
Tectonics of the Greater Caucasus and the

Arabia-Eurasia orogen

by

Boris Avdeev

A dissertation submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy
(Geological Scienses)

in The University of Michigan
2011

Doctoral Committee:

Assistant Professor Nathan A. Niemi, Chair
Professor Rob Van Der Voo
Associate Professor Aline J. Cotel
Associate Professor Jeroen Ritsema
Assistant Professor Eric A. Hetland



c© Boris Avdeev 2011
All Rights Reserved



ACKNOWLEDGEMENTS

I would like to thank fellow graduate students for making my time at the Uni-

versity of Michigan enjoyable. The SCALE lab and its members, including Alison

Duvall, Alex Lechler, and Marin Clark, provided a great collaborative environment.

I acknowledge Todd Ehlers, once a part of my dissertation committee, for his feed-

back on my dissertation research. Rob Van Der Voo, Aline Cotel, Jeroen Ritsema

and Eric Hetland are thanked for serving on my dissertation committee to the very

end. Finally, I would like to thank Nathan Niemi for his invaluable advise, valuable

support, and his great attitude.

ii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

LIST OF APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

CHAPTER

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

II. Rapid Pliocene exhumation of the central Greater Caucasus constrained
by low-temperature thermochronometry . . . . . . . . . . . . . . . . . . . . . 6

2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Low-temperature Thermochronometry . . . . . . . . . . . . . . . . . . . . . 12

2.3.1 Analytical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Modeling Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.1 Adyr Su . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.2 Bezengi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.3 Tsei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.1 Amount, Rate and Timing of Exhumation of the Greater Caucasus 24
2.5.2 Spatial variations in exhumation of the Greater Caucasus . . . . . 29
2.5.3 Topographic growth of the Greater Caucasus . . . . . . . . . . . . 30
2.5.4 Relationship of Exhumation in the Greater Caucasus to Regional

Tectonics of the Arabia-Eurasia Collision . . . . . . . . . . . . . . . 31
2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

III. Collision between the Transcaucasus and Eurasia as a driver of Pliocene
reorganization of the Arabia-Eurasia plate boundary . . . . . . . . . . . . . 51

3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3 Geological Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4 Thermochronometric Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.5 Comparison with Regional Thermochronometric Data . . . . . . . . . . . . . 58
3.6 Implications for Evolution of the Arabia-Eurasia Plate Boundary . . . . . . 59
3.7 Climatic Versus Tectonic Forcing of Greater Caucasus Exhumation . . . . . 60

iii



3.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.9 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

IV. All quiet on the western front?
Resolving the paradox of high mountains and low rates of active defor-
mation in the Greater Caucasus . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.4 Themochronometric data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5 Thermokinematic modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.5.1 Model setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.5.2 Inverse approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

V. Bayesian estimation of erosion models with detrital thermochronometric
data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3 Detrital thermochronometric age model . . . . . . . . . . . . . . . . . . . . . 95
5.4 Determining erosion history from detrital data: Shillong Plateau example . . 99

5.4.1 Discussion of the Shillong Plateau modeling results . . . . . . . . . 103
5.5 Quantifying spatially variable erosion: Sierra Nevada example . . . . . . . . 104

5.5.1 Simultaneous estimation of spatial and temporal patterns of erosion 108
5.5.2 Discussion of the Sierra Nevada modeling results . . . . . . . . . . 110

5.6 How many grains are needed for an erosional study? . . . . . . . . . . . . . . 112
5.7 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.9 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

VI. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.1 Greater Caucasus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.2 Periarabia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.2.1 Collision age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.2.2 5 Ma reorganization . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3 Global impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

iv



LIST OF FIGURES

Figure

2.1 Shaded relief DEM of the Arabia-Eurasia orogen with the major tectonic elements
labeled . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Map of the central Greater Caucasus with locations of low-temperature thermochronom-
etry samples shown as yellow dots . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Caucasus region GPS velocities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Randomly generated thermal histories satisfying low-temperature thermochronom-
etry data for samples that have at least apatite fission-track lengths measured . . . 25

2.5 Low-temperature thermochronometric age data from the Tsei valley plotted as a
function of sample elevation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.6 A selection of 100 randomly generated thermal histories satisfying apatite and
zircon (U-Th)/He and apatite fission-track data from the B1 sample in the Bezengi
valley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Thermal models for samples A1 and T1 subject to monotonic cooling constraints . 29

2.8 Summary of cooling rates from the central Greater Caucasus from a variety of
methods and comparison to regional tectonic events . . . . . . . . . . . . . . . . . 32

3.1 Topography of Arabia-Eurasia orogen at the longitude of the Greater Caucasus with
locations of detailed maps and samples for which thermal histories were estimated 53

3.2 Geologic maps of study areas with thermochronometric samples . . . . . . . . . . . 55

4.1 Shaded topography of the central Periarabian orogen with the major tectonic ele-
ments labeled . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.2 Profiles along the Greater Caucasus (120◦ azimuth) displaying smoothed maximum
elevations (a), exhumation level (b), profile-perpendicular GPS velocity (c), and
binned estimates of seismic moment release since 1973 (d), data from the NEIC
catalog . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.3 Geologic map of the study area with the sample localities (circles) . . . . . . . . . 70

4.4 Estimates of the parameters of a piece-wise linear age-elevation model . . . . . . . 73

4.5 Goodness of fit plots for detrital and bedrock data . . . . . . . . . . . . . . . . . . 74

v



4.6 Graph of the model and data used in inversion . . . . . . . . . . . . . . . . . . . . 77

4.7 Traces (left) and histograms (right) of posterior samples of the thermokinematic
parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.8 Plot of thermokinematic parameter corellations . . . . . . . . . . . . . . . . . . . . 80

4.9 Posterior estimate of the fault geometry (black lines) and AFT (green lines) and
AHe (blue lines) ages at the surface (black line) predicted from the model and the
data used to fit the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.10 North component of the observed GPS displacement rates for the stations in the
vicinity of the Shkhara-Bezengi transect (circles with error bars) and the predicted
GPS displacement resulting from a 4 mm/a slip on a fault dipping 30◦ due south
locked at depth of 20 km . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.11 Two models for the crustal structure underneath the western Greater Caucasus . . 84

5.1 Illustration of the effects of nonuniform sampling and various age-elevation gradi-
ents on the age distribution in a derital sample derived from a catchment . . . . . 95

5.2 Digital elevation map of the Shillong Plateau with locations of bedrock samples
and a detrital sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.3 Matrix plot summarizing the posterior distribution of the Shillong model . . . . . . 101

5.4 Goodness of fit and age-elevation plots for a break-in-slope model based on the
Shillong Plateau sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.5 Posterior samples for the uniform erosion and linear age-elevation relationship
model derived from detrital data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.6 Inversion results for constant exhumation, uniform erosion and non-uniform erosion
models based on detrital data; as well as linear and break-in-slope exhumation,
non-uniform erosion models based on detrital and bedrock data . . . . . . . . . . . 107

5.7 Posterior estimates (mean and 95% CI) based on random n-grain sub-samples of
the Inyo Creek sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.1 Convergence of Arabia (38◦N, 48◦E) and Eurasia through the Cenozoic . . . . . . 124

A.1 Feldspar 40Ar/39Ar data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

vi



LIST OF TABLES

Table

2.1 Summary of the central Greater Caucasus low-temperature thermochronometry
results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1 Summary of the eastern Greater Caucasus low-temperature thermochronometry
results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1 Summary of thermochronometric ages along the Bezengi-Shkhara transect . . . . . 72

A.1 Central Greater Caucasus single grain apatite (U-Th)/He data . . . . . . . . . . . 129

A.2 Central Greater Caucasus single grain zircon (U-Th)/He data . . . . . . . . . . . . 129

A.3 Central Greater Caucasus apatite and zircon fission-track data . . . . . . . . . . . 130

C.1 Shillong plateau detrital apatite (U-Th)/He data . . . . . . . . . . . . . . . . . . . 136

vii



LIST OF APPENDICES

Appendix

A. Central Greater Caucasus thermochronometry data tables . . . . . . . . . . . . . . . 128

B. Bayesian methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

C. Detrital sample collection and apatite (U-Th)/He analytical procedures . . . . . . . . 135

viii



CHAPTER I

Introduction

The Periarabian orogen is the central part of the Alpine-Himalayan belt—an

impressive suture left after the closure of the Mesozoic Tethys ocean. Stretching from

western Turkey to eastern Iran, it is formed by the convergence of the Arabian and

Eurasian plates. Presently, most of the orogen, with the exception of the Black Sea

and South Caspian basins, is above sea level and is bounded by continental plates. As

such, it is a continental orogen. According to various estimates, Periarabia became a

continental orogen sometime between 5 and 50 Ma and thus, it is likely the youngest

continental orogen on Earth.

Because it is at an early stage of development, the Periarabian orogen is undergo-

ing, or perhaps still preserves, processes that could be common to all nascent orogens,

of which understanding is critical for a complete understanding of continental colli-

sion. For example, hypothesized processes such as oceanic slab break-off (van Hunen

and Allen, 2010) and drop of an overthickened and eclogitized lithospheric root (Er-

shov et al., 2003) have been postulated for Periarabia, making it yet another locality

for capturing such events and studying their effects on magmatism, deformation, and

topographic evolution.

The topographic evolution of the Periarabian orogen alone has important impli-
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cations for a number of other studies. The timing and patterns of emergence of

mountain ranges between Arabia and Eurasia defined pathways of Cenozoic mam-

malian evolution (Briggs, 1974), as well as possibly affected patterns of atmospheric

circulation. Closure of the passage between the Indian and Atlantic oceans have

changed global ocean circulation and has been speculated to significantly affect cli-

mate, possibly leading to recent global cooling (Allen and Armstrong, 2008).

Despite its uniqueness and importance, and probably as a result of its modesty

in scale and difficulty of access, Periarabia is relatively understudied compared to

other parts of the Alpine-Himalayan belt. As of April, 2011, Google Scholar search

for geology (Caucasus OR Zagros OR Alborz) returns 19,000 articles, while geology

Himalaya returns 37,700, and geology Alps returns 87,800 items. This dissertation

contributes to the growing pool of research on the geology of Periarabia.

There are a number of outstanding questions about Periarabia. Foremost is the

timing of collision between Arabia and Eurasia. To the date, there is no agreed upon

age of the collision, with estimates spanning most of the Cenozoic era. And there is

no indication that these estimates are converging with time to a value other than the

arithmetic mean of 32.75 Ma. Chapters 2 and 3 present new thermochronometric

and sedimentologic data from the Greater Caucasus that suggest that the last deep

marine basin separating Arabia from Eurasia could have disappeared as late as the

end of the Miocene. The concluding chapter discusses why late Miocene is not the

new estimate of the collision age, and why the collision age is unlikely to be resolved,

or is a useful number for the Periarabian orogen.

The uncertainty of the collision age holds back (or adds freedom to) measuring

amounts of crustal shortening, thickening, and underplating, as well as complicates

(or simplifies) interpretation of driving forces of various tectonic events, among which
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stands out the orogen-wide temporal cluster of rapid exhumation and fault initiation

events centered about 5 Ma. This reorganization requires a driver, and a com-

mon presumption that the collision occurred prior to 5 Ma lead many to search for

explanations in the realm of post-collisional tectonics, such as overthickening-driven

propagation of deformation (Allen et al., 2004), mantle supported uplift (Copley and

Jackson, 2006), mantle upwelling following the Tethyan slab break-off (van Hunen

and Allen, 2010), or delamination of a lithospheric root (Ershov et al., 2003). Re-

sults of the chapters 2 and 3 imply that the closure of the Greater Caucasus basin

coincided with the reorganization and is a plausible driving force for it.

Although the following work impacts the geology of the whole Periarabian oro-

gen, it is focused on the Greater Caucasus, a mountain range located on the northern

fringe of the orogen along the edge of Eurasia, and on the opposite side from the

Neotethyan suture that is located along Arabia. Neotethyan subduction presumably

fueled Arabia-Eurasia convergence (McQuarrie et al., 2003), yet, the Greater Cauca-

sus are the highest mountains within the orogen and, in the eastern part, currently

accommodate about half of the total plate convergence. Once again, resolution of

this anomaly is precluded by lack of basic knowledge about this range. Similar to

the uncertainty of the timing of Arabian collision, the age of the Greater Caucasus

mountains is debated. The new thermochronometric data presented in chapters 2

and 3 constrains the timing of uplift of the western and eastern Greater Caucasus.

Finding that their uplift significantly post-dates the closure of Neotethys and is in-

stead related to the closure of the Greater Caucasus back-arc basin provided the

necessary near-field driving force that could produce the high mountains.

Thermochronometric results suggest that the initiation of the rapid exhumation

occurred simultaneously along the length of the Greater Caucasus. Unlike the timing
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of uplift, tectonics of the eastern and western Greater Caucasus are quite different.

GPS and seismic observations suggest that the western Greater Caucasus are nearly

inactive, while around 10 mm/y of geodetic shortening, accompanied by frequent

earthquakes, is accommodated across the eastern Greater Caucasus. Geologic obser-

vations, however, provide evidence for a greater amount of total exhumation in the

western Greater Caucasus. Chapter 4 presents a thermochronometrically constrained

kinematic model for the western Greater Caucasus. Model estimates imply that the

current low convergence rate is sufficient to produce the observed high amount of

exhumation. This is possible because deformation in the western Greater Caucasus

occurs mainly on a single fault. In contrast, deformation in the eastern Greater

Caucasus is distributed through the width of the whole orogen, resulting in smaller

uplift, but greater total shortening.

Tectonics strongly influences topography and, as a result, erosion. This permits

the use of thermochronometry to study recent tectonic events. In fact, this disser-

tation is predominantly based on thermochronometric data. Chapter 5 provides a

development in detrital thermochronometric methodology with a new approach to

estimating erosion models characterizing short-term spatial patterns and long-term

histories of denudation. This approach allows thermochronometric studies of ter-

rains inaccessible for bedrock sampling and becomes useful in the Greater Caucasus,

where the axis of the range coincides with three different international borders.
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CHAPTER II

Rapid Pliocene exhumation of the central Greater Caucasus
constrained by low-temperature thermochronometry

2.1 Abstract

Constraining the timing of onset and rates of deformation within the Greater Cau-

casus mountains is key to understanding their role in accommodating deformation

across the Arabia-Eurasia orogen. We present new low-temperature thermochrono-

metric constraints on the Cenozoic thermal evolution of the central Greater Caucasus

that elucidate a three phase cooling history. Between 50 and 30 Ma, cooling within

the range was negligible. In Oligocene time, cooling rates throughout the range in-

creased to ∼ 4◦C/My. These rates remained constant until the early Pliocene time,

when they increased again, reaching ∼ 25◦C/My along the axial part of the range.

Rates and timing of Oligocene exhumation are consistent with previous results from

the western Greater Caucasus, and are proposed to result from onset of subduction

of the Greater Caucasus back arc basin. Rapid exhumation of the Greater Caucasus,

beginning in Pliocene time, contrasts with previously reported thermal histories for

other portions of the range. Pliocene exhumation of the central Greater Caucasus

appears to be tectonically driven, and coincides with widespread evidence for a major

Citation:
Avdeev, B., and N. A. Niemi (2011), Rapid Pliocene exhumation of the central Greater Caucasus constrained by
low-temperature thermochronometry, Tectonics, 30, TC2009, doi:10.1029/2010TC002808

6



7

reorganization of the Arabia-Eurasia plate boundary. We hypothesize that this ex-

humation, and regionally observed plate reorganization, results from the collision of

the Lesser Caucasus with Eurasia, completing the subduction of oceanic lithosphere

across this segment of the Arabia-Eurasia plate boundary.

2.2 Introduction

Deformation associated with the Arabia-Eurasia collision zone covers much of

southwestern Eurasia (Fig. 4.1), and spans nearly all of Cenozoic time (e.g. Nik-

ishin et al., 2001). Despite a wealth of stratigraphic, erosional, and structural con-

straints on the timing of local deformation throughout the orogen, there is no clear

consensus on how this localized deformation relates to the onset of Arabia-Eurasia

continental collision, with estimates as diverse as Late Cretaceous (Stocklin, 1974;

Alavi, 1994), Eocene (Hempton, 1987; Jassim and Goff, 2006; Allen and Armstrong,

2008), Oligocene–early Miocene (Yilmaz, 1993; Vincent et al., 2007; Robertson, 2000;

Fakhari et al., 2008), middle Miocene (Dewey et al., 1986; Şengör and Kidd, 1979;

McQuarrie et al., 2003), and late Miocene–early Pliocene (Zonenshain and Le Pi-

chon, 1986; Philip et al., 1989; Khain, 1994) having been proposed. In part, this

uncertainty results from the spatial and temporal complexities in the evolution of

the collision zone. The Arabia-Eurasia collision is not comprised of a single suture,

but is a mosaic of island arcs and microcontinents whose assembly along the complex

paleogeographic margin of Neotethys (e.g. Golonka, 2004) is marked by numerous

collisional events. Furthermore, final continent-continent collision is still incomplete

along the Caspian segment of the collision zone, where oceanic, or thinned conti-

nental, crust of the south Caspian Basin continues to subduct northward under the

northern Caspian Sea (Jackson et al., 2002).
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Reorganization of the Arabia-Eurasia plate boundary at ∼5 Ma is both more

widely accepted and more accurately temporally constrained than estimates of the

onset of Arabia-Eurasia collision (Wells, 1969; Westaway, 1994; Axen et al., 2001;

Allen et al., 2004; Copley and Jackson, 2006). Evidence for plate boundary reorga-

nization includes rapid exhumation of the Alborz (Axen et al., 2001), comparison of

fault slip rates with total offsets, which suggests Pliocene initiation of many active

faults (Allen et al., 2004; Copley and Jackson, 2006), initiation of the North and

East Anatolian faults (Şengör and Kidd, 1979; Arpat and Şaroğlu, 1972), and rapid

subsidence in the South Caspian basin (e.g. Allen et al., 2002). The driving forces of

this plate reorganization, however, remain controversial. Based on the assumption

of a late Eocene Arabia-Eurasia collision, Wells (1969) proposed that the opening

of the Red Sea could be such a driving force. Alternatively, Allen et al. (2004) ar-

gued for the gravitationally-driven shifting of deformation away from overthickened

Turkish-Iranian plateau and Greater Caucasus crust into topographically lower fore-

land areas. Copley and Jackson (2006), based on new data on the crustal thickness of

the Turkish-Iranian plateau, argued for mantle driven dynamic uplift of the plateau,

rather than crustal thickening, and a resulting shift in deformation loci. On the other

hand, if the onset of continent-continent collision is late Miocene (e.g. Zonenshain

and Le Pichon, 1986), no other forcing beyond the collision itself is needed to drive

this plate reorganization.

