-1 42.4246 80.1134 398 Esmintsev [1989]
1211-2 42.4246 80.1134 388 Esmintsev [1989]
1211-3 42.4246 80.1134 329 Esmintsev [1989]
1211-4 42.4246 80.1134 394 Esmintsev [1989]
13042 42.4221 80.0316 372 Esmintsev [1989]
13502 42.4438 80.0514 240 Esmintsev [1989]
13571 42.4187 80.1277 372 Esmintsev [1989]
13573 42.6040 80.0028 431 Esmintsev [1989]
1432-3 42.4585 80.1292 398 Esmintsev [1989]
1432-4 42.4585 80.1292 409 Esmintsev [1989]
1433-1 42.4281 80.1256 818 Esmintsev [1989]
1433-2 42.4281 80.1256 543 Esmintsev [1989]
1433-3 42.4281 80.1256 578 Esmintsev [1989]
1433-4 42.4281 80.1256 888 Esmintsev [1989]
277 42.4838 80.0903 441 Esmintsev [1989]
66-v 42.7202 76.3339 345 Ges [person com.]
1273 42.3638 79.0471 601 Grischenko [1985]
1305 42.3671 79.0532 661 Grischenko [1985]
1565-1 42.0250 79.0552 309 Grischenko [1985]
1959 422976 79.0617 701 Grischenko [1985]
273 42.5422 79.2874 369 Grischenko [1985]
4202 42.5435 79.0413 438 Grischenko [1985]
4253 42.5218 79.1223 333 Grischenko [1985]
528 42.1052 79.0691 728 Grischenko [1985]
535 42.5425 79.0499 403 Grischenko [1985]
6155 42.3503 78.9208 398 Grischenko [1985]
6261 42.0582 79.0860 262 Grischenko [1985]
6262 42.0643 79.0835 265 Grischenko [1985]
7321 42.5093 79.1326 386 Grischenko [1985]
7354 42.5222 79.1415 359 Grischenko [1985]
48-84 41.7399 77.0378 328 Kiselev [1993; 1999]
210a 41.4962 76.5088 580 Kiselev [1993]
210b 41.4962 76.5088 576 Kiselev [1993]
26-82 41.7563 77.0211 592 Kiselev [1993]
3259 41.5221 77.1080 452 Kiselev [1993]
49-84 41.7617 77.0355 773 Kiselev [1993]
6-81 41.7152 77.6504 980 Kiselev [1993]
7-81 41.7271 77.6395 892 Kiselev [1993]
9-8la 41.5194 77.1134 823 Kiselev [1993]
9-81b 41.5194 77.1134 824 Kiselev [1993]
1959a 422976 79.0617 579 Kiselev [1993;1999]
1959b 42.2976 79.0617 561 Kiselev [1993; 1999]
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3453
3453X
39-83-1
39-83-2
110-89
15-82
16-82
35-83
76-87
95-88
96-88
101-89
105-89
107-89
145-90
145-90-1
146-90
148-90
148-90-A
159-91
162-91
1-80
18-82
1G
2000-2
2000-3
2043
2044
20-82-1
36-83
400
41-83
53-85
66-7
77-87
77-87*
77-87-4
803

CK-1-80
G-06/1
G-06/2

G-90-107
0445
2138

340
5068
546
564
679
8039
8039
9021
9047
10346
7803
10342
10344
10345
10346
10402
10403
109-89
144-90
144a-90
144b-90
170
2034
3356
3357
3363
3364
3500
3503
3504
3505
748

42.2021
42.2021
42.2022
42.2022
42.6861
42.2737
42.2697
42.2664
42.1759
42.6867
42.6856
422252
42.7594
42.7562
42.6508
42.6508
42.7310
42.7641
42.7641
42.7315
42.0981
41.9022
42.0886
42.2554
42.0106
42.0039
42.3730
42.4070
42.1263
42.4557
42.6690
41.9701
41.7954
42.7202
42.4567
42.4567
42.4567
41.8762
41.7985
41.8985
42.7514
42.7514
42.2358
41.7925
41.9136
41.9082
41.8977
41.8538
41.8770
41.9338
41.9822
41.9822
41.7792
41.7742
42.7955
42.6974
42.7252
42.7734
42.7777
42.7955
42.7254
42.7270
42.7837
42.7038
42.7038
42.7038
42.7390
42.8826
42.7558
42.8238
42.7444
42.7423
42.8255
42.6605
42.8048
42.8015
42.9292