The complex nature of continental assembly and collision along the Arabia-Eurasia

margin, the evidence for recent plate boundary reorganization, and the presence of

ongoing subduction within the collision zone makes the Arabia-Eurasia orogenic sys-

tem a natural laboratory for study of the early stages of continental collision that

could provide insight into the evolution of more mature orogens and a better under-
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standing of the spatial and temporal patterns of lithospheric deformation during the

process of continental collision. Within this natural laboratory, the Greater Caucasus

are particularly well situated to address these problems. The Greater Caucasus are

the northern-most tectonic element of the Arabia-Eurasia collision zone (Fig. 4.1) and

the highest mountain range in Europe. The Greater Caucasus are a locus of ongoing

continental shortening (Reilinger et al., 2006), but lie adjacent to the Caspian zone

of intra-orogenic subduction (Jackson et al., 2002). Despite their topographic promi-

nence in the Arabia-Eurasia orogenic system, the role of the Greater Caucasus in

accommodating strain throughout the evolution of the orogen is poorly understood.

This stems from controversies surrounding both the timing of closure of Neotethys

and the beginning of continental collision along the Arabian-Eurasian margin, as well

as uncertainty regarding the onset of uplift and exhumation of the Greater Caucasus

themselves.

Eocene to Oligocene deformation in the Greater Caucasus is documented by olis-

tostromes and a regional angular unconformity at the base of the Oligocene–early

Miocene Maikop formation (Milanovsky and Khain, 1963; Robinson et al., 1996;

Banks et al., 1997; Kopp, 2007; Leonov, 2007; Vincent et al., 2007) that has been

interpreted as a far-field response to the initiation of continental collision (Vincent

et al., 2007; Allen and Armstrong, 2008). Whether or not this deformation led to

significant crustal thickening and exhumation in the Paleogene, however, remains

unclear (e.g. Cloetingh et al., 2007). Other authors (e.g. Zonenshain and Le Pichon,

1986; Philip et al., 1989; Khain, 1994; Ershov et al., 2003; Morton et al., 2003) have

suggested late Miocene onset of deformation and uplift. Their conclusions are sup-

ported by the wide-spread occurrence of late Miocene conglomerates, the influx of

Greater Caucasus derived clastics into surrounding sedimentary basins and the rapid
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Figure 2.1: Shaded relief DEM of the Arabia-Eurasia orogen with the major tectonic elements
labeled. NAF–North Anatolian Fault; EAF—East Anatolian Fault; EAAC—East Anatolian
Accretionary Complex; BKF—Borjomi-Kazbek Fault; MCT—Main Caucasus Thrust; ZMT—
Zagros Main Thrust; WCF—West Caspian Fault. Vectors show GPS velocities relative to Eurasia
(Reilinger et al. (2006); Kadirov et al. (2008)) color-coded by region (yellow–Greater Caucasus;
orange–Rioni and Kura basins; red–Lesser Caucasus; white–other regions). Box between Mt. Elbrus
and Mt. Kazbek shows the area depicted in Fig. 2.2.
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subsidence of the northern Caucasus basin.

Links between deformation within the Greater Caucasus and Pliocene plate reor-

ganization are equally poorly constrained. Based on evidence of late Eocene defor-

mation in the Greater Caucasus, Allen et al. (2004) suggested that increased gravi-

tational potential across the range, resulting from shortening and crustal thickening,

was a driving force of plate boundary reorganization in Miocene–Pliocene time. On

the other hand, estimates of late Miocene or Pliocene exhumation and uplift of the

Greater Caucasus (Zonenshain and Le Pichon, 1986; Khain, 1994) would suggest

that the evolution of the Greater Caucasus is a response to plate boundary reor-

ganization and not a driving force of the reorganization. Improved constraints on

the timing of crustal deformation within the range are one approach to distinguish

between these scenarios, and to better understand the role of the Greater Cauca-

sus in accommodating strain throughout the evolution of the Arabia-Eurasia plate

boundary.

Low-temperature thermochronometry provides a tool to constrain the timing and

rates of exhumation in compressional orogens (e.g. Reiners et al., 2003; Blythe et al.,

2007; Clark and Bilham, 2008). To the extent that the surface processes responsible

for exhumation in compressional orogens are coupled to tectonic forcing (e.g. Whip-

ple and Tucker, 1999), low-temperature thermochronometers provide a constraint on

the timing and rate at which surface topography develops (e.g. Braun, 2005). Such

data have elucidated the timing of crustal exhumation and its relationship to the re-

gional tectonic evolution of northern Iran (e.g. Axen et al., 2001; Guest et al., 2006),

but have seen little application to the remainder of the Arabia-Eurasia collision zone

(e.g. Boztŭg and Jonckheere, 2007; Okay et al., 2010). To our knowledge, only

two regional low-temperature thermochronometry studies of the Greater Caucasus
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have been completed. One, using apatite fission-track methods (Kral and Gurbanov,

1996), yielded a variety of cooling ages from the central portion of the Greater Cau-

casus, ranging from Paleogene to Pliocene, from which the most robust conclusion

that can be drawn is that at least some portions of the Greater Caucasus have un-

dergone significant post-Miocene exhumation. Another study, concentrated on the

western end of the Greater Caucasus (Vincent et al., 2011), reveals slow post-Eocene

exhumation of modest magnitude (less than 5 km).

Here we present the results of a new low-temperature thermochronometric study of

the central Greater Caucasus, between Mt. Elbrus and Kazbek (Fig. 4.1). This region

is ideal for applying low-temperature thermochronometric techniques to studying

strain accommodation within the Greater Caucasus. First, there are large exposures

of silicic igneous and metamorphic rocks that yield the mineral phases necessary for

low-temperature thermochronometry (Fig. 2.2). Second, high relief valleys, eroded

by both fluvial and glacial processes, afford the opportunity to collect vertical tran-

sects in excess of 1 km. Finally, modern geodetic observations suggest that at this

longitude strain north of the Turkish-Iranian plateau is accommodated almost exclu-

sively within the Greater Caucasus, along a single thrust zone bounding the southern

margin of the range. This differs from regions further to the east where strain ac-

commodation is distributed across both the Lesser and the Greater Caucasus, and

on both south and north verging thrust systems bounding both sides of the Greater

Caucasus range (Fig. 4.1 and 4.10).

2.3 Low-temperature Thermochronometry

We present new apatite (U-Th)/He, apatite fission-track, zircon (U-Th)/He, zir-

con fission-track, and K-feldspar 40Ar/39Ar ages for the central Greater Caucasus,
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Figure 2.2: Map of the central Greater Caucasus with locations of low-temperature thermochronom-
etry samples shown as yellow dots. Geology modified after Pismennyj (2002), Gamkrelidze and
Kakhadze (1959) and Nalivkin (1976).
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alongside existing apatite fission-track ages (Kral and Gurbanov, 1996), to derive

the long-term spatial and temporal patterns of exhumation of the range. These

low-temperature thermochronometers have closure temperatures of ∼ 70◦C (apatite

(U-Th)/He, Wolf et al. (1996)), ∼ 110◦C (AFT, Gleadow et al. (1983)), ∼ 180◦C

(zircon (U-Th)/He, Reiners et al. (2003)), ∼ 240◦C (40Ar/39Ar, Foland (1994)), and

∼ 232–342◦C (ZFT, Tagami et al. (1998)), although these estimates vary with grain

size, cooling rate and radiation damage (e.g. Farley and Stockli, 2002; Dodson, 1973;

Shuster et al., 2006; Flowers et al., 2009). This suite of thermochronometers samples

cooling related to exhumation through the upper ∼10 km of the crust, depending

upon the geothermal gradient, and is most relevant to understanding the recent

thermal evolution of the range.

Samples were collected from igneous and metamorphic rocks, primarily granitoids

and granite gneisses, likely to yield sufficient quantities of apatite and zircon for anal-

ysis. Elevation transects (e.g. Wagner and Reimer, 1972; Gallagher et al., 2005) were

collected where significant topographic relief was present within a single igneous or

metamorphic unit. Structural complexities within the Greater Caucasus basement

rocks and poor constraints on sample paleodepth limited the application of this

sampling strategy elsewhere within the range. Instead, multiple low-temperature

thermochronometers were analyzed for individual samples to derive a continuous

cooling path (e.g. McAleer et al., 2009). As discussed below, not all samples yielded

a complete suite of reset cooling ages, and some higher-temperature thermochrono-

metric results are consistent with the presumed age of igneous crystallization or peak

metamorphism. These results are obviously not reflective of the Cenozoic evolution

of the Greater Caucasus, but do provide constraints on the maximum amount of

exhumation that these rocks could have experienced during the Cenozoic.
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2.3.1 Analytical Methods

All samples were collected after removal of the outer few centimeters of rock

to prevent inclusion of material affected by forest fires or lightning (Mitchell and

Reiners, 2003). Rocks were crushed and pulverized, and mineral concentrates were

made using standard magnetic and density techniques. Individual mineral grains of

apatite and zircon were handpicked from the concentrates, with care taken to avoid

comminuted grains or grains with inclusions visible under 200× magnification.

Apatite (U-Th)/He analyzes were conducted on single apatite grains at the Cal-

tech Noble Gas Laboratory using standard procedures (Farley and Stockli, 2002).

Sample aliquots were outgassed using a Nd-YAG laser (House et al., 2000) and 4He

was measured by 3He spike using a quadrupole mass spectrometer. 238U, 235U, 232Th

and 147Sm were measured using isotope dilution ICP mass spectrometry (Farley and

Stockli, 2002). Reproducibility of analytical results was constrained by 4–6 replicate

analyses. Analytical uncertainty of apatite (U-Th)/He ages is ∼5% (1σ) based on

instrument precision and error in the alpha ejection correction (Farley et al., 1996).

The Durango fluorapatite standard ((U-Th)/He age of 31.4 Ma (McDowell et al.,

2005)) was analyzed in all sample runs to check age accuracy. The reported error

for each sample is the standard deviation of the replicate analyses, which typically

exceeded the analytical uncertainty, as has previously been observed for geologic

samples (e.g. Farley and Stockli, 2002). Two outliers were excluded from the data

set after failing the Q-test (Dean and Dixon, 1951) at the 95% level of confidence (Ta-

bles 2.1 and A.1). Undetected microinclusions of U- and Th-bearing phases within

the apatite are the most likely explanation for the outlier ages.

Apatite and zircon fission-track ages were determined by Apatite to Zircon, Inc.

(Donelick et al., 2005). Polished apatite grain mounts were immersed in 5.5N HNO3
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for 20 seconds at 21◦C to reveal natural fission tracks. Zircon grain mounts were

immersed in an eutectic melt of NaOH + KOH at ∼ 210◦C (±10◦C) for ∼34 hours.

Track densities were counted and recorded. Concentrations of radiogenic elements

were determined for the localities of counted natural fission tracks by measuring 238U,

232Th and 147Sm via LA-ICP-MS (Hasebe et al., 2004). Apatite grain mounts were

then irradiated with ∼107 tracks/cm2 from a 252Cf source. Irradiated grain mounts

were again immersed in 5.5N HNO3 for 20 seconds at 21◦C to reveal horizontal,

confined fission tracks, and track lengths were then measured. Fission-track ages

were determined using a modified decay equation that includes calibration for the

LA-ICP-MS using the Durango fluorapatite standard (fission-track age of 30.6 Ma)

and Fish Canyon zircon (28.5 Ma).

Zircon (U-Th)/He ages were measured on single grain aliquots at the Arizona

Radiogenic Helium Dating Laboratory following standard protocols (Reiners et al.,

2002, 2004). Euhedral zircons were wrapped in Nb foil and degassed by laser heating.

He abundances were measured on a quadrupole mass spectrometer using 3He isotope

dilution. Degassed zircons were then dissolved and U and Th concentrations were

measured on an ELEMENT 2 ICP-MS. (U-Th)/He ages were corrected for alpha

ejection (Farley, 2002).

40Ar/39Ar analysis of potassium feldspars was performed at the University of

Michigan Noble Gas Laboratory, following the methods described in Ownby et al.

(2007). Samples were wrapped in pure Al foil and irradiated for 20 hr at location

5C at the McMaster Nuclear Reactor at McMaster University in Hamilton, Ontario

in irradiation package mc19. Standard hornblende MMhb-1 was used as a neutron-

fluence monitor with an assumed K-Ar age of 520.4 Ma (Samson and Alexander,

1987). Samples were incrementally heated with a Coherent Innova 5W continuous
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argon-ion laser until complete fusion was achieved. Ar isotopes were measured using

a VG1200S mass spectrometer with a source operating at 150 µA total emission

and equipped with a Daly detector operating in analog mode. Fusion system blanks

were run every five fusion steps and blank levels from argon masses 36 through 40

(∼ 2 × 10−14,∼ 4 × 10−14,∼ 1 × 10−14,∼ 2 × 10−14, and 2 × 10−12 ccSTP) were

subtracted from sample gas fractions. Corrections were also made for the decay of

37Ar and 39Ar, for the production of 36Ar from the decay of 36Cl, as well as interfering

nucleogenic reactions from K, Ca and Cl.

2.3.2 Modeling Methods

Thermal-history modeling was undertaken using HeFTy v. 1.6.7 software (Ketcham,

2005). This program implements a variety of forward models for fission-track den-

sity and annealing in apatite, as well as models of He diffusion in apatite and zircon.

Observed apatite fission-track densities and c-axis projected track length distribu-

tions were modeled using a modification of the fanning Arrhenius model (Ketcham

et al., 2007, 2009). Diffusion properties for He in apatite were modeled considering

the effects of radiation damage on He diffusion (the RDAAM model, Flowers et al.

(2009)). He diffusion in zircon was modeled following Reiners et al. (2004). Ther-

mal models were constrained by modern surface temperatures and, where available,

high-temperature constraints from 40Ar/39Ar of feldspars or zircon fission-track ther-

mochronometry. No other constraints beyond the annealing or diffusion algorithms

described above were imposed. Subsegment spacing of cooling paths were allowed

to vary randomly, and monotonic cooling was not assumed. Viable thermal histories

were found by simple Monte Carlo inversion. Forward models for randomly gener-

ated thermal histories were run until 100 acceptable (Ketcham, 2005) models were

found.
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For 40Ar/39Ar, zircon fission-track, and samples on which only apatite (U-Th)/He

were analyzed, blocking temperatures (Dodson, 1973) were determined assuming

a constant cooling rate. We estimated blocking temperatures for a range of cool-

ing rates between 1 and 25◦C/My with the Closure program (Ehlers et al., 2005).

Blocking temperatures for (U-Th)/He data were calculated following Farley (2000).

Zircon fission-track fanning models (Tagami et al., 1998) and feldspar diffusion mod-

els (Foland, 1994) were used to estimate the blocking temperatures of zircon FT and

40Ar/39Ar systems. The blocking temperatures of the ZFT and 40Ar/39Ar systems

were included, where appropriate, as box constraints in the HeFTy thermal modeling

described above.

In cases where a change in cooling rate is observed, a finite-element exhumation

model (Pecube, SVN version, Rev. 9, Braun (2003)) was used to calculate the time lag

of the thermal signal following the exhumation rate change. The model was computed

for a two-step exhumation history with a change of exhumation rate from 0.1 km/My

to 1 km/My. Parameters of the model were set as follows: flat topography, 40

km2/My diffusivity, 0.25◦C/My heat production at surface, 60 km model thickness

and 800◦C temperature at the base of the model.

2.4 Results

Samples were collected from the northern side of the central Greater Caucasus,

Russia, between Mt. Elbrus and Kazbek along three transects (Fig. 2.2). Two sam-

ples analyzed were collected in Adyr Su valley, a tributary of the Baksan river,

east of Mt. Elbrus. Nine samples were collected near the village of Bezengi, along

the Cherek-Balkarskii and Cherek-Bezengskii valleys, located within the Kabardino-

Balkaria Nature Preserve (Fig. 2.2). The third transect was collected in Tsei valley,
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located to the northwest of Kazbek. At Tsei, a complete vertical transect was sam-

pled, while along-valley transects were sampled at Adyr Su and Bezengi.

2.4.1 Adyr Su

The Adyr Su river drains northward from the Main Caucasus Ridge, which is

the border between Russia and Georgia (Fig. 2.2). This river is situated completely

within the crystalline core of the range. The higher of the two samples (A1) was

collected from a granite of presumed mid- to late Paleozoic age (Gamkrelidze and

Kakhadze, 1959). A lower sample (A2), was collected down valley, away from the axis

of the range. This sample was collected from a K-feldspar-rich granitoid, which is

a part of a Precambrian–early Paleozoic metamorphic gneiss complex (Gamkrelidze

and Kakhadze, 1959).

40Ar/39Ar ages from sample A1 are Early Permian (∼291 Ma), consistent with

published crystallization ages of nearby granites (Gamkrelidze and Kakhadze, 1959).