79.0533
79.0533
79.0482
79.0482
75.9243
75.6979
75.6895
76.0105
76.3388
75.9270
75.9220
76.3282
77.9967
77.8430
75.4757
75.4757
75.7136
76.0534
76.0534
75.6493
77.3750
74.9899
77.3693
75.8075
75.7184
75.7248
76.0495
75.9932
77.9612
79.4013
76.1980
77.6381
78.1473
76.3339
79.4016
79.4016
79.4016
76.0940
76.4933
75.0361
77.8367
77.8367
76.3288
76.3314
75.9270
75.8262
75.7823
75.9426
75.8988
75.8273
75.8477
75.8477
76.4235
76.4364
76.1630
76.2435
76.2122
76.2304
76.1989
76.1630
76.2282
76.2407
76.1197
75.6657
75.6657
75.6657
75.6903
76.1469
75.7861
75.8249
75.7316
75.7382
76.0430
75.5105
76.0296
76.0335
75.8590

185

2578
2607
1844
1904
465
899
782
837
557
741
507
550
1806
457
364
344

703
490
129
337
383
442
307
313
380
148
273
341
490
298
455
225
405
437
146
518
431
412
515
263
218
415
212
374
333
275
403
325
1082
471
582
396
404
391
391
191
317
203
391
183
301
307
468
448
896
391
868
444
321
437
352
271
158
436
316
811

Kiselev [1993; 1999]
Kiselev [1993; 1999]
Kiselev [1993; 1999]
Kiselev [1993; 1999]
Kiselev [1993]
Kiselev [1993]
Kiselev [1993]
Kiselev [1993]
Kiselev [1993]
Kiselev [1993]
Kiselev [1993]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Kiselev [1999]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Mikolaichuk [1994]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
Morozov [1993]
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7814 42.6748 76.1952 361 Morozov [1993]
8012 42.6968 76.2337 138 Morozov [1993]
988 42.7882 76.1037 432 Morozov [1993]
10010 42.1161 77.7582 479 Rubtsov [1984]
10148 41.8401 77.3846 426 Rubtsov [1984]
10166-1 41.8469 77.3990 0 Rubtsov [1984]
10214 41.8731 77.0608 300 Rubtsov [1984]
10214-1 41.8715 77.0578 414 Rubtsov [1984]
10233 42.0597 77.3958 361 Rubtsov [1984]
10234 42.0879 77.3703 403 Rubtsov [1984]
10235 42.0861 773715 389 Rubtsov [1984]
10470 42.1207 77.4532 381 Rubtsov [1984]
10534 41.9949 77.6169 496 Rubtsov [1984]
10535 42.2072 78.1916 420 Rubtsov [1984]
10538 41.7053 77.6517 713 Rubtsov [1984]
10560 41.7005 77.6046 982 Rubtsov [1984]
10616 41.8082 77.9492 521 Rubtsov [1984]
10626 41.9039 77.6455 424 Rubtsov [1984]
10635 41.8229 77.5895 478 Rubtsov [1984]
10655 41.8182 77.6033 455 Rubtsov [1984]
10663 41.7861 77.5419 426 Rubtsov [1984]
10740 42.0793 77.2879 264 Rubtsov [1984]
10901 41.6630 77.0145 454 Rubtsov [1984]
10935 41.9213 77.8685 328 Rubtsov [1984]
10965 41.9497 77.8944 228 Rubtsov [1984]
11149 42.1176 77.9638 473 Rubtsov [1984]
2080 42.1050 77.7262 387 Rubtsov [1984]
301 41.7103 77.0188 405 Rubtsov [1984]
2022/1 42.2195 74.8652 399 Rubtsov [1999]
2052 42.2616 74.8420 394 Rubtsov [1999]
2121 42.5520 74.8953 406 Rubtsov [1999]
2124 42.5299 74.8714 341 Rubtsov [1999]
2128 42.5591 74.9249 292 Rubtsov [1999]
1042 42.3668 75.8165 237 Rubtsov [1999]
1068 42.3548 75.8367 267 Rubtsov [1999]
1090 42.4300 75.8494 224 Rubtsov [1999]
1287 42.1321 75.9320 466 Semenov [1987]
157 42.1006 75.7589 467 Semenov [1987]
160-91 42.2306 76.2620 278 Semenov [1987]
5434 42.2120 76.3190 460 Semenov [1987]
5435 42.2149 76.3341 562 Semenov [1987]
7125 41.9970 76.9384 538 Semenov [1987]
7126 42.0270 76.9175 499 Semenov [1987]
7130 42.0479 76.9167 465 Semenov [1987]
7132 42.2257 76.3280 509 Semenov [1987]
7331 41.8322 76.8478 424 Semenov [1987]
7332 41.8355 76.8707 446 Semenov [1987]
7333 41.8209 76.8612 432 Semenov [1987]
7376 41.9049 76.8283 447 Semenov [1987]
7377 41.8989 76.8386 443 Semenov [1987]
7378 41.8686 76.8329 435 Semenov [1987]
7408 42.0219 76.4276 409 Semenov [1987]
7409 42.0316 76.4195 379 Semenov [1987]
7410 42.0288 76.3651 365 Semenov [1987]
74-87-1 42.2546 76.1984 371 Semenov [1987]
74-87-2 42.2546 76.1984 361 Semenov [1987]
7557 41.9960 769116 525 Semenov [1987]
7558 42.0007 76.9228 489 Semenov [1987]
F34-87 42.2274 76.2580 518 Semenov [1987]
I 42.0980 76.3439 394 Semenov [1987]
I 42.1982 76.3457 457 Semenov [1987]
111 42.0383 76.2815 465 Semenov [1987]
\Y 42.1565 76.3332 372 Semenov [1987]
VI 42.0324 76.3144 440 Semenov [1987]
VII 42.0254 76.3546 399 Semenov [1987]
VIII 42.2067 76.3394 324 Semenov [1987]
XXXVII 41.9854 76.7508 421 Semenov [1987]
1233 42.5393 79.3054 350 Severinov [1990]
1629 42.4346 79.2843 273 Severinov [1990]
270 42.5309 79.2903 465 Severinov [1990]
4104 42.4686 79.3694 209 Severinov [1990]
7167 42.4388 79.2852 260 Severinov [1990]
145 42.6555 75.4808 766 Zakharov [1986]
2037 42.7831 76.1241 432 Zakharov [1986]
2040 42.7465 76.0487 379 Zakharov [1986]
518-7 42.8074 76.0297 540 Zakharov [1986]
10944 41.8896 77.8617 200 Zamaletdinov [1994]
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20460
20530
20530a
20540
20560
20561
2064
20640
20660
20750
20830
20840
20850
20860
20861
21390
21580
21590
21750
21790
31070-A
31070-B
31101-A
31101-B
31110
5433-1
5433-2
87629
G-81-44