Zircon fission-track ages from this sample yield a slightly younger Middle Triassic age

(∼230 Ma), possibly representative of modest exhumation at this time. Sample A2

yields an Early Silurian (∼433 Ma) zircon fission-track age, consistent with zircon U-

Pb ages from orthogneiss in the adjacent Kyrtyk valley (Somin, 2007b), and possibly

dating gneiss formation.

Lower temperature thermochronometers from Adyr Su reveal a significantly younger

portion of the thermal history. Zircon (U-Th)/He and apatite fission-track ages from

sample A1 are 24.06±0.49 and 5.2±0.6 Ma, respectively (Table 2.1). These ages are

interpreted as resulting from Cenozoic exhumation associated with uplift and erosion

of the Greater Caucasus. Thermal modeling of these data reveals rapid cooling at

∼ 25◦C/My since ∼ 5 Ma. The rate of cooling prior to 5 Ma is less well resolved,

but appears to be negligible cooling, with reheating permissible. Sample A2 yielded
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zircon (U-Th)/He and apatite fission-track ages of 88.93 ± 1.81 and 5.1 ± 0.6 Ma.

Differences in zircon (U-Th)/He ages between samples A1 and A2 may reflect differ-

ences in paleodepth resulting from structural complexity in the crystalline basement.

The Coniacian zircon (U-Th)/He age is consistent with a regional unconformity that

developed across the northern Greater Caucasus in Albian–Santonian time (e.g. Pis-

mennyj, 2002). Thermal modeling of the zircon (U-Th)/He and apatite fission-track

data for sample A2 (Fig. 2.4) indicates cooling at a rate of 0.7 ◦C/My prior to ∼5

Ma, followed by cooling at a rate of 20◦C/My to the present.

2.4.2 Bezengi

The Cherek-Bezengi valley lies east of Adyr Su, and crosses almost the whole

width of the crystalline core of the Greater Caucasus in a northeast-southwest direc-

tion (Fig. 2.2). The Cherek-Bezengi River drains the Bezengi Massif, which overlies

the Main Caucasus thrust, and in which is exposed Proterozoic and Paleozoic meta-

morphic and igneous rocks. At its northernmost end, the river exposes Early Jurassic

and younger Paratethys-related strata, unconformably overlying the older metamor-

phic infrastructure.

The southernmost sample from Bezengi, B3, was collected from Mesoproterozoic

granitoids and yielded a 12.16±1.11 Ma apatite (U-Th)/He age and a 7.64±0.52 Ma

apatite fission-track age (Table 2.1). An explanation for the inverse relationship ob-

served between the thermochronometric ages and commonly cited closure tempera-

tures for this sample is not readily apparent. Recent radiation damage models that

predict an increase in apatite (U-Th)/He closure temperature for apatites with high

uranium concentrations and slow cooling rates (<0.1◦C/My; Shuster et al., 2006;

Shuster and Farley, 2009; Flowers et al., 2009) offer one possible solution, but U

concentrations in sample B3 are not significantly higher than those of other samples
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in the region (Table A.1). Another possible explanation could be eU concentration

zoning (Farley and Stockli, 2002). No forward thermal model could be found that

adequately fit both the apatite fission-track and (U-Th)/He data, however, a rough

estimate for cooling rate, averaged over the last 10 My is 5 to 15◦C/My.

Sample B2, from a schist near the central portion of the crystalline core, yielded

Pliocene apatite fission-track and (U-Th)/He ages (3.64 ± 0.35 and 4.06 ± 0.4 Ma;

Table 2.1). Thermal modeling indicates rapid cooling at rates of ∼25◦C/My since

at least 4 Ma. No high temperature thermochronometers, or older fission tracks,

constrain the pre-Pliocene thermal evolution of this sample (Fig. 2.4).

The northernmost sample, B1, was collected from Early Carboniferous granite,

immediately beneath unconformably overlying Jurassic shallow-marine sedimentary

rocks (Pismennyj, 2002). As at Adyr Su, higher temperature thermochronometers,

zircon fission-track and potassium feldspar 40Ar/39Ar, yield Permian to earliest Tri-

assic ages (293.4± 12.4 Ma and 250.0± 1.2 Ma, respectively; Table 2.1), consistent

with published crystallization ages (Pismennyj, 2002). The zircon (U-Th)/He age

(188.5± 3.87 Ma; Table 2.1) of sample B1 records a relatively old thermal event, po-

tentially related to exhumation during Jurassic orogeny, or perhaps simply reflective

of long-term slow erosion and cooling.

Low temperature data from apatite fission-track and apatite (U-Th)/He yield

ages of 21.8± 1.1 and 16.81± 3.36 Ma, respectively (Table 2.1). Thermal modeling

of sample B1 indicates slow cooling at a rate of 4◦C/My during the last ∼20 My

(Fig. 2.4). It should be noted that this sample does not record any changes in cooling

rate younger ∼16 Ma, the time at which it cooled below the closure temperature for

apatite (U-Th)/He. Potential thermal paths for sample B1 between 50 and 20 Ma

are poorly constrained, but could not have exceeded 150◦C, and are inconsistent
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with a constant cooling rate from 50 Ma to the present (Fig. 2.6). Three additional

apatite (U-Th)/He ages from nearby samples (B4, B5 and B6) yield results similar

to those from sample B1 (Table 2.1), and were not further modeled.

2.4.3 Tsei

Four samples were collected from a Late Triassic granodiorite (Pismennyj, 2002)

along the north wall of the Tsei valley, on a 45◦ transect over a vertical distance of

∼1300 m. All thermochronometers from this sample reflect Cenozoic cooling. Zircon

(U-Th)/He ages from samples T1 (2200 m) and T3 (2994 m) are 20.4± 0.39 Ma and

32.04 ± 0.72 Ma, respectively (Table 2.1). Given the elevation and age difference

between these two samples, the average rate of exhumation from 30 to 20 Ma was

∼ 80 m/My. If we assume a geothermal gradient of 20◦C/km, this is equivalent to

a cooling rate of 1.6◦C/My during this time period. Apatite (U-Th)/He ages are

essentially invariant with elevation across the transect and are ∼2 Ma (Table 2.1),

suggesting rapid passage through the closure isotherm (∼70◦C) at this time. An

apatite fission-track age of 6.23 ± 0.98 Ma was determined on the lowest sample

(T1). Modeling of the thermochronometric data for sample T1 indicates a change in

cooling rate from less than 3◦C/My to 20◦C/My at ∼5 Ma (Fig. 2.4).

2.5 Discussion

2.5.1 Amount, Rate and Timing of Exhumation of the Greater Caucasus

The thermochronometric data presented above yield new insights into the amount,

timing, and rate of late Cenozoic exhumation of the Greater Caucasus. Higher tem-

perature thermochronometers, specifically zircon fission-track and potassium feldspar

40Ar/39Ar, throughout the central Greater Caucasus yield late Paleozoic to earliest

Mesozoic cooling ages. These ages are consistent with published K-Ar and 40Ar/39Ar
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Figure 2.4: Randomly generated thermal histories satisfying low-temperature thermochronometry
data (Tables A.1, A.2 and A.3) for samples that have at least apatite fission-track lengths measured.
The gray band is centered on Miocene-Pliocene boundary (5.3 Ma). Samples A1, A2 and T1 clearly
record the onset of rapid cooling at this time. Sample B1 has cooled past the sensitivity range of the
analyzed thermochronometers (< 50◦C) by 5 Ma, and so it does not record any change in cooling
rate at this time. Sample B2, on the other hand, appears to have been hotter than the partial
annealing zone of apatite at 5 Ma, and thus only records rapid cooling since ∼5 Ma. The lower
right panel displays a cooling path (solid line) resulting from an increase in exhumation rate at
the Miocene-Pliocene boundary from 0.1 to 1 km/My (dashed line shows depth below the surface),
predicted from Pecube model (Braun, 2003).
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dates from Paleozoic igneous and metamorphic rocks in the range (Somin, 2007a;

Philippot et al., 2001), and thus provide an upper bound on the total amount of

exhumation of the Greater Caucasus crystalline core. Given the wide range of zircon

fission-track closure temperature estimates (e.g. Reiners and Brandon, 2006), we here

use the closure temperature of potassium feldspar (∼ 221−258◦C for cooling rates of

1–25◦C) to determine the maximum amount of exhumation. Assuming a geothermal

gradient of 20◦C/km, no more than ∼12 km of exhumation of the Greater Cauca-

sus has occurred since late Paleozoic time (< 8 km for a geothermal gradient of

30◦C/km). Several samples, however, yielded Cenozoic zircon (U-Th)/He ages, for

which the closure temperature range is 162–192◦C for cooling rates of 1–25◦C. Given

a 20◦C/km (30◦C/km) geothermal gradient, these results require ∼9 km (∼6 km),

or roughly 75%, of the total exhumation of these samples to have occurred since the

Oligocene. We have few constraints on the exhumation and/or burial paths taken by

these samples throughout the Mesozoic, and do not imply that our results require a

simple and monotonic exhumation history. However, depending on the geothermal

gradient and cooling rate, 6–12 km of exhumation has occurred in the most deeply

exposed portions of the central Greater Caucasus since ∼20–30 Ma. Some samples,

particularly on the flanks of the range, exhibit significantly less cooling (e.g. sample

B1), and may have experienced no more than several kilometers of exhumation in

late Cenozoic time. Samples from the northern flank of the range have experienced

lesser amounts of exhumation than those to the south, likely reflecting the struc-

tural position of the northern samples on the limb of the south-vergent anticlinorial

structure that defines the range as a whole.

The rate of cooling of the Greater Caucasus is primarily constrained by ther-

mal modeling of samples for which multiple thermochronometers were analyzed (Ta-
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ble 2.1). Four such samples (Fig. 2.4) reveal rapid exhumation at ∼20◦C/My in

post-Miocene time. The vertical transect at Tsei (Fig. 2.5) reveals cooling ages that

are statistically invariant with elevation, consistent with rapid, but unquantifiable

cooling rates since 2 Ma. Slower rates of cooling prior to 5 Ma are apparent in two

multi-thermochronometer samples (Fig. 2.4, samples A2 and B1), which yield cooling

rates of ∼0–4◦C/My since 20 Ma. Thermal models for two samples, A1 and T1, do

not exclude the possibility of rapid cooling and reburial during Miocene time. How-

ever, thermal models for samples A2 and B1 do provide constraints that preclude

such a complex thermal history. These modeling constraints are consistent with the

geologic record, which contains no significant unconformities in Miocene time. A

constrained thermal model, imposing a monotonic cooling path for samples A2 and

B1, can therefore be imposed (Fig. 2.7). The constrained models for samples A1

and T1 suggest a change in cooling rate from 4◦C/My to 20◦C/My at 5 Ma. Zircon

(U-Th)/He dates from the vertical transect at Tsei extend pre-Pliocene slow cooling

(∼4◦C/My) back to ∼30 Ma. Sample B1, from the northern edge of the range, pro-

vides a thermal history back to ∼50 Ma that requires a rate of cooling slower than

∼4◦C/My prior to ∼30 Ma (Fig. 2.6).

No single sample from this dataset provides a complete Cenozoic thermal history

for the central Greater Caucasus, but, taken as a group, such a history can be

constructed. The earliest thermal history of the Greater Caucasus is the least well-

constrained, but data from sample B1 are consistent with isothermal holding or

extremely slow exhumation (< 1◦C/My) between 50 and 30 Ma. At 30 Ma an

increase in cooling rate to ∼3–4◦C/My is observed in this sample. This is consistent

with post-30 Ma cooling rates observed in several other samples (this study and

Vincent et al., 2011). Rapid cooling at ∼20◦C/My begins at ∼5 Ma, and is observed
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Figure 2.7: Thermal models for samples A1 and T1 subject to monotonic cooling constraints, as
implied by adjacent thermochronometric samples and geologic evidence (see Fig. 2.4 and text for
additional discussion).

in samples from all three transects. In addition, young (∼2 Ma) apatite (U-Th)/He

ages at Tsei imply that rapid cooling in this area has continued to the present at

rates exceeding 30◦C/My. This may reflect, in part, increased glacial erosion of the

range in late Pliocene and Pleistocene time.

2.5.2 Spatial variations in exhumation of the Greater Caucasus

Our complete Cenozoic history of the amount, rates, and timing of exhumation of

the central Greater Caucasus differ significantly from studies of the western Greater

Caucasus (Vincent et al., 2011). Both studies identify an exhumational event be-

ginning in late Eocene or Oligocene time, and yield similar rates of exhumation, as

derived from thermochronometric data, throughout the Oligocene and Miocene. In

the western Greater Caucasus, however, the core of the range appears to undergo

a reduction in the rate of exhumation in Pliocene and Pleistocene time, limiting

the total amount of exhumation to ∼2.5 km (Vincent et al., 2011). Results from

the core of the central Greater Caucasus reveal an almost opposite Plio-Pleistocene

history, with significant increases in exhumation rates during this time, resulting in

substantially greater total amounts of exhumation. Our results, in combination with
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the data from the western Greater Caucasus (Vincent et al., 2011), appear to con-

firm suggestions from earlier work (Kral and Gurbanov, 1996) that the western and

central Greater Caucasus have remarkably different exhumational histories. This

variability may be a result of differential shortening along the range due to the west-

ward extrusion of the Anatolia, which may accommodate a significant fraction of

the Arabia-Eurasia convergence at the longitude of the western Greater Caucasus.

The resulting differential convergence north of the Anatolia is then either diffusely

consumed in the western Lesser Caucasus or accommodated by the hypothesized

Borjomi-Kazbek strike-slip fault (Fig. 4.1; Philip et al., 1989).

2.5.3 Topographic growth of the Greater Caucasus

Deriving rates of topographic growth from rates of exhumation is not straightfor-

ward (e.g. England and Molnar, 1990). Nonetheless, rates of exhumation across the

Greater Caucasus from 30–5 Ma are low, ∼0.1–0.2 mm/yr (Fig. 2.8), much lower

than those typically observed in active orogenic systems (e.g. Burbank, 2002). Cool-

ing rates from thermochronometric sampling in the western Greater Caucasus are of

similar magnitude to those reported here (Vincent et al., 2011). These slow rates,

combined with the observation that at least the eastern Greater Caucasus region

remained below sea-level prior to the late Miocene (Kopp and Shcherba, 1985), sug-

gest that the Greater Caucasus did not form a significant topographic barrier during

Oligocene or Miocene time. Rapid exhumation of the central Greater Caucasus, at

rates consistent with those observed in active orogens (e.g. Burbank, 2002) began

in late Miocene to early Pliocene time (Fig. 2.8). This change is correlative with

the onset of deposition of continental conglomerates on the margins of the Greater

Caucasus (e.g. Khain, 1994; Saintot et al., 2006) and an increase in sediment derived

from the Greater Caucasus (Morton et al., 2003). Together, these data suggest that
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the Greater Caucasus became a high-standing orogen no earlier than Pliocene time.

2.5.4 Relationship of Exhumation in the Greater Caucasus to Regional Tectonics of
the Arabia-Eurasia Collision

Given the timing and rates of exhumation described above, it seems pertinent to

query the relationship between exhumation of the Greater Caucasus and tectonic

and climatic events along the Arabia-Eurasia plate boundary. The earliest observed

phase of exhumation, at ∼30 Ma, is consistent with stratigraphic and thermochrono-

metric evidence from the western Greater Caucasus suggesting that the range had

begun to uplift and was subaerial at this time (Vincent et al., 2007, 2011). This

uplift has been interpreted as a result of the Arabia-Eurasia collision, which several

estimates place at the end of Eocene (e.g. Saintot and Angelier, 2002; Allen and Arm-

strong, 2008), largely on the basis of deformation in the Greater Caucasus. However,

such an explanation is problematic, as combined plate and palinspastic reconstruc-

tions require the removal of ∼500 km of continental lithosphere (presumably via

subduction) from the Eurasian margin to accommodate observed plate convergence

if collision initiated at this time (McQuarrie et al., 2003).

Alternatively, it seems reasonable to explain the onset of exhumation in the

Greater Caucasus in the late Eocene as a response to the initiation of subduction of

the Greater Caucasus back arc basin (Zonenshain and Le Pichon, 1986). This basin

used to lie between Eurasia and the Lesser Caucasus (Fig. 4.1; Zonenshain and Le

Pichon, 1986). No remnants of the basin floor are preserved, but it was likely under-

lain by oceanic or transitional crust, as are the Black and Caspian seas (e.g. Knapp

et al., 2004). The original width of the Greater Caucasus back arc basin is poorly

constrained, but may have been as great as 900 km (Zonenshain and Le Pichon,

1986), potentially accounting for the removed lithosphere required in plate recon-
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Figure 2.8: Summary of cooling rates from the central Greater Caucasus from a variety of methods
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structions of this plate boundary (McQuarrie et al., 2003), if these reconstructions

are correct (Fakhari et al., 2009).

Subduction of the Greater Caucasus back-arc basin may have initiated after the

late Eocene “soft” collision of Arabia and the Pontide-Lesser Caucasus arc, buffered

by the East Anatolian accretionary complex, (Şengör et al., 2003, 2008). The absence

of Oligocene or Miocene volcanics on the edge of Eurasia or the northern margin of

the Lesser Caucasus may indicate slow and/or flat-slab subduction (Pindell et al.,

2005; Kay and Coira, 2009), or that the original width of the back arc basin is

substantially less than has been proposed by Zonenshain and Le Pichon (1986).

Exhumation rates observed in the Oligocene remain constant across the central

Greater Caucasus until Pliocene time, when they increase by a factor of four or more

(Fig. 2.8). In many places along the Alpine-Himalayan orogen, Pliocene increases in

exhumation rate and sediment supply have been interpreted as resulting from global

climate change (Donnelly, 1982; Molnar and England, 1990; Hay et al., 2002; Molnar,

2004; Willett, 2010). Such an explanation appears unlikely in the Greater Caucasus,

however, for several reasons. First, the timing of increase in the rate of exhumation in

the central Greater Caucasus is not observed elsewhere in the range (Vincent et al.,

2011). Second, the end of the Miocene is marked by a switch from marine to non-

marine sedimentation in the eastern Greater Caucasus, reflecting topographic uplift

(Kopp and Shcherba, 1985), and by a shift in sediment sources supplying the Caspian

Sea from the Russian platform to the Greater Caucasus (Morton et al., 2003). Third,

the structural evolution of the Greater Caucasus is opposite to that expected from

climate-forced exhumation. Climate enhanced erosion acts on existing topographic

barriers, removing gravitational loads, and thus localizing shortening on existing

faults (e.g. Wobus et al., 2003). The Greater Caucasus, on the other hand, experience
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a region-wide propagation of deformation outward into surrounding foreland basins

(e.g. Forte et al., 2010), suggesting a tectonic, rather than climatic, force is driving

the observed increase in exhumation rate.

Finally, the increase in exhumation rate within the Greater Caucasus is coinci-

dent with a major plate boundary reorganization (Fig. 2.8; Westaway, 1994; Allen

et al., 2004; Copley and Jackson, 2006). This reorganization has been suggested to

result from deformation along the edges of thickened and shortened Turkish-Iranian

Plateau and Greater Caucasus crust (Allen et al., 2004). As noted above, it seems

improbable that the Greater Caucasus were a high-standing mountain range prior

to the time of this reorganization. Thus the uplift of the Turkish-Iranian plateau

alone would have to be interpreted as the driving force of the post-Miocene re-

organization of the plate boundary, including the uplift in the Greater Caucasus.

Alternatively, reorganization of the Arabia-Eurasia orogen could be driven by the

final closure of the Greater Caucasus back-arc basin in late Miocene time. Such a

closure would result in the cessation of subduction of oceanic or transitional crust

across much of the Arabia-Eurasia collision zone, and thus mark the onset of through-

going “hard” continent-continent collision, from the Arabian shield to the Scythian

platform. Given a relatively steady rate of Arabia-Eurasia convergence (McQuarrie

et al., 2003), the disappearance of the last subduction zone would result in increased

tectonic stresses throughout the orogen, resulting in plate boundary reorganization,

including the initiation of Anatolian extrusion (Allen et al., 2004) and orogenesis

in previously slowly deforming regions such as the Alborz (Axen et al., 2001) and

Greater Caucasus.
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2.6 Conclusions

Exhumation of the central Greater Caucasus occurred in two phases, beginning in

Oligocene time. During the first phase, cooling rates increased from negligible values

to ∼4◦C/My, likely in response to the collision of Arabia with the Pontide-Lesser

Caucasus arc. Cooling rates remained constant throughout the late Oligocene and

Miocene until ∼5 Ma, when they rapidly increased to 20◦C/My or more. This change

coincides with a major plate boundary reorganization, as well as the onset of global

climatic cooling. A variety of evidence suggests that rapid Pliocene exhumation of

the central Greater Caucasus is tectonically driven, and we interpret this exhumation

as resulting from either the closure of the Greater Caucasus basin and the onset

of continent-continent collision across the Arabia-Eurasia plate boundary, or the

migration of deformation away from the uplifted Turkish-Iranian plateau. If the

former hypothesis is correct, then the post-Miocene reorganization is likely a result

of the onset of “hard” continent-continent collision in this segment of the Arabia-

Eurasia orogen.
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CHAPTER III

Collision between the Transcaucasus and Eurasia as a driver
of Pliocene reorganization of the Arabia-Eurasia plate

boundary

3.1 Abstract

New thermochronometric data from the eastern Greater Caucasus and Talysh

mountains in Azerbaijan reveal rapid exhumation from ∼5 Ma to the present. In the

northern Greater Caucasus, this rapid exhumation is preceded by slow exhumation

initiating at least by early Miocene time, while in the southern Greater Caucasus and

Talysh, rapid exhumation is preceded by a sustained period of burial or isothermal

holding. The timing of rapid exhumation across the entire extent of the Greater

Caucasus orogen coincides with a previously observed tectonic reorganization of the

Arabia-Eurasia plate boundary, for which a variety of driving mechanisms have been

proposed. Geological observations in eastern Azerbaijan suggest the existence of

a marine basin between Eurasia and the Transcaucasus until late Miocene time,

deformed remnants of which are now exposed within the Greater Caucasus. We

propose that consumption of this basin and resulting collision of the Transcaucasus

with Eurasia at ∼5 Ma drove the increase in exhumation rate observed in the Greater

Caucasus and Talysh mountains, and marked the onset of “hard” continent-continent

collision, one consequence of which was tectonic reorganization of the Arabia-Eurasia
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plate boundary.

3.2 Introduction

The southern margin of Eurasia at the longitude of the Greater Caucasus has

been subject to numerous accretionary events through Mesozoic and Cenozoic time

(e.g. Golonka, 2004), culminating with the collision of the Arabian continent. These

accretionary events have created a complex geologic record of upper crustal deforma-

tion from which a range of estimates for the timing of the Arabia-Eurasia collision

have been inferred (see references in Avdeev and Niemi, 2011). Nonetheless, ge-

ologic evidence increasingly points to a late Eocene (∼35 Ma) age for the closure

of Neotethys and suturing of Arabia to the southern margin of Eurasia along the

Zagros-Bitlis suture (Fig. 3.1; Allen and Armstrong, 2008).

Despite refinements of this timing, outstanding questions regarding the post-

collisional dynamics of the Arabia-Eurasia orogen remain. For example, in late

Miocene-Pliocene time, the Arabia-Eurasia orogen underwent a major tectonic reor-

ganization as evidenced by the onset of rapid exhumation of the Alborz and Greater

Caucasus mountains (Kral and Gurbanov, 1996; Axen et al., 2001; Avdeev and Niemi,

2011), the initiation of presently active faults (Wells, 1969; Westaway, 1994; Jackson

et al., 2002; Allen et al., 2004; Copley and Jackson, 2006), changes in provenance

of South Caspian sediments (Morton et al., 2003; Allen et al., 2006) and increase in

sedimentation and subsidence rate in the South Caspian basin (Allen et al., 2002).

Given the wealth of evidence for the pre-Miocene closure of Neotethys (McQuarrie

et al., 2003; Allen and Armstrong, 2008; Okay et al., 2010), other driving forces for

tectonic reorganization must be considered.

Proposals for the cause of reorganization include the opening of the Red Sea
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Figure 3.1: Topography of Arabia-Eurasia orogen at the longitude of the Greater Caucasus with
locations of detailed maps (Fig. 3.2) and samples for which thermal histories were estimated. BKF–
Borjomi-Kazbek Fault, EAF–East Anatolian Fault, MCT–Main Caucasus Thrust, NAF–North
Anatolian Fault, WCF–West Caspian Fault, ZMT–Zagros Main Thrust.
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(Wells, 1969), over-thickening (or dynamic uplift) of the Iranian Plateau and Greater

Caucasus (Allen et al., 2004; Copley and Jackson, 2006) or the closure of ocean basins

in Iran (Jackson et al., 2002). Closure of the Greater Caucasus back-arc basin (Zo-

nenshain and Le Pichon, 1986) and collision of the Transcaucasus microplate (the

region between the Greater Caucasus and Zagros; Fig. 3.1) with Eurasia remains

an alternate mechanism that could explain both rapid exhumation of the Greater

Caucasus in Pliocene time (Avdeev and Niemi, 2011) and coincident tectonic reor-

ganization. We explore this mechanism below on the basis of new low-temperature

thermochronometric data from the eastern Greater Caucasus and Talysh mountains

of Azerbaijan (Fig. 3.1).

3.3 Geological Setting

The Greater Caucasus lie at the northern margin of the Arabia-Eurasia oro-

gen (Fig. 3.1). The main crest of the Greater Caucasus is the elevated edge of

the Eurasian platform. Igneous and metamorphic rocks are exposed in the central

Greater Caucasus, while at the eastern and western flanks of the range shallow-water

marine sedimentary rocks of Jurassic through Late Cretaceous age are preserved. In

the eastern Greater Caucasus, these rocks are thrust southward over Oligocene–

Miocene deep marine shales (Khain, 2007). The shales are, in turn, thrust over

Jurassic to Late Cretaceous volcaniclastic rocks of andesitic composition (Vandam

zone, Fig. 3.2; Khain and Shardanov, 1959). Thus, the southern front of the eastern

Greater Caucasus presents a marked juxtaposition of Jurassic to Late Cretaceous

strata of substantially different origin and lithology (Fig. 3.2).

At its southernmost edge, the Greater Caucasus overthrust the Kura foreland

basin (Figs. 1 and 2). The northern margin of the Kura basin is the locus of active
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deformation within the Greater Caucasus system, and deformation appears to have

been focused within the Kura Basin since early Pliocene time (Forte et al., 2010).

The oldest rocks in the Kura basin, as constrained by the Saatly well (Shikhalibeylia

et al., 1998), are Middle Jurassic andesitic volcanic rocks, similar to those exposed in

the Vandam zone and Lesser Caucasus (Kopp and Shcherba, 1985). Overlying these

is a thin and incomplete succession of Cretaceous to mid-Miocene marine formations,

covered by Pliocene-Quaternary molasse.

The Kura basin is bounded on its southern margin by the Lesser Caucasus west

of the Araks fault, and is overthrust by the Talysh mountains to the east of the

Araks fault (Figs. 1 and 2). The oldest exposed rocks in the Talysh mountains are

Eocene basalts and volcaniclastic rocks, erupted as part of a (failed) intra-arc rift

(Adamia et al., 1974; Vincent et al., 2005). The volcanic sequence is overlain by

Oligocene–early Miocene marine sedimentary rocks (Vincent et al., 2005).
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3.4 Thermochronometric Results

We analyzed three samples from the Greater Caucasus north of the Main Cau-

casus thrust (labelled “N”, Fig. 3.2A), six from the Vandam Zone (“V”, Fig. 3.2A),

and two from the Talysh mountains (“T”; Fig. 3.2B) using a combination of ap-

atite (U-Th)/He (AHe) and fission-track (AFT), zircon fission-track (ZFT) and

feldspar 40Ar/39Ar thermochronometry (Table 3.1)1. Apatite fission-track data (and

(U-Th)/He, where present) were modeled with QTQt (Gallagher et al., 2009) to

estimate thermal histories (Fig. 3.1).

Samples N1 and N2 from north of the Main Caucasus thrust (Fig. 3.2A), display

similar cooling patterns with slow cooling (2.5 and 0.5◦C/My, respectively) prior to 5

Ma and rapid cooling (∼10◦C/My) after 5 Ma. Sample N3 (Fig. 3.2A) yields a Creta-

ceous AHe age. This older age records the thermal signature of mid-Cretaceous ero-

sion, recorded as a regionally extensive unconformity (Khain and Shardanov, 1959).

Later stages of exhumation are not recorded by this sample as a consequence of

its structural position on the northern periphery of the orogen (Fig. 2A). Thermal

modeling of sample V1 from the Vandam zone (Figs. 3.1 and 3.2A) shows either

isothermal holding prior to 5 Ma or modest burial beginning at ∼30 Ma. At 5 Ma

this sample is exhumed rapidly (∼15◦C/My). All Vandam samples show uniformly

young AHe ages (Table 3.1) and rapid Plio-Pleistocene cooling (15–35◦C/My). Sam-

ple T1 from the Talysh (Fig. 3.2B) has a thermal history indicative of isothermal

holding prior to 5–10 Ma, followed by fast cooling (8◦C/My, Fig. 3.1). All zircon

fission-track and 40Ar/39Ar ages are interpreted as eruption ages (Table 1).

1GSA Data Repository item 2011XXX, Thermochronometric sample localities and analytical data, is available
on request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, editing@geosociety.org, or at
www.geosociety.org/pubs/drpint/htm.
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3.5 Comparison with Regional Thermochronometric Data

Thermochronometric results from the “N” suite of samples are similar to pub-

lished data from structurally comparable positions further west in the Greater Cau-

casus, and indicate a coherent Cenozoic exhumational history for the Eurasian margin

(Fig. 3.1A; Avdeev and Niemi, 2011; Vincent et al., 2011). This history involves slow

cooling (<5◦C/My) from at least early Miocene until early Pliocene time. Data from

the eastern Greater Caucasus do not resolve the initiation of this cooling, but data

from the western and central Greater Caucasus (Avdeev and Niemi, 2011; Vincent

et al., 2011) indicate that this phase of exhumation began in the late Eocene or

early Oligocene, coincident with estimates for the closure of Neotethys (Allen and

Armstrong, 2008). Preliminary AFT data from the eastern Greater Caucasus also

yield early Miocene ages (Mosar et al., 2010).

Near 5 Ma, most samples in the eastern Greater Caucasus and Talysh mountains

record accelerated exhumation at rates of 10–20◦C/Ma, consistent with results from

the central Greater Caucasus, although samples at the far western end of the range,

are already exhumed to depths too shallow to record an increase in exhumation rate

at this time (Avdeev and Niemi, 2011).

Thermochronometric data are scarce across the Zagros, Eastern Anatolia, and

the Iranian Plateau (Fig. 3.1). However, available studies suggest an early to middle

Miocene age for the onset of rapid exhumation just north of the Neotethys suture

in the Zagros (Fig. 3.1; Gavillot et al., 2010; Okay et al., 2010), but late Miocene

exhumation in the Alborz Mountains (Fig. 3.1; Axen et al., 2001; Guest et al., 2006.
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3.6 Implications for Evolution of the Arabia-Eurasia Plate Boundary

Rapid ∼5 Ma exhumation of the Greater Caucasus, Talysh and Alborz coincides

with a broader tectonic reorganization of the Arabia-Eurasia orogen (e.g., Copley

and Jackson, 2006), but lags exhumation resulting from the closure of Neotethys by

at least 10–15 Ma (Gavillot et al., 2010; Okay et al., 2010). Gravitational forces

internal to the orogen or post-collisional break-off of the Neotethyan slab have been

proposed as drivers of orogenic deformation after the onset of continent-continent

collision marked by the closure of Neotethys (Allen et al., 2004; van Hunen and Allen,

2010). Geologic evidence, however, suggests the persistence of a deep marine anoxic

basin between Eurasia and the Transcaucasus from Oligocene through middle or late

Miocene time (Kopp and Shcherba, 1985; Hudson et al., 2008). Strata deposited in

this basin (the Maikop Formation) are now exposed throughout the Greater Caucasus

(Fig. 3.2A).

This basin initiated from back-arc rifting between the Transcaucasus and Eurasia

in the Mesozoic (Zonenshain and Le Pichon, 1986). The width of this basin is not

well constrained, but in the eastern Greater Caucasus, the Maikop Formation records

substantial tectonic shortening, and is tectonically juxtaposed against both Eurasian

platform strata and volcaniclastic strata of Lesser Caucasus arc affinity (Fig. 3.2A;

Khain, 2007).

Evidence for a deep marine basin persisting until perhaps the late Miocene, cou-

pled with our thermochronometric data, suggest that closure of this basin, and

thus collision of the Transcaucasus with Eurasia, occurred at ∼5 Ma. Because

the Transcaucasus were sutured to Arabia prior to the late Miocene (e.g., Okay

et al., 2010), this closure may also mark the final removal of oceanic crust from the



60

Arabia-Eurasia collision zone at the longitude of the Greater Caucasus, thus initi-

ating “hard” continent-continent collision and driving tectonic reorganization (e.g.,

Copley and Jackson, 2006).

3.7 Climatic Versus Tectonic Forcing of Greater Caucasus Exhumation

Widespread acceleration of exhumation and erosion throughout the Alpine-Himalaya

orogen in Pliocene time has been suggested to be a result of climate change (Molnar,

2004; Willett, 2010). However, such an explanation is unlikely for the Greater Cauca-

sus, where exhumation patterns do not fit predictions of climate-driven exhumation.

Samples from the northern Greater Caucasus began exhuming in pre-Pliocene time,

in contrast to samples from the southern Greater Caucasus and Talysh (Figs. 3.1

and 3.2) which record isothermal holding until around 5 Ma, when all samples record

accelerated cooling. Deformation has encroached further southward into the Kura

basin since that time (e.g., Forte et al., 2010), demonstrating southward propagation

of thrust fronts (Fig. 3.2A). Such widening of the orogen is unlikely to result from

the transition to a more erosive climate, which is expected to cause deformation front

retreat and a reduction of orogen size (Willett, 1999). The Pliocene widening and

rapid exhumation of the Greater Caucasus instead requires an increase of material

influx into the orogenic wedge (Willett, 1999). Such an increase is consistent with

the collision of the Transcaucasus continental lithosphere with Eurasia, following

the subduction of dense oceanic or transitional crust that underlay the deep marine

basin.

3.8 Conclusions

Rapid exhumation of the Greater Caucasus and Talysh mountains coincides with

the Pliocene tectonic reorganization of the Arabia-Eurasia collision, but lags ∼10–15
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Ma behind exhumation associated with the closure of Neotethys along the Zagros-

Bitlis suture. The closure of a deep marine basin at this time, resulting in the collision

of the Transcaucasus microplate with Eurasia, explains rapid Pliocene exhumation

across the northern margin of the Arabia-Eurasia orogen, and marks the onset of

“hard” continent-continent collision within this segment of the plate boundary, thus

driving the observed Pliocene tectonic reorganization.
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CHAPTER IV

All quiet on the western front?
Resolving the paradox of high mountains and low rates of

active deformation in the Greater Caucasus

4.1 Abstract

In this paper we address the paradox of low active tectonic rates and high long-

term (Ma) exhumation rates in the western Greater Caucasus. We use new and

published low-temperature thermochronometric data and a thermokinematic model

to estimate rates and kinematics of exhumation in the western Greater Caucasus.