NT-8
KG33
KG33
KG-16
KG49
Ki-679
KG44
KG-54
KG-54
KG-55
KG-132
KG-15
IK-02
KG-13
KGl
KG2
KG-14
KG11
KG43
KG36
KG37
KG38
012-2
KG42
KG47
KG46
KG46
KG39
KG3
KG5
340002
KG-51
KG-52
KG-53
KG-135
280701
280001
413100_1
KG-139
412600
412200
320000
217001
KG-127
206801
209202
215701

42.3591
42.3529
42.3529
42.3606
42.3723
42.3741
42.2108
42.3997
42.3748
42.2506
42.8554
42.8213
42.8226
42.8183
42.8183
42.4451
42.2445
42.2593
42.3817
42.3428
42.2840
42.2840
42.3048
42.3048
42.3070
42.2448
42.2448
42.8256
42.2592

41.7384
42.7137
42.7137
42.0581
42.7289
41.9330
42.7208
42.2724
422724
42.2765
41.9208
42.2969
42.3096
42.3028
42.6928
42.6925
42.3056
42.6851
42.6899
42.7714
42.8034
42.8034
40.9967
42.8497
42.8624
42.8723
42.8723
42.8865
42.8819
42.8819
42.2972
42.2207
42.1777
42.1777
41.6679
40.8911
40.8981
41.6822
41.7957
41.7149
41.7008
42.8597
41.4647
41.6763
41.7756
41.6614
41.7756