Our results show that a single thrust slipping at 4 mm/y active for the last 4 My

can explain both the observed thermochronometric data and the modern geodetic

convergence rate across the western Greater Caucasus. Thus, high elevations and

deep exhumation levels observed in the western Greater Caucasus are the result

of focused shortening occurring on a singular Main Caucasus Fault. This differs

from the deformation style of the eastern Greater Caucasus, where a larger amount

of shortening is distributed across the width of the range with slip occurring on

numerous north and south-verging thrusts, resulting in lower uplift rates, lower relief,

and lower exhumation. We hypothesize that this difference in tectonic styles is a

result of the differences in lithosphere of the eastern and western Transcaucasus.

On the west, the Greater Caucasus are juxtaposed against the ancient strong and

66
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buoyant Dzirula microcontinent, while on the east, they are faulted against a Jurassic

island arc that is likely to have a thinner, less competent lithosphere.

4.2 Introduction

Comparing long-term exhumation rates and elevations with modern tectonic ac-

tivity recorded in geodetic displacement fields and the amount of released seismic

energy along the Greater Caucasus one might notice a counterintuitive relationship:

high elevations and high rates of exhumations in the western Caucasus are associ-

ated with low seismicity and low active shortening, while lower elevation and lower

exhumation levels of the eastern Caucasus are associated with higher seismicity and

higher active shortening (Fig. 4.1 and 4.2).

One possible explanation to this apparent dichotomy is that the convergence in

the western Greater Caucasus, driven by Arabia-Eurasia collision, has progressively

decelerated over time, and the orogen is currently in a destructive stage. While there

is no significant deceleration of the Arabian convergence (McQuarrie et al., 2003),

this is a plausible explanation, considering that the onset of rapid exhumation at

5 Ma is attributed to the local collision between the Transcaucasus and Eurasia

(Avdeev and Niemi, 2011a,b), and it is reasonable to expect a gradual slow-down of

the Transcaucasus convergence following this collision.

Alternatively, the uplift in the Caucasus could be unrelated to Plio-Pleistocene

convergence. Ershov et al. (2003) propose a root drop of the the Greater Cau-

casus lithosphere, which was overthickened during the Oligocene and Miocene, as

the cause of post-Miocene exhumation. In this paper we explore these possibili-

ties using a thermokinematic model constrained by previously published and new

thermochronometric data, as well as seismic and geodetic observations.
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Figure 4.1: Shaded topography of the central Periarabian orogen with the major tectonic elements
labeled (after Avdeev and Niemi, 2011a). NAF–North Anatolian Fault; EAF—East Anatolian
Fault; EAAC—East Anatolian Accretionary Complex; BKF—Borjomi-Kazbek Fault; MCT—
Main Caucasus Thrust; ZMT—Zagros Main Thrust; WCF—West Caspian Fault. Vectors show
GPS velocities relative to Eurasia (Reilinger et al. (2006); Kadirov et al. (2008)) color-coded by
region (yellow–Greater Caucasus; orange–Rioni and Kura basins; red–Lesser Caucasus; white–other
regions). Boxes show the swath extent used in Fig. 4.2, and the extent of Fig. 3.
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Figure 4.2: Profiles along the Greater Caucasus (120◦ azimuth) displaying smoothed maximum
elevations (a), exhumation level (b), profile-perpendicular GPS velocity (c), and binned estimates
of seismic moment release since 1973 (d), data from the NEIC catalog
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Figure 4.3: Geologic map of the study area with the sample localities (circles). Yellow circles indicate
samples used in the thermokinematic model. Beachball shows the location and focal mechanism of
the 5.6 (Mw) earthquake (focal depth 8± 2 km, Tan and Taymaz, 2006)
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4.3 Study area

We focus on a 40 km long SSW-NNE transect across the western Greater Caucasus

starting north of the village of Ushguli in Georgia, up Mt. Shkhara, into Russia,

through Bezengi valley, to the village of Bezengi (Fig. 4.3). The south end of this

transect starts just south of the Main Caucasus thrust (MCT), the major structure

separating mostly pre-Mesozoic metamorphic rocks of the European crust from the

Mesozoic shales of the Greater Caucasus back-arc basin (e.g. Kopp and Shcherba,

1998).

North of the MCT, the transect climbs up Mt. Shkhara (5200 m) and then de-

scends into the heavily glaciated Bezengi valley. Throughout the northern end, the

transect lies within the metamorphic core of the Greater Caucasus—the uplifted edge

of Eurasia. The transect ends at the base of the Early to Middle Jurassic continental

margin and shelf sediments.

The first order structure along this transect is defined by thrusting of the Tran-

scaucasus underneath Eurasia (e.g. Philip et al., 1989). Timing of this deformation,

however, is not well constrained and the local mapped geology only requires that the

last deformation happened sometime in the Cenozoic. Published thermochronomet-

ric data from the northern part of the transect elucidate the onset of exhumation

around 5 Ma (Kral and Gurbanov, 1996; Avdeev and Niemi, 2011a), however this

exhumation does not have to be related to the thrusting, and has been interpreted

as a result of an isostatic uplift following drop of a dense lithospheric root (Ershov

et al., 2003).

One possible hint of neotectonic activity on the MCT is its coincidence with a

major physiographic transition from gentle foothills of Svanetia on the south, to the
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Table 4.1: Summary of thermochronometric ages along the Bezengi-Shkhara transect
Sample Age SE Method Altitude Longitude Latitude

Ma Ma m ◦E ◦N
B1 16.81 3.36 AHe 1357 43.320785 43.226316
B1 21.8 1.1 AFT 1357 43.320785 43.226316
B1 188.5 3.87 ZHe 1357 43.320785 43.226316
B1 250 1.2 FAr 1357 43.320785 43.226316
B1 293.4 12.4 ZFT 1357 43.320785 43.226316
B3 7.64 0.52 AFT 2470 43.114502 43.087557
B3 12.16 1.11 AHe 2470 43.114502 43.087557
B7 3.1 0.3 AFT 2536 43.132858 43.097950
B2 3.64 0.35 AFT 1687 43.217135 43.163385
B2 4.06 0.4 AHe 1687 43.217135 43.163385
S5 2.12 0.6 AFT 2609 43.095288 42.967167
S1 7.44 0.65 AFT 5200 43.112273 43.000642
S2 3.35 0.28 AFT 4477 43.105547 42.993354
S3 2.48 0.2 AFT 3760 43.103644 42.988193
S4 1.93 0.26 AFT 3038 43.099585 42.980521

rugged terrain of the Main Caucasus Range on the north (Fig. 4.3). In the Himalaya

a similar geomorphic transition is caused by a subsurface ramp (e.g. Avouac, 2007;

Herman et al., 2010), but such a configuration is precluded here because of an absence

of a frontal thrust south of the MCT. However, this transition can also result from

the competence contrast of rocks on opposite sides of the MCT, in which case it may

bear little on neotectonic activity.

Other possible evidence for active faulting on the MCT is a recent 5.6 (Mw)

earthquake (Tan and Taymaz, 2006). It occurred at a depth of 8 ± 2 km, about 10

km north of the MCT, as a result of slip on a thrust dipping ∼ 30◦ due NNE. Such

parameters suggest that this earthquake is likely related to the MCT. Apart from

this event, however, no other significant (>4 Mw) earthquakes are recorded within

the study area (Fig. 4.2b; Tan and Taymaz, 2006).

4.4 Themochronometric data

In addition to the previously published apatite (U-Th)/He (AHe) and apatite

fission-track (AFT) analyses from the Bezengi valley (Avdeev and Niemi, 2011a), we
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Figure 4.4: Estimates of the parameters of a piece-wise linear age-elevation model (hc (km) el-
evation of the closure isotherm, e0 (km/Ma) recent apparent exhumation rate, abr1 (Ma) age of
rate change and e1 (km/Ma) apparent exhumation rate prior to abr1) from bedrock and detrital
thermochronometric data from the south face of Mt. Shkhara. Results of four independent MCMC
runs are plotted to validate convergence of the chains to the same posterior distribution.

collected and analyzed a bedrock AFT transect up the south face of Mt. Shkhara

covering ∼3 km of relief, and supplemented it with an AFT detrital sample collected

at the toe of the Shkhara glacier. We also analyzed an additional bedrock AFT

sample from the Bezengi valley (Fig. 4.3).

A review of the thermochronometric ages (Table 4.1) suggests asymmetric ex-

humation along our studied transect, with rates of exhumation 1.5–2 times higher

on the south, above the MCT, than on the north. Following previously published

methodology (Avdeev et al., 2011) we use the Shkhara AFT transect and the de-

trital sample from the base of Shkhara to estimate an age-elevation relationship,

assuming uniform sampling probability and a piece-wise linear parameterization of

the age-elevation function with a single break in slope.

Figure 4.4 presents the estimates of the model parameters. Estimate for the break

in slope is close to the prior limit of 4 Ma set based on the previous thermochrono-

metric estimates from the northern Caucasus (Avdeev and Niemi, 2011a). Goodness

of fit plot (Fig. 4.5), however, does suggest that such prior constraint is in agreement
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measured ages, while gray lines are the posterior simulations.

with the bedrock data.

Detrital AFT data show poor agreement with the model (Fig. 4.5). There are

two possible explanations for this. First, all AFT ages are very young and single

grain track counts are very low, making the single grain ages unreliable. Second, as

shown by the bedrock data, the age-elevation gradient above 5 km is very high, and

the recently eroded rocks that were above our highest sample could easily have ages

observed in the detrital sample. Provided that the Shkhara catchment is glaciated

and contains numerous moraine deposits, sediment storage is highly probable (e.g.

Stock et al., 2006). Given the uncertainty on the single grain AFT ages and the
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complication with sediment storage, we exclude the detrital sample from further

analysis.

In the Bezengi valley there are three AHe ages and four AFT ages from four

samples. One of the samples (BX) has AHe age older than AFT age, which we don’t

have an explanation for, so it was excluded from the analysis. In addition, we exclude

the other two samples from the central part of the valley. This 2–3 km deep valley

was incised by a glacier and therefore has likely formed well past the 5 Ma age of

collision. In our modeling, however, we have to assume that the shape of topography

was preserved throughout the model time. As a result, the model predicted ages

will likely be older than the observed ages, since in the model, we cannot currently

account for the recent glacial entrenchment and valley-scale exhumation.

4.5 Thermokinematic modeling

While asymmetric distribution of the thermochronometric ages does suggest re-

cent activity on the MCT, it is difficult to directly use the elevation relationship to

estimate the exhumation history above a thrust (Stuwë et al., 1994; Mancktelow and

Grasemann, 1997). Reasons for this are the effects of non-steady exhumation, bend-

ing of isotherms by advection on a dipping fault and evolving topography, unknown

kinematics of exhumation. To account for these complexities of the thermal field

we use a thermokinematic model Pecube (Braun, 2003) to predict thermal histories

for our samples, from which model thermochronometric ages can be computed and

compared to the observed ages.

4.5.1 Model setup

We use Pecube-D fork of Pecube (Whipp et al., 2009) that includes an updated

AHe age prediction model and allows for a listric fault geometry. We choose this
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geometry as it matches the first-order structure of the western Greater Caucasus

(Philip et al., 1989) and is parameterized by only two scalars: fault dip at the surface

(di) and the asymptotic depth (de), where the fault becomes horizontal. The shape

of the fault is then found by fitting an exponential function to these values.

Overthrusting history on this fault is parameterized by three values: ancient over-

thrusting rate (r1), recent overthrusting rate (r2), and the age of the rate change

(ca), associated with the timing of the Transcaucasus-Eurasia collision.

Pecube does not predict landscape evolution and requires a preassigned topogra-

phy. The amplitude of the topography can, however, change during the model run.

Previous studies suggest that prior to the acceleration of exhumation, the Greater

Caucasus were not a significant topographic feature (Avdeev and Niemi, 2011a).

Therefore we arbitrarily set the topography to 1/10th of the modern topography

prior to ca, and let it linearly grow reaching the modern elevation some time (td)

after the collision.

The base of the model is set to 40 km with the temperature at the base tb.

Thermal conductivity and heat production within the model are parameterized as

cd and hp.

4.5.2 Inverse approach

Altogether, out thermokinematic model for the western Greater Caucasus is pa-

rameterized by nine scalars. Varying values of the parameters it is possible to find

a maximum likelihood estimate that provides a best fit to the thermochronometric

and seismic data. Such an approach, however, does not allow for an easy estimation

of the uncertainty of the parameters. Neighborhood algorithm (Sambridge, 1999)

has been used with Pecube (e.g. Herman et al., 2010) and allows characterization of

uncertainty. In this study we use an Adaptive Metropolis algorithm (Haario et al.,
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Figure 4.6: Graph of the model and data used in inversion. See text for details.

2001) implemented in PyMC Python package (Patil et al., 2010).

This algorithm is a development of the Metropolis-Hastings algorithm (Hastings,

1970) better suited for sampling from multidimensional distributions with a correla-

tion structure. Unlike the Metropolis-Hastings algorithm, which samples parameters

independently, Adaptive Metropolis algorithm updates parameters simultaneously

by using a multidimensional proposal distribution. The shape of this proposal is

updated in the runtime to match the posterior distribution being estimated. As

a result, this algorithm is more efficient than the traditional Metropolis-Hastings

algorithm when some of the parameters are correlated.

Figure 4.6 schematically represents the inverse model setup. From the thermokine-

matic parameters, thermal histories for the sample localities are calculated (subscript

i iterates over all samples). Growth rate of the topography is constrained to be not

greater than the overthrusting rate r2 (TopoAge constraint). Thermal histories are

constrained below 200◦C, as there are no known Cenozoic K/Ar or Ar40/Ar39 ages
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anywhere in the crystalline core of the Gretater Caucasus (Somin, 2007). These

thermal histories are used to compute model AHe and AFT ages. Observed AHe

ages are modeled using Normal distributions with means equal to the model ages

and standard deviation of 15% of the model ages, according to the average spread

in replicate AHe analyses from the Greater Caucasus (Avdeev and Niemi, 2011a).

From this relationship, likelihood of parameters given the observed AHe ages are

computed. From the model AFT ages, given the measured (and uncertain) values of

effective uranium concentration P and ζ calibration factor (Donelick et al., 2005), as

well as grain sizes, model spontaneous track counts Ns are predicted for each grain

in each sample. Observed Ns are modeled using a Poisson distribution (Galbraith,

1981). Finally, model kinematics are used to find the expected depth and focal mech-

anism of a model earthquake at the location of the recorded 1991 earthquake. The

observed earthquake dip and depth are modeled using Normal distributions with the

model means and standard deviations estimated by Tan and Taymaz (2006).

4.5.3 Results

The Adaptive Metropolis algorithm was run to produce 50K posterior samples.

The non-stationary first half of the chain was discarded and the rest of the posterior

sample was thinned to reduce autocorrelation (Gelman et al., 2004). The resultant

posterior sample is shown as time series and histograms (Fig. 4.7). Fig. 4.8 shows cor-

relation between all pairs of the parameters, as well as the effect of prior constraints

by means of axes limits.

Postcollisional exhumation rate is well resolved, and essentially unaffected by prior

constrains. Collision age estimate, however, is clipped by the 4 Ma prior bound,

but the acceptable model fit (Fig. 4.9) suggests that the prior constraint, based

on previous research (Kral and Gurbanov, 1996; Avdeev and Niemi, 2011a) is in
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Figure 4.8: Plot of thermokinematic parameter corellations. Limits of the axes are defined by limits
of priors of the parameters. Red circles show the maximum a posteriori estimate.
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agreement with the data used in this paper.

Duration of topographic growth is poorly resolved to “faster, rather than slower”.

Fault parameters are well resolved and almost unaffected by the priors. Finally,

thermal parameters are not well resolved within the priors.

Figure 4.9 shows the posterior estimates of the fault geometry, as well as expected

AHe and AFT ages, against the observed earthquake and the observed ages. The

model fits well with the data that was used to estimate the model. Some of the

omitted thermochronometric ages from the central part of the Bezengi valley are, as

expected, younger than the model estimates. Others fit the model estimate. AHe

age from the sample B4 is older than expected from the model, however, it is also

older than the AFT age, that is difficult to explain, given its relatively low eU

concentration (Shuster et al., 2006).

4.6 Discussion

Our estimate for the overthrusting rate of 3.0–4.5 km/Ma over the last 4 Ma is in a

good agreement with the geodetic convergence rate of 3–5 mm/a between the western

Transcaucasus (sites within the Rioni basin) and Eurasia (Figs. 4.1, 4.2c and 4.10).

This suggests that if most of the convergence between the western Transcaucasus and

Eurasia is accommodated by overthrusting (i.e. exhumation of the hanging wall),

then the observed active rates of convergence are sufficient to explain high elevations

and fast long-term exhumation of the western Greater Caucasus.

Further comparing geodetic displacement rates predicted by an elastic half-space

model (Okada, 1985) for a 30◦ north-dipping fault locked at 20 km and slipping at

a rate of 4.5 mm/a (upper bound of the thermokinematic estimate) show that there

might be some excess of the geodetic convergence that could be accommodated either



82

20 30 40 50
Distance (km)

20

10

0

10

20

30
E
le
v
a
ti
o
n
(k
m
),
A
g
e
(M

a
)

SSW NNE
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Figure 4.10: North component of the observed GPS displacement rates (Reilinger et al., 2006)
for the stations in the vicinity of the Shkhara-Bezengi transect (circles with error bars) and the
predicted GPS displacement resulting from a 4 mm/a slip on a fault dipping 30◦ due south locked
at depth of 20 km. X-axis is the distance along the Shkhara-Bezengi transect.

through underthrusting of the Transcaucasus, or by the deformation in the foreland

of the MCT (e.g. Triep et al., 1995). Our results do not eliminate the possibility

of higher convergence rates in the past that could be accommodated either through

underthrusting, or on structures south of the MCT, that may be evidenced by young

cooling ages from Lower Svanetia (Vincent et al., 2011).

Our model does not explain some data from the central part of the Bezengi valley.

As mentioned above, this misfit might result from the specific landscape evolution of

the area that is not accounted for in the model. This part of the transect lies deep

in glacial through, that has probably developed later than the Greater Caucasus

range, with the onset of Pleistocene glaciation. Alternatively, these anomalously

young ages could result from thrusting within the Caucasus core. A better model

that could address this misfit would require additional data.

It is unlikely that the estimated fault kinematics can be extrapolated further
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Figure 4.11: Two models for the crustal structure underneath the western Greater Caucasus. (a)
Continental crust of the Transcaucasus underthrust Eurasia ∼40 km. (b) The Greater Caucasus
are underlain by the lithosphere of the Greater Caucasus basin. This scenario does not require high
rates of underthrusting since the collision of Transcaucasus and Eurasia 4 Ma or earthquakes below
20 km. No vertical exaggeration.

north, underneath Eurasia. The estimated basal depth of 15–20 km is probably too

low for a lithospheric-scale structure. In addition, attitudes of sedimentary rocks on

the north end of the transect are expected to be similar to the attitude of the thrust

below them, but in fact dip much more steeply (25–30◦) than the estimated thrust

surface (10–15◦). In addition, assuming MCT is a crustal-scale structure, extrapola-

tion of the predicted thrust geometry further north would imply unreasonably thin

Eurasian crust (McKenzie and Priestley, 2008). We hypothesize that the dip of the

fault may increase at the northern end of the profile.

One possible explanation is that this ramp appears above the northern edge of

the Transcaucasus block, that then must have underthrusted approximately 40 km

beneath Eurasia since the 4 Ma collision (Fig. 4.11a). Given that our results sug-

gest almost no active underthrusting, the past underthrusting rate must have been

extremely high (greater than 10 km/Ma). In addition, this model implies presence
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of the Greater Caucasus basin crust underneath Eurasia at depths below 20 km, but

no earthquakes that deep are observed in this region (Tan and Taymaz, 2006). Such

structure would not affect the low-temperature thermochronometers from the south-

ern part of the transect that were already above the ramp at the time recorded by

their thermochronometric age, but could possibly explain the observed young ages

observed in the middle part of the Bezengi valley as recording the recent cooling due

to exhumation above the northward propagating ramp.

Alternatively, this ramp can occur above the transitional crust of the subducted

Greater Caucasus basin (Fig. 4.11b). In this case, no high rates of recent underthrust-

ing or deep earthquakes are needed. If the basin began subducting 30 Ma (Avdeev

and Niemi, 2011a), than the rate of underthrusting would need be about 1 km/Ma.

In this case, only the northernmost age from the sample B1 could be affected by

this process, as the rest of the ages postdate the underthrusting. Capturing the un-

derthrusting of the Greater Caucasus basin slab through time would require higher

temperature thermochronometric analyses from the central and southern parts of the

transect.

As was pointed out above, active and long-term tectonics of the eastern and west-

ern Greater Caucasus have significant differences. After an apparently isochronous

onset of rapid exhumation, western Greater Caucasus experienced higher rates of

rock uplift, as evidenced by deeper exhumation levels and higher elevations. At the

same time, as suggested by our study, shortening in the western Greater Cauca-

sus (at least the component expressed in the exhumation) was persistently low and

largely concentrated on the MCT. In the eastern Caucasus, on the other hand, active

shortening and seismicity levels are high, but the uplift rates appear to be generally

lower and spread out across a wider area, from the Kura basin (Forte et al., 2010)
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to Dagestan (Sobornov, 1994).

We interpret this difference as an effect of variation in lithospheric structure within

the Transcaucasus. While in the eastern part the Transcaucasus are represented by

Jurassic island arc with no evidence for continental crust underneath, the western

Transcaucasus are an old continental massif. This continental crust is likely to be

competent and buoyant, resulting in little underthrusting and almost no internal

deformation, with most of the convergence accommodated by the exhumation of the

overriding Eurasian plate.

4.7 Conclusions

Most of the data fits into a simple listric thrust model. This model estimates the

overthrusting rate on the MCT to 3.0–4.5 km/My. This rate is in a good agreement

with the active rate of shortening. This implies that the the low modern shorten-

ing across the western Greater Caucasus is sufficient to produce the inferred high

exhumation and rock uplift. We conclude that high uplift in response to low conver-

gence is the result of deformation focused on a singular structure of the MCT, and

such focusing is a result of competence of old and cold lithospheres of Dzirula and

Eurasia.
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CHAPTER V

Bayesian estimation of erosion models with detrital
thermochronometric data

5.1 Abstract

Detrital low temperature thermochronometric data provides spatial and temporal

information on catchment erosion, which is relevant to problems in climate, tectonics

and geomorphology. However, direct inference of erosion rates from such data is not

trivial and only the simplest inverse problems have been addressed previously. In this

paper, we present a new approach that relies on the Bayesian interpretation of prob-

ability and uses a Markov chain Monte Carlo algorithm for inversion, which affords

flexibility in the choice of specific model parametrization and transparent assessment

of model uncertainty. We demonstrate how a single detrital sample sourced from a

high relief catchment can constrain long-term (> 106 years) changes in erosion rate

that are in good agreement with published bedrock age-elevation profiles. Further-

more, we use detrital data to jointly invert for long-term exhumation history and

spatial variability in short-term (< 103 years) sediment supply, information relevant

to many geomorphic studies. Where cooling histories are simple, we show that even

small sample sizes (< 20 grains) reliably estimate long-term rates of exhumation.

Citation:
Avdeev, B. et al. (2011), Doing more with less: Bayesian estimation of erosion models with detrital thermochrono-
metric data, EPSL, 305, 385–395, 10.1016/j.epsl.2011.03.020
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We suggest that the presented approach to modeling detrital low-temperature ther-

mochronometric data is both a powerful and efficient tool for solving tectonic and

geomorphic problems.

5.2 Introduction

The distribution of single-grain low-temperature thermochronometric (cooling)

ages in fluvial sediment depends on three spatially variable characteristics of the

catchment: bedrock cooling ages, short-term sediment supply, and bedrock concen-

trations of detrital grains of interest. While the distribution of bedrock cooling ages

defines the potential age spectrum in a detrital sample, spatial variability in ero-

sion rate and bedrock mineral concentration modulate the detrital age distribution

through preferential sampling of the catchment surface. Bedrock cooling ages are

controlled by exhumation averaged over a longer time scale (> 106 years) than the

erosional processes that modulate sediment supply (< 103 years). The connection

of detrital low-temperature thermochronometric ages with erosion at two distinct

timescales is unique, and can potentially be exploited for integrated studies of cli-

mate, tectonics and erosion.

The effects of various tectonic and geomorphic factors on detrital thermochrono-

metric age distributions have been studied theoretically (e.g. Whipp et al., 2009), but

only in a few cases have detrital samples been used to test, or measure, these effects

in nature. Previous applications of detrital data to tectonics have been limited to

steady state problems. Average long-term exhumation rates have been derived from

the mean cooling age of a suite of detrital ages and depth to the closure isotherm

(Brewer et al., 2003) or the range of detrital ages divided by the elevation range

sampled (Ruhl and Hodges, 2005). Steady-state thermo-kinematic models have been
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tested by predicting detrital age distributions and comparing these predictions with

observations (Brewer and Burbank, 2006). Temporal variability in long-term ero-

sion rates, however, is common in regions of active deformation and high relief, and

should be recorded in the distribution of cooling ages in a detrital sample.

Detrital ages have also been used as sediment tracers to assess short-term varia-

tions in sediment supply where bedrock age distributions within a catchment are

known (e.g. Stock et al., 2006; McPhillips and Brandon, 2010). Spatially non-

uniform erosion from a catchment in the eastern Sierra Nevada has been demon-

strated through comparison of observed detrital ages to a predicted detrital age

distribution based on catchment hypsometry, bedrock age distribution and the as-

sumption of uniform erosion (Stock et al., 2006). Spatial variations in erosion rate

over two catchments in the western Sierra Nevada have been both demonstrated and

quantified using detrital thermochronometric ages as sediment tracers through com-

parison of the frequency distribution of thermochronometric ages in a detrital sample

to the frequency distribution of bedrock ages in the catchment, where mismatches

between these two distributions are interpreted as variations in short-term erosion

rate (McPhillips and Brandon, 2010).

We build on previous studies by developing a statistical inversion of detrital low-

temperature thermochronometric ages for both variations in short-term sediment

supply and long-term exhumation rates as constrained by detrital cooling age dis-

tributions and catchment hypsometries. We formulate an inverse method using a

Bayesian approach, which greatly simplifies the treatment of uncertainties, and a

Markov chain Monte Carlo (MCMC) algorithm that provides a powerful computa-

tional tool for estimating Bayesian models. A similar methodology has been suc-

cessfully applied to various geochronologic problems, including the calibration of



95 Elevation, kmProbabilityDensity 2.0 2.5 3.0 3.5 4.02.02.53.03.54.0 ProbabilityDensityBedrock Age, MyElevation,km 2.02.53.03.54.0 20 30 40 50 60 70 Elevation, kmSamplingProbability 2.0 2.5 3.0 3.5 4.0 Detrital Age, Ma20 30 40 50 60 70Alt, km2.02.53.03.54.0
a

b

c

Figure 5.1: Illustration of the effects of (b) nonuniform sampling (ps in Eq. 5.1) and (c) various
age-elevation gradients (described by pb in Eq. 5.1) on the age distribution in a derital sample
derived from a catchment (a).

fission-track annealing models (Stephenson et al., 2006), resolving thermal histories

with bedrock cooling ages (Gallagher et al., 2005), and detrital U-Pb age provenance

analysis (Jasra et al., 2006), as well as other geological and geophysical problems (e. g.

Malinverno, 2002; Sambridge et al., 2006; Leonhardt and Fabian, 2007; Matsu’ura

et al., 2007; Hopcroft et al., 2009; Gallagher et al., 2009). We demonstrate the feasi-

bility of this approach through analysis of new and published datasets, and describe

its applicability to tectonic and geomorphic studies.

5.3 Detrital thermochronometric age model

Bayesian inversion requires a likelihood function that defines the probability of

the observed data given values of the model parameters (B). The probability density
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function of observing an age a in a detrital grain, pd, is an integral of the probability

of observing this age in a bedrock sample pb over a watershed W , weighted by the

probability density of sampling a given point of bedrock ps (i.e., the probability of a

detrital grain coming from a point w):

(5.1) pd(a) =

∫∫
W

pb(a|w)ps(w)dw.

The function pb represents the long-term exhumation history defining the bedrock

cooling ages, while ps represents the short-term erosion rates and the concentration

of the detrital grains in the bedrock, defining the pattern of bedrock sampling. It

should be noted that this model differs from the finite mixture model used in detrital

U-Pb provenance analysis (e.g. Jasra et al., 2006) in that the number of components

pb in the detrital age distribution pd in our case is infinite, but these components are

constrained by a finite number of exhumation parameters as discussed below.

The probability of observing a thermochronometric age a at the catchment surface

(Fig. 5.1) is defined by the bedrock cooling age b̄ and the thermochronometric error.

If the thermochronometric error is normal, centered at the true age and has standard

deviation σ, then

(5.2) pb(a|w, θ, σ) =
1√
2πσ

exp

(
−1

2

(
a− b̄(w, θ)

σ

)2
)
.

The thermochronometric error represents an uncertainty of diffusion and annealing

models in measuring bedrock cooling age, as seen in replicate thermochronometric

analyses (e. g. House et al., 1997).

The bedrock cooling age, parameterized by θ, depends on the long-term exhuma-

tion history of the catchment. In a general case, when the effects of topography

and exhumation on the thermal field are non-negligible (e.g. Stuwë et al., 1994), a

thermo-kinematic model can be used to compute the surficial distribution of bedrock
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cooling ages b̄(w, θ). Sometimes, however, it is possible to assume a vertical exhuma-

tion pathway and a flat closure isotherm. In such a case, the bedrock cooling ages

are invariant in the horizontal direction and are only a function of elevation. For

example, bedrock ages are commonly described by a linear function of elevation, as

in the case of steady-state exhumation. If transient thermal field behavior can be

ignored, temporal changes in exhumation rate can be expressed by a piece-wise linear

function (i.e. “break in slope” model (Fitzgerald et al., 1995), Fig. 5.1c):

(5.3) b̄(h, θn) =



(h− hc0) /e0, b̄ < abr1

...

(h− hcn) /en, b̄ > abrn

,

where n is the number of breaks, ei is the slope (exhumation rate) and hci is the

intercept of i-th segment. Given that any two segments must intersect at an age

of break abri , only hc0 (or simply hc, the modern elevation of the closure isotherm)

needs to be defined, the rest are given by

(5.4) hci = hci−1
+ abri(ei−1 − ei).

In this parameterization, θn = (hc, e0, . . . , en, abr1 , . . . , abrn).

The thermochronometric error σ (Eq. 5.2), as seen in bedrock replicate analyses,

is approximately proportional to the thermochronometric age:

(5.5) σ = sb̄.

The parameter s can either be set to a fixed value or estimated with the other

model parameters. Alternatively, it can be estimated from bedrock replicate analyses,

preferably coming from the same bedrock as that underlying the source catchment

of detrital sediment.
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While the long-term exhumation history is expressed in pb, variations in short-

term sediment supply and surface concentrations of detrital minerals of interest are

included in the sampling pdf, ps(w) (Fig. 5.1). A uniform ps, for example, implies

uniform erosion and the uniform concentration of detrital grains across the watershed.

Models for the dependence of erosion rate on hillslope, lithology, or land cover can be

implemented through ps(w|λ), where λ is a set of parameters to the erosion model.

Given two sets of parameters θ and λ to the functions b̄ and ps, respectively,

and the parameter s to pb, the probability for observing an n-grain detrital sample

D = (a1, . . . , an) is

(5.6) p(D|θ, λ, s) =
n∏

i=1

pd(ai|θ, λ, s),

given that the individual age measurements are independent.

It is easy to include bedrock thermochronometric data into this model. The

probability of observing an age a at a point w is defined by Eq. 5.2. The likelihood

of the exhumation parameters θ (and thermochronometric error s), given a suite of

bedrock samples B = (a1, . . . , am), is then

(5.7) p(B|θ, s) =
m∏
i=1

pb(ai|wi, θ, s).

In the Bayesian approach, the probability distribution of the model parameters,

given the observed data (called the posterior probability), is a product of the model

likelihood function, which quantifies data fit, with the prior distribution of the pa-

rameters, which expresses any knowledge about the parameters prior to observing

the data (Eq. B.1). The posterior of the erosion model, that includes both bedrock

and detrital data, is

(5.8) p(θ, λ, s|D,B) = Cp(D|θ, λ, s)p(B|θ, s)p(θ)p(λ)p(s),
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Figure 5.2: Digital elevation map of the Shillong Plateau with locations of bedrock samples (Clark
and Bilham, 2008) and a detrital sample (Table C.1). Age-depth below unconformity plot for the
bedrock samples shows an increase in exhumation rate around 8–14 Ma (Clark and Bilham, 2008).

where p(θ), p(λ) and p(s) are priors of the model parameters and C is a constant

that scales the posterior pdf, so that it integrates to one. This constant is usually

estimated numerically (see B).

5.4 Determining erosion history from detrital data: Shillong Plateau
example

Changes in tectonic regime or climate often result in changes in rates of exhuma-

tion recorded by cooling ages. Bedrock transects have been successfully used to date

such events (“break-in-slope” models, e.g. Fitzgerald et al. (1995)). Clark and Bil-

ham (2008) use such a transect, comprising eight bedrock (U-Th)/He samples (54

single grain analyses), to infer mid to late Miocene (8–14 Ma; Fig. 5.2) acceleration

of exhumation in the Shillong Plateau, India, indicating the initiation of plateau
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uplift. Below we illustrate the usefulness of our approach to estimating the timing of

exhumation of the Shillong Plateau from a new 17-grain detrital (U-Th)/He sample

(Table C.1, C) collected from the Dawki river at the southern edge of the Shillong

Plateau (Fig. 5.2).

We model bedrock ages as a single break-in-slope linear function of elevation,

which is parameterized by θ1 = (hc, e0, e1, abr) according to Eq. 5.3. Assuming spa-

tially uniform erosion (ps = 1/W , where W is the watershed area) leaves θ1 and s

the only free parameters in the model:

p(θ1, s|D) = Cp(D|θ1, s)p(θ1)p(s).(5.9)

This equation states that the probability of the parameters, given the observed detri-

tal distribution, is proportional to the probability of observing the detrital distribu-

tion, given the parameters and any prior information about these parameters. The

prior information can be used to refine and constrain the model in a variety of ways.

For example, knowledge of the local geothermal gradient or a given mineral phase’s

diffusion kinetics can be incorporated into the model through the informative prior

p(hc) which provides constraint on the depth of the closure isotherm. Unrealistic

parameter values (closure isotherm at elevations higher than the sample, or negative

erosion rates) can be excluded by setting their prior probability to zero. In the case

of the Shillong Plateau data, we use non-informative priors (i. e. the probability

of each parameter is uniformly distributed over a large range of potential values):

p(ei) = U(0.001, 1), p(abr) = U(0, 60), p(hc) = U(−1, 4) and p(s) = U(0.05, 0.5).

Now that the model is defined, the MCMC algorithm is used to generate suffi-

ciently long (105) chains of plausible parameter values, which after testing for conver-

gence, burning and thinning (Gelman et al., 2004) are taken as the posterior samples.
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Figure 5.3: Matrix plot summarizing the posterior distribution of the Shillong model. Plots along
the diagonal show marginal posterior densities of individual parameters. Scatter-plots off the matrix
diagonal show the relationships between the parameter pairs. Axes of the plots are limited by ranges
of uniform priors of the parameters.