78.3887 291
78.4710 451
78.4710 437
78.4693 346
78.5262 449
78.5250 437
74.9110 294
78.5039 409
78.4597 346
78.4907 483
77.2263 400
77.1639 434
77.2315 436
77.2726 397
77.2742 386
78.6417 412
78.5405 444
78.5398 451
79.1113 578
78.7137 410
75.8784 845
75.8784 733
75.8875 938
75.8875 974
75.8932 800
76.3539 714
76.3539 699
77.2819 335
75.6971 822
SHRIMP analysis
75.4165 293
75.6170 1263
75.6170 503
75.6814 441
75.6914 4519
75.8265 1186
75.8317 448.9
75.8543 1168
75.8543 1615
75.8544 1151
75.8659 1373
75.8758 451
75.8776 292.4
75.8819 461
75.8819 844
75.8837 810
75.8847 1153
75.8898 810
75.8986 814
75.9644 799
76.0258 471.9
76.0258 472
76.0669 284
76.0675 320.9
76.0908 531.2
76.1109 778
76.1109 581
76.1272 540.8
76.1347 562
76.1347 834
76.1461 292
76.1980 1085
76.2512 1045
76.2512 1101
76.4477 1101
76.5458 278.9
76.6042 281.4
76.6288 466
76.6348 1139
76.6744 435
76.7176 437
76.9347 414
77.4411 303
77.7256 1365
78.6772 279
78.7958 296.7
78.9297 292
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Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]
Zamaletdinov [1994]

Alekseev et al. [2009]
Kroner et al. [2012]
Kroner et al. [2012]
Kroner et al. [2013]
Kroner et al. [2012]

Kroner et al. [2013]

Kroner et al. [2012]

Kroner et al. [2013]

Kréner et al. [2013]

Kroner et al. [2013]

Kroner et al. [2013]
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Appendix 4

416000 42.0600 79.0860 291 5 Konopelko et al. [2009]
416705 42.0443 79.0983 294 5 Konopelko et al. [2009]
416506 41.9950 79.1244 299 4 Konopelko et al. [2009]
416801 42.0333 79.1333 295 4 Konopelko et al. [2009]
416803 42.0985 79.2802 289 6 Konopelko et al. [2009]
LA-ICP-MS analysis
Al-97 41.8436 74.9011 502.7 9.2 De Grave et al. [2011]
AI-98 41.8850 75.0181 498.3 5.8 De Grave et al. [2011]
AI-100 41.9281 75.0375 453.6 72 De Grave et al. [2011]
AI-92 42.0842 75.0781 263.1 39 De Grave et al. [2011]
KYR-19 41.7378 75.1894 291 39 De Grave et al. [2011]
Al-75 40.8275 75.5564 286 4 Glorie et al. [2011]
Al-77 40.8273 75.5565 282 3 Glorie et al. [2011]
Al-62 40.9833 75.5995 788 26 Glorie et al. [2011]
Al-62 40.9833 75.5995 1004 31 Glorie et al. [2011]
Al-62 40.9833 75.5995 1174 32 Glorie et al. [2011]
Al-62 40.9833 75.5995 2441 110 Glorie et al. [2011]
Al-73 41.0572 75.6515 410 4 Glorie et al. [2011]
Al-71 41.0535 75.6528 417 5 Glorie et al. [2011]
Al-71 41.0535 75.6528 457 12 Glorie et al. [2011]
IK-06 41.8805 75.7198 515.5 7.1 Glorie et al. [2011]
AlL-79 40.8088 76.2628 283 4 Glorie et al. [2010]
Al-82 40.9857 76.6052 286 4 Glorie et al. [2011]
AI-60 41.3011 76.7371 282 6 Glorie et al. [2011]
AI-60 41.3011 76.7371 428 11 Glorie et al. [2011]
AI-60 41.3011 76.7371 504 28 Glorie et al. [2011]
Al-31 41.7367 78.0664 842 16 Glorie et al. [2011]
Al-31 41.7367 78.0664 2057 55 Glorie et al. [2011]
Al-29 41.7147 78.1636 806 20 Glorie et al. [2011]
AI-29 41.7147 78.1636 1866 42 Glorie et al. [2011]
Al-29 41.7147 78.1636 2324 35 Glorie et al. [2011]
Al-15 42.1111 79.0686 831 6 Glorie et al. [2011]
Al-13 42.0643 79.0872 302 6 Glorie et al. [2011]
Al-13 42.0643 79.0872 438 13 Glorie et al. [2011]
Al-12 42.0633 79.0887 295 15 Glorie et al. [2011]
Al-12 42.0633 79.0887 221 19 Glorie et al. [2011]
Al-11 42.0420 79.1027 288 10 Glorie et al. [2011]
AI-20 42.1998 79.1161 1087 290 Glorie et al. [2011]
AI-20 42.1998 79.1161 2270 90 Glorie et al. [2011]
Al-16 42.0198 79.1404 307 4 Glorie et al. [2011]

* Stated ages for U-Pb analysis are the “*°U/**U age for ages <1000 Ma and **’U/*®U for ages >1000 Ma.
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