These samples serve two purposes: first, they are used to approximate the posterior

distribution of the parameters (i. e. the estimate of the model parameters in the

Bayesian sense) and second, they are used to assess how well the model fits the data.

For the Shillong sample we obtain the following parameter estimates: hc =

−0.55±0.52 km1, e0 = 0.23±0.13 km/My, e1 = 0.03±0.14 km/My, abr = 9.0±4.0 Ma

and s = 0.3 ± 0.2. All estimates, except for hc and e1, are contained within their

prior distributions, indicating that prior information is not affecting the posterior es-

1In this paper we summarize posterior distributions by their mean± 2× standard deviation. This interval contains
approximately 95% of all possible values.
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density of the time of the exhumation rate change abr predicted from the detrital sample.
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timate (Fig. 5.3). Both the elevation of the closure isotherm and pre-break-in-slope

erosion rate distributions are “clipped” at the lower bounds of their priors (Fig. 5.3),

indicating that the priors, and not the data, are constraining the minimum values

of these posteriors. A wider prior for e2 would not affect the posterior, as it is not

possible to infer burial histories (e < 0) with the age-elevation approach. A wider

prior for hc would result in a part of the posterior distribution yielding hc below

−1 km a.s.l. However, such closure isotherm depths are not expected from from the

known geothermal gradient and kinetics of He diffusion in apatite. Since our model

assumes the cooling ages depend solely on elevation and are invariant in the horizon-

tal direction, the exhumation parameters can also be visualized with an age-elevation

plot (Fig. 5.4b).

To check how well the model fits the data we use the estimated model (poste-

rior samples) to generate a number of synthetic datasets and compare them with

the observed dataset. Following Vermeesch (2007), we choose to visually compare

cumulative probability density plots of the actual sample and the synthetic samples,

generated for each of the parameter values in the posterior sample. Overlap of the

synthetic and real samples (Fig. 5.4a), indicates an acceptable model fit.

5.4.1 Discussion of the Shillong Plateau modeling results

Our estimate for the timing of change in erosion rate (9.0±4.0 Ma) overlaps with

published estimates based on bedrock transects of 8–14 Ma (Clark and Bilham, 2008)

and 8.9–15.2 Ma (Biswas et al., 2007). In addition, our estimate for post-Miocene

exhumation rate (e0 = 0.23± 0.13 km/My) is comparable with these previous stud-

ies (0.1–0.4 and 0.09–0.55 km/My, respectively). Neither of these studies proposed

a pre-Miocene exhumation rate. Our estimated pre-Miocene exhumation rate may

be unreliable: a low exhumation rate (Fig. 5.3) implies long residence time of the
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samples in the partial retention zone, which results in the closure temperature being

strongly dependent on the cooling rate and leads to an over-estimation of the eleva-

tion transect-derived exhumation rate (e.g. Fitzgerald et al., 1995). A more accurate

estimate of the slow pre-Miocene exhumation rate could be obtained using a thermal

diffusion/annealing model. Finally, an estimate for s, derived from bedrock repli-

cates of Clark and Bilham (2008), is 0.4 ± 0.1. This value agrees with the estimate

derived from the detrital model (0.3± 0.2).

5.5 Quantifying spatially variable erosion: Sierra Nevada example

In the previous example, spatial variations in erosion rate are small enough that

the available data does not falsify the assumption of uniform erosion. Using a pub-

lished dataset from the Sierra Nevada, California, we consider an example where the

spatial variability of erosion has a noticeable (given the sample size) effect on the

distribution of detrital ages. We analyze an apatite (U-Th)/He dataset that consists

of detrital samples collected from two adjacent catchments and an elevation transect

of nine bedrock samples collected from the same catchments (House et al., 1997;

Stock et al., 2006).

To constrain the thermochronometric error we use a published bedrock apatite

(U-Th)/He dataset (Clark et al., 2005) containing 181 replicate analyses of 37 samples

from the Sierra Nevada, as well as 14 replicates (3 samples) from Stock et al. (2006).

The mean estimate of the error s, using these data, was between 0.11 and 0.13, for

all of the following Sierra Nevada models (see supplementary materials).

First, we fit a uniform erosion and constant age-elevation gradient model inde-

pendently to each of the two detrital samples without using the bedrock data. The

joint posterior distribution of model parameters e and hc can be visualized using a
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scatter plot, in which the density of the parameter values (two-dimensional in this

case) approximates parameter probability (Fig. 5.5a,b).

Since the bedrock data were not used in this model, we can do cross-validation,

by comparing predictions from the detrital model with predictions derived from the

bedrock elevation transect. For this we estimate the posterior probability p(θ0, s|B)

using Eqs. 5.2 and 5.5. This bedrock-derived posterior (shown as a 95% credible

region contour, Fig. 5.5a,b) is similar to the posterior of the Inyo Creek uniform

erosion, linear age-elevation model. A goodness of fit plot (Fig. 5.5c) also does

not indicate any major discrepancies, suggesting that a model of uniform erosion

and constant exhumation rate reasonably describes Inyo Creek detrital data, as has

previously been demonstrated (Stock et al., 2006).

On the other hand, the uniform erosion, linear age-elevation model poorly de-

scribes the Lone Pine Creek detrital data. First, the estimate for the elevation of

the closure isotherm hc is unreasonably high, as the mean elevation of the catchment

(3.3 km) would require a ∼ 50◦C/km geothermal gradient. Second, the posterior de-

rived from this model does not overlap with the bedrock transect prediction. Third,

it is difficult to explain the difference in the estimated erosion rates and depths to

closure isotherm between the adjacent and tectonically similar Inyo and Lone Pine

creek catchments. Lastly, inadequacy of the uniform erosion model for the Lone Pine

Creek data set is corroborated by the goodness of fit plot (Fig. 5.5d), which shows a

substantial mismatch between the observed and simulated data.

Additionally, both models fail to explain several of the oldest ages (>60 Ma) ob-

served in the Inyo and Lone Pine detrital data sets (Fig. 5.5c,d). Below we formulate

a model that attempts to addresses the above issues.
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(p(θ0, λ2|DI , DL, B)) and break-in-slope (p(θ1, λ2|DI , DL, B)) exhumation, non-uniform erosion
models based on detrital and bedrock data. Left block shows goodness of fit plots for Inyo and Lone
Pine Creek detrital samples. On the right are estimated long-term exhumation parameters plotted
in age-elevation space (gray lines) together with the observed bedrock ages (dots with 2σ error bars,
light gray, when not used in modeling) and the distribution of the predicted sampling probabilities
for the Lone Pine creek catchment, converted into the apparent short-term erosion rate based on
the catchment-average erosion rate (0.24 ± 0.03 mm/y) derived from a CRN study (Stock et al.,
2006).
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5.5.1 Simultaneous estimation of spatial and temporal patterns of erosion

Assuming the detrital grains are uniformly distributed in bedrock across the catch-

ments (Stock et al., 2006), and no sediment storage or grain destruction occurs up-

stream from the detrital sampling sites, the distribution of detrital cooling ages can

be used to estimate relative erosion rates across the catchments.

Inyo and Lone Pine creeks are adjacent and lie on the same tectonic block, permit-

ting the assumption of identical exhumation histories. Figure 5.6 (θ0|DI , DP ) shows

results of a model that uses data from both detrital samples to estimate a common

long-term exhumation history, assuming constant and uniform erosion in both Inyo

and Lone Pine creeks. The prediction of this detrital-only model is compatible with

bedrock data (dots with error bars on the age-elevation plot, Fig. 5.6). The misfit of

the Lone Pine Creek detrital ages, however, is still present and we address it below

by relaxing the uniform erosion assumption.

In contrast to the common exhumation history experienced by Inyo and Lone

Pine creeks, differences in short term erosion patterns between the two catchments

may be expected, as Lone Pine Creek experienced Pleistocene glaciation, while Inyo

Creek did not (Stock et al., 2006; Dühnforth et al., 2008). The Inyo Creek data

are explained by the combination of a linear age-elevation relationship and uniform

erosion, while this model substantially misfits the Lone Pine Creek data. Spatially

variable erosion in the Lone Pine Creek watershed, prescribed through the probability

of sampling ps as a piecewise linear function of elevation, may account for this misfit.

Models with one to five linear segments were estimated. Predictions of short-term

erosion from models with greater than three segments are similar to each other, which

suggests that the three-segmented function describes spatial non-uniformity in the

Lone Pine Creek sufficiently well (Fig. 5.6, θ0, λ2|DI , DP ; supplementary materials).
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We do not use DIC (Eq. B.3; supplementary materials) for model selection, as this

criterion is valid only for approximately normal posterior distributions.

As previously shown, it is possible to estimate both exhumation and erosion pat-

terns from detrital data. However, some trade off between the effects of these two

processes on the detrital age distributions is expected. Joint inversion of bedrock

and detrital data produces more accurate estimates of the erosion model. To include

bedrock cooling ages in the model, a likelihood of e and hc as a function of the ob-

served bedrock ages needs to be defined. This likelihood is a product of individual

bedrock age probability densities that depend on the modeled bedrock age b̄ and

their thermochronometric error (Eq. 5.2).

The addition of bedrock data to the constant exhumation and spatially variable

Lone Pine Creek erosion model (Fig. 5.6, θ0, λ2|DI , DP , B) results in a more precise

estimate of exhumation. With this greater precision, a misfit to a few older detrital

ages in both samples is obvious. A similar misfit of the model is observed with the

bedrock data, where the two oldest ages are older than could be expected from the

model (Fig. 5.6, θ0, λ2|DI , DP , B). This misfit can be explained by a non-steady

state exhumation model.

A piecewise linear age-elevation model with one break (Fig. 5.6, θ1, λ2|DI , DP , B)

has a better fit to the bedrock data than the constant exhumation rate model and

also addresses the presence of anomalously old ages in both catchments. These ages

were previously ascribed to sediment recycling (Stock et al., 2006). This hypothesis

is viable for Lone Pine Creek, where sediment storage is common, but problematic

for Inyo Creek, which has little or no long-term sediment storage.
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5.5.2 Discussion of the Sierra Nevada modeling results

Erosion rates in the Lone Pine Creek catchment (Fig. 5.6) were computed from

the estimated sampling probabilities (ps), which yield relative probabilities of detrital

grains eroding from a given elevation, scaled by basin-wide erosion rates derived from

CRN concentrations (Stock et al., 2006). This scaling yields an estimate of absolute

erosion rate. We acknowledge that this CRN-derived erosion rate was obtained from

Inyo Creek, and thus that its accuracy in constraining basin-wide erosion rates for

Lone Pine Creek may be limited; nonetheless, the relative rates of erosion as a

function of elevation are appropriately scaled. Erosion rates at ∼3 km a.s.l. are 3 to

4 times higher than at the catchment outlet (∼2 km a.s.l.). Above ∼3 km, erosion

rates drop significantly, with little material apparently derived from above ∼3.5 km.

The observed spatial pattern of short-term erosion rate could result from a number

of factors. As previously demonstrated, there is a paucity of apatite grains from

higher elevations in the catchment, which may result from sediment storage in glacial

cirques (Stock et al., 2006), or may represent true spatial variations in sediment

production resulting from glacial polishing of high elevation surfaces above tree line

versus biotically driven soil production and transport at lower elevations (e.g. Dixon

et al., 2009). Alternatively, the observed spatial pattern of short-term erosion may be

the result of sediment input from a spatially limited, large magnitude erosional event

such as a rock fall or landslide (e.g. Niemi et al., 2005; Yanites et al., 2009). Deriving

the exact geomorphic mechanisms for this pattern is beyond the scope of this study,

but accurately quantifying the spatial patterns of short-term erosion is a fundamental

step towards understanding processes such as those described above, any of which

could effectively be incorporated within our detrital modelling framework in future

studies.
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Figure 5.7: Posterior estimates (mean and 95% CI) based on random n-grain sub-samples of the
Inyo Creek sample. Grey bands show 95% CI derived from the complete 52-grain sample.

The change in rate of exhumation at 47 Ma represents a three-fold increase in

erosion rate, yet the absolute rates remain low and within previous bedrock-based

estimates (Clark et al., 2005). While this change does not appear to represent a sig-

nificant tectonic or exhumational event because the overall rates remain so slow, we

speculate that it may reflect a shift in climatic conditions across the Sierra Nevada in

Eocene time, or an integration of fluvial systems, from Paleocene and early Eocene

rivers with headwaters restricted to the Pacific margin (Hutchison, 1982, 2004; Lech-

ler and Niemi, 2011; Cecil et al., 2010) to late Eocene and Oligocene river systems

that traversed the Sierra Nevada and tapped the continental interior (Cassel et al.,

2009; Henry and Faulds, 2010). Alternatively, the Sierra may be responding to

changes in far-field stress conditions resulting from reorganization of oceanic plates

in the Pacific at about this time (Lonsdale, 1988; Atwater, 1989).
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5.6 How many grains are needed for an erosional study?

Low-temperature detrital thermochronometric ages can be described by a mixture

model that reflects the continuous cooling of rock as it is exhumed towards the sur-

face of the Earth. As a result of this continuous cooling, bedrock ages can be defined

as a function of their location within the catchment parametrized by a few unknowns.

In this way, low-temperature thermochronometric ages differ from high-temperature

ages used in provenance studies that reflect discrete and unknown number of episodes

of mineral crystallization (e.g. Vermeesch, 2004; Jasra et al., 2006). The model pre-

sented here offers a platform to assess the sample size necessary for low-temperature

detrital thermochronometric studies. Given that the detrital sample size requirement

is dictated by a specific model, its complexity, hypothesis being tested, precision re-

quirements, data uncertainty, and catchment size, among other things, it is unlikely

that a general minimum sample size can be defined. However, sample size can be

estimated for any given model. This is done by simulating datasets of various sizes

with the model and using these datasets to estimate the model parameters along

with their precision. It should be kept in mind that the size of the artificial sample

that produces a desired precision will be a minimum estimate of the real sample

size, since the plausible model is certainly not encompassing all of the complexity

contained within a real sample.

In the case of the Sierra Nevada, the existing dataset can be used to test whether

or not the sample size is large enough to estimate the parameters of our proposed

erosion model. A sample size of 54 grains is large enough to show (through GOF

plot, Fig. 5.5d) that the uniform steady state erosion model is not suitable for Lone

Pine Creek, while the 52 grain sample from the Inyo Creek catchment is large enough
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to estimate exhumation parameters with a precision, indicated by the posterior dis-

tribution (Fig. 5.5a), that does not contradict the prediction made from the bedrock

samples. The Inyo Creek sample is also large enough to suggest nonuniform erosion

within the catchment; however the small degree of misfit compared to the spread of

the simulated samples (Fig. 5.5c) suggest that this non-uniformity does not signif-

icantly affect the predictions at the level of precision afforded by the sample size.

Combining both detrital and bedrock samples results in enough data to estimate the

erosion distribution as a function of elevation with the precision indicated by the

spread of models on Figure 5.6.

To further illustrate the effect of the sample size on the precision of parameter

estimates, and to show that small samples can provide useful information, we deter-

mined exhumation rate and the elevation of the closure isotherm with a uniform ero-

sion, linear age-elevation relationship model from random 5 to 52 grain sub-samples

(drawn without replacement) of the Inyo Creek detrital sample (Stock et al., 2006).

Even though the accuracy and precision of estimates (Fig. 5.7) increase with sample

size (as compared to the estimate derived from the entire 52 grain population), the

smallest five-grain sample allows a meaningful prediction. There is occasional bias

in the subsampled data to under-predict e and over-predict hc. This is a result of the

model misfit to the three old ages (Fig. 5.5c) present in the sample. These old ages

are periodically sub-sampled and bias the parameter estimation with a bias that is

larger for smaller samples. The frequency of sampling these old ages increases as the

size of the sub-sample increases, but their effect on parameter estimation is smaller

with increased sample size. These “errors” in prediction, caused by high-leverage

outliers (i. e. data not explained by the simple linear age-elevation model) can be

caught using goodness of fit diagnostics.
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5.7 Future directions

The age-elevation models above assume a vertical advection path and a flat clo-

sure isotherm. In many cases, however, these assumptions bias the interpretation of

age-elevation relationships (Valla et al., 2010). Tectonically asymmetric structures

and climatic gradients tend to result in non-vertical exhumation paths and low-

temperature thermochronometers may be sensitive to topographic (e.g. Stuwë et al.,

1994) or hydrologic (e.g. Whipp and Ehlers, 2007) effects on the near-surface thermal

field. Both of these aspects can be addressed using our approach, since the model

(Eq. 5.1) can be used to describe any age-spatial coordinate relationship. In the case

of oblique exhumation paths, a coordinate transformation can be affected in which

elevation is substituted by a distance, parallel to the advection vector, that results

in a model identical to the vertical exhumation model, but with non-vertical particle

paths. Such a model implies that the closure isotherm is perpendicular to the advec-

tion direction. A model that treats thermal field distortion due to topography will

generally require computing pb (in Eq. 5.1) with a thermal-kinematic model such as

Pecube (Braun, 2003), but such a computation could be performed and implemented

in the modelling strategy presented here, if the effect is significant enough to warrant

consideration (Valla et al., 2010). Estimating and testing of process-based geomor-

phic models could also be implemented within our modelling framework through ps

(Eq. 5.1) including spatial variability in sediment supply resulting from hillslope,

upstream area, curvature, land cover, or bedrock geology.

The use of a thermochronometer capable of providing a thermal history from a sin-

gle grain, such as 4He/3He (or equally, 40Ar/39Ar, or apatite fission-track length mod-

eling) would significantly strengthen the technique. With these thermochronometers,
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each grain carries some information on its cooling history though a range of tem-

peratures, thus independently constraining exhumation. If this information could be

reliably extracted, it would allow better resolution of not only exhumation, but also

grain provenance that would lead to more confident short-term erosion mapping. In

addition, by constraining both cooling history (from single grains) and exhumation

(from age distributions), detrital 4He/3He (40Ar/39Ar, AFT) thermochronometry

could provide information on the geothermal gradient throughout the recorded his-

tory of exhumation and cooling.

5.8 Conclusions

We present a new approach to statistical modelling of erosion with detrital low-

temperature thermochronometric data. This approach advances current methods by

permitting inversion for complex temporally and spatially variable exhumation histo-

ries. Rigorous treatment of uncertainty allows the extraction of reliable information

even from small datasets (e. g. less than 20 grains for a simple erosion model). We

demonstrate that this method replicates exhumational histories derived from bedrock

thermochronometric datasets, and does so with substantial improvements in analyti-

cal efficiency, requiring ∼ 1/3 the laboratory analysis of a comparable bedrock study.

In addition to estimating exhumation histories, this approach provides an effective

means of mapping short-term erosion with detrital data, and, in contrast to previous

approaches, does not require bedrock sampling. Although the models presented here

are relatively simple, inverting detrital age distributions using complex thermokine-

matic and geomorphic models is technically identical.
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CHAPTER VI

Conclusions

6.1 Greater Caucasus

The new thermochronometric dataset presented in this dissertation unequivocally

shows the onset of rapid exhumation throughout the Greater Caucasus around 5

Ma. No systematic difference in the age of the onset is observed between the eastern

and western Greater Caucasus. The pattern of exhumation in the eastern Greater

Caucasus eliminates the possibility of climatically driven rapid exhumation. Thus,

this exhumation is almost certainly a result of surface uplift.

The recent structure of the Greater Caucasus is produced by thrusting of Eurasia

over the Transcaucasus (e.g. Zonenshain and Le Pichon, 1986; Philip et al., 1989).

The asymmetric pattern of exhumation with higher rates on the southern front of

the Greater Caucasus agrees with the south-verging structure. It is concluded that

the onset of thrusting of Eurasia over the Transcaucasus caused the observed uplift

and exhumation and therefore began at approximately 5 Ma.

Observation of mid-Miocene deep-marine sediments between the Transcaucasus

and Eurasia requires the existence of a deep basin that must have closed some time

after mid-Miocene. Since a significant pre-Pliocene exhumation is precluded by the

thermochronometric data, it is concluded that this basin closed around 5 Ma bring-
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ing in contact buoyant Transcaucasus and Eurasia crust, which collision led to the

observed rapid exhumation. This result implies that the subduction of the Greater

Caucasus basin could provide a near-field force that explains the appearance of high

mountains on the opposite side of the Neotethys suture.

The apparent paradox of the western Greater Caucasus, where high elevations

and deep levels of exhumation are associated with low seismicity and little active

shortening is resolved. Estimates for a long-term rate of overthrusting on the Main

Caucasus fault derived from a thermokinematic model constrained by thermochrono-

metric data agree with the low active convergence rate derived from geodetic obser-

vations. The reason why such slow convergence leads to the significant uplift is that

most of the deformation in the western Greater Caucasus is concentrated on a single

steeply dipping structure. Such focusing is probably a result of juxtaposition of two

old and competent lithospheric blocks of Eurasia and Dzirula.

6.2 Periarabia

6.2.1 Collision age

The new data from the Greater Caucasus has implications for the tectonics of the

whole Periarabian orogen. Existence of a deep-marine basin connecting the Black

Sea and South Caspian basins challenges pre-Pliocene estimates for the age of the

collision. However, a new age for the collision is not proposed as the Greater Caucasus

results suggest that such an age might not be a useful metric for the Arabia-Eurasia

orogen. The foremost problem with determining the age of the collision between

Arabia and Eurasia lies in the complexity of the pre-collisional paleogeography of

the Arabian segment of the Neotethys. During late Mesozoic and Cenozoic time

several island arcs existed between Arabia and Eurasia that collided at different

times during the Cenozoic. Each of these collisions can be (mis)interpreted as the
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Figure 6.1: Convergence of Arabia (38N, 48E) and Eurasia through the Cenozoic. From McQuarrie
et al. (2003).

collision. One might argue that the closure of the last basin marks the “true” or

“hard” collision. Paleomagnetic data (Fig. 6.1), however, do not show any significant

deceleration in the Arabia-Eurasia convergence suggesting that no “hard” collision

has yet happened. Indeed, Arabia is still more than 1000 km away from Eurasia,

and the space between the two continents is filled with a few rigid blocks “floating”

in the matrix of likely incompetent young island arcs and accretionary complexes.

Another problem with estimating collision age is that, given the complex paleo-

geography of the Neotethys, elimination of the oceanic basins must have happened

diachronously. For example, the Greater Caucasus back-arc basin spans less than

half of the width of the Periarabian orogen, and the data presented in this work does

not preclude the existence of a land bridge from Arabia to Eurasia (and back) east

of the Caspian basin. Moreover, subduction is still ongoing in the South Caspian

basin and has not started yet in the Black Sea.
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6.2.2 5 Ma reorganization

Late Miocene timing for the closure of the Greater Caucasus basin provides a

driving force for 5 Ma tectonic reorganization. With elimination of a subduction

zone that could easily accommodate large amounts of shortening, deformation must

redistribute into new regions. It is hypothesized that this redistribution led to the

onset of Anatolian extrusion and acceleration of exhumation in the Greater Caucasus,

Alborz, and Talysh. It is unlikely, however, that the Greater Caucasus collision can

be responsible for the tectonic changes in the eastern part of Periarabia (Allen et al.,

2011).

6.3 Global impact

Uplift in the Greater Caucasus coincides with climate change and accelerated

sediment deposition around the Alps, as well as worldwide (Willett, 2010). It has

been hypothesized (Molnar, 2004) that the increased sedimentation rate is caused

by Plio-Pleistocene cooling of climate that could provide a more erosive environment

worldwide. This hypothesis is based on the assumption of no significant orogenesis

beginning at 5 Ma. The new evidence for the post-Miocene closure of the Greater

Caucasus basin leading to the uplift of the Greater Caucasus and, potentially, other

regions of Periarabia requires reconsideration of such an assumption. While the

rapid uplift and accelerated exhumation of the Greater Caucasus is not likely to

account for all of the increase of sedimentation rates throughout the world, or all of

the carbon sequestration that might have led to global cooling, their contribution

to sediment and carbon fluxes should be accounted for in the global and regional

climate-erosion-tectonics models.
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APPENDIX A

Central Greater Caucasus thermochronometry data tables

Following are data tables and a figure containing single grain apatite (Tab. A.1)

and zircon (Tab. A.2) (U-Th)/He concentrations, fission track counts (Tab. A.3) and

feldspar argon release spectra (Fig. A.1), along with corresponding age estimates.
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Table A.1: Central Greater Caucasus single grain apatite (U-Th)/He data
Sample Agea U Th 4He Mass Ftb rc Sm

(Ma) (ppm) (ppm) (nmol/g) (µg) (µm) (ppm)
T4 1.11 ± 0.04 1.44 3.69 0.02 17.05 0.64 40.0 1294.48
T4 2.38 ± 0.09 8.61 25.55 0.13 2.78 0.65 42.5 135.57
T4 1.82 ± 0.06 1.37 4.15 0.02 21.43 0.66 40.0 479.73
T4 1.44 ± 0.05 1.44 3.84 0.02 16.50 0.66 42.5 885.95
T4 1.61 ± 0.06 1.35 3.81 0.02 16.90 0.65 40.0 465.77
T3 3.74 ± 0.12 1.67 4.33 0.04 28.20 0.66 43.0 270.75
T3 1.58 ± 0.06 1.36 3.64 0.02 18.43 0.64 40.5 348.73
T3 1.20 ± 0.04 1.40 4.17 0.01 20.14 0.64 40.0 529.71
T3 0.98 ± 0.04 1.37 3.30 0.01 11.62 0.60 39.0 866.74
T2 2.79 ± 0.10 8.74 25.71 0.15 2.78 0.66 45.0 137.52
T2 0.71 ± 0.03 1.47 3.98 0.01 15.03 0.65 39.0 501.72
T2 1.32 ± 0.05 1.38 3.87 0.01 17.63 0.63 39.0 383.02
T2 1.82 ± 0.05 11.08 29.24 0.18 2.98 0.66 43.0 174.61
T2 3.63 ± 0.12 1.81 3.93 0.05 19.76 0.67 46.5 638.43
T1 2.06 ± 0.07 12.61 35.06 0.15 2.38 0.63 39.5 99.21
T1 3.28 ± 0.11 14.72 43.70 0.29 3.13 0.65 39.5 164.80
T1 2.43 ± 0.09 1.39 3.54 0.03 14.48 0.65 44.5 549.41
T1 4.37 ± 0.14 10.25 29.16 0.28 3.11 0.68 46.5 142.79
T1 1.31 ± 0.04 2.67 4.26 0.02 23.81 0.66 38.5 296.13
T1 1.83 ± 0.07 1.49 3.77 0.02 13.99 0.62 38.0 798.19
B3 14.6 ± 0.15 32.64 29.16 2.61 15.00 0.82 88.0 146.02
B3 9.50 ± 0.13 30.40 5.63 1.33 10.13 0.81 83.5 171.24
B3 13.11 ± 0.20 17.60 3.64 1.08 15.33 0.78 68.0 619.52
B3 11.38 ± 0.19 47.47 4.97 2.29 5.84 0.75 58.5 202.40
B2 3.98 ± 0.02 112.14 3.66 2.19 17.87 0.88 136.0 2008.81
B2 4.28 ± 0.03 77.45 3.46 1.58 12.82 0.84 93.5 1871.55

B2d 14.89 ± 0.10 91.69 3.80 6.55 13.31 0.85 105.0 1950.75
B2 4.94 ± 0.04 62.06 1.75 1.38 13.38 0.82 84.0 164.58
B2 3.03 ± 0.03 99.04 3.44 1.33 7.54 0.80 82.0 229.74
B6 8.46 ± 0.51 27.71 14.68 1.20 13.07 0.83 84.5 168.15
B6 20.00 ± 1.20 27.86 39.68 3.09 6.05 0.76 54.0 221.37
B6 13.09 ± 0.79 28.04 72.31 2.43 6.91 0.75 54.5 262.76
B6 12.65 ± 0.76 20.52 23.52 1.36 6.20 0.75 52.5 205.29

B5d 53.61 ± 3.22 106.70 1.78 26.74 11.20 0.85 117.5 200.93
B5 14.87 ± 0.89 63.12 2.94 3.73 2.48 0.72 45.0 108.79
B5 21.12 ± 1.27 192.63 11.62 16.59 2.33 0.74 52.0 198.66
B5 21.11 ± 1.27 67.65 1.87 5.90 3.09 0.75 53.0 168.97
B4 16.37 ± 0.98 37.36 20.13 2.77 5.24 0.74 48.0 116.43
B4 8.70 ± 0.52 27.55 16.21 1.07 2.55 0.72 46.5 90.80
B4 9.32 ± 0.56 29.68 22.46 1.31 3.21 0.73 47.5 122.61
B4 12.18 ± 0.73 23.79 22.54 1.39 4.41 0.71 44.5 131.70
B1 10.16 ± 0.61 89.16 39.93 4.11 3.45 0.75 54.0 378.47
B1 22.34 ± 1.34 87.20 39.37 8.78 3.07 0.74 52.0 370.05
B1 11.89 ± 0.71 83.06 42.99 4.89 7.58 0.81 73.0 229.81
B1 22.87 ± 1.37 92.31 33.96 9.89 6.47 0.79 62.5 286.95

a 1σ errors propagated from U, Th, and He measurement uncertainties.
b Alpha ejection correction of Farley et al. (1996).
c Grain radius.
d Tested positive as an outlier on the Q-test (Dean and Dixon, 1951) with 95% confidence

when compared with other replicates from the same sample.

Table A.2: Central Greater Caucasus single grain zircon (U-Th)/He data
Sample Age U Th He Mass Ft r

(Ma) (ppm) (ppm) (nmol/g) (µg) (µm)
B1 188.50 ± 3.87 714.94 147.81 576.8 4.46 0.75 39.5
A1 24.06 ± 0.49 2095.89 101.64 207.01 4.13 0.75 39.8
A2 88.93 ± 1.81 673.17 68.66 240.11 2.88 0.72 34.8
T3 32.04 ± 0.72 655.24 418.65 95.07 4.9 0.73 33.8
T1 20.40 ± 0.39 679.60 448.29 64.89 4.48 0.75 39.5
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Figure A.1: Feldspar 40Ar/39Ar data
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APPENDIX B

Bayesian methodology

In the Bayesian approach, the process of estimating a suite of model parameters,

β, means finding p(β|A), a joint probability density function (pdf) of β, given a set of

observations, A, called a posterior pdf. The posterior pdf reflects the likelihood of the

parameters (i.e., the probability of the observations, given the parameters p(A|β)), as

well as any prior information about the parameters p(β) that exists before observing

the data A:

(B.1) p(β|A) = Cp(A|β)p(β),

where C is a normalizing factor that scales p(A|β)p(β) so that it integrates to one.

A prior can be used to include inferences based on other datasets, intuitive con-

straints or qualitative data. Such priors are called informative, as they add informa-

tion to the posterior estimate. When no prior information exist, or if it is preferred

not to include it in the analysis, non-informative (objective) priors are used. Jeffreys

priors (Jeffreys, 1946) are theoretically non-informative, but are not always easy to

obtain, and so it is often more practical to use uniform priors that, depending on

parameterization, may be informative.

Apart from the most simple cases, the normalizing constant C is a multi-dimensional

integral that is difficult to compute directly. Instead, the posterior pdf is estimated
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numerically using a Markov chain Monte Carlo (MCMC) algorithm, without need

to evaluate the constant directly (Hastings, 1970). The MCMC algorithm produces

a collection of model parameter values by constructing a Markov chain designed to

sample the posterior pdf efficiently over many iterations. This posterior sample can

then be used to estimate the posterior probability density of model parameters, or

more compact summary statistics such as posterior means and credible intervals (CI;

the Bayesian analog of confidence intervals). While implementing an efficient MCMC

algorithm is not trivial, there exist a number of general-purpose MCMC samplers

that take likelihood and prior functions and return a posterior sample. In this study

we use the PyMC package for Python (Patil et al., 2010), which provides a generic

automatically tuned MCMC sampler based on the Metropolis-Hastings algorithm

(Hastings, 1970).

There are a number of approaches to presenting Bayesian estimates. The most

complete representation is the multidimensional posterior probability density func-

tion. It can be approximated from the MCMC-generated sample using kernel density

estimation (e.g. Wand and Jones, 1995). The more compact presentation, however,

commonly includes the mean of the sample (mean a posteriori estimate) together

with credible intervals (CI) or standard deviation.

Expected deviance, a measure of distance between model and data, is used to

compare models. Deviance is defined as

(B.2) D(β) = −2 log p(A|β).

The absolute value of deviance is not important, but differences between deviances

of models based on the same datasets provide relative fit of each model. Deviance

information criterion (DIC, Spiegelhalter et al., 2002) is a formal model selection

tool that measures model fit to the data while penalizing for model complexity. DIC
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is defined as

(B.3) DIC = 2ED(β)−D(Eβ),

where E indicates the expected value. It should be mentioned that DIC is only valid

for approximately normal posterior distributions.

An alternative approach to model selection is the formulation of nested models.

For example, a no-break-in-slope model is a special case of a one-break-in-slope model

(with equal erosion rates before and after the age of break). The fact that, in the

Whitney example, erosion rates before and after the break do not overlap indicates

that there probably is a real break. The same logic can be applied to the uniform

erosion model, which is a special case of a non-uniform erosion model.
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APPENDIX C

Detrital sample collection and apatite (U-Th)/He analytical
procedures

A detrital sample from the Shillong Plateau was collected at 25.1889◦N, 92.10174◦E,

50 m a.s.l. The sample was taken from a dry, medium-grained sand bar in an active

river channel.

Mineral concentrates were made from the fluvial sand using standard magnetic

and density techniques. Individual mineral grains of apatite were handpicked from

the concentrates, with care taken to avoid grains with inclusions visible under 200×

magnification. To avoid sampling bias, grains of varying quality and morphology

were analyzed.

Single grain apatite (U-Th)/He analyses were conducted at the Caltech Noble Gas

Laboratory (Table C.1) following standard procedures (Farley and Stockli, 2002).

Samples were outgassed using a Nd-YAG laser (House et al., 2000) and 4He was

measured by 3He spike using a quadrupole mass spectrometer. 238U, 235U, 232Th

and 147Sm were measured using isotope dilution ICP mass spectrometry (Farley

and Stockli, 2002). Analytical uncertainty of apatite (U-Th)/He ages is based on

instrument precision and error in the alpha ejection correction (Farley et al., 1996).

The Durango fluorapatite standard ((U-Th)/He age of 31.4 Ma (McDowell et al.,

2005)) was analyzed in all sample runs to check age accuracy.
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Table C.1: Shillong plateau detrital apatite (U-Th)/He data. 1σ errors propagated from U, Th,
and He measurement uncertainties. Alpha ejection correction of Farley et al. (1996).

Age U Th 4He Mass Ft Radius Sm
(Ma) (ppm) (ppm) (nmol/g) (g) (m) (ppm)

8.34 ± 0.38 3.22 12.37 0.22 3.90 0.75 61.62 292.94
5.60 ± 0.17 29.96 117.58 1.27 2.91 0.72 56.32 333.33

35.80 ± 1.41 0.70 3.10 0.21 19.49 0.74 60.95 8.77
6.93 ± 0.17 30.69 88.97 1.58 5.95 0.81 87.46 231.81
4.96 ± 0.15 7.83 12.27 0.22 18.41 0.75 53.01 116.32
7.87 ± 0.28 6.47 8.93 0.31 5.50 0.80 81.37 273.40

15.93 ± 0.57 2.27 6.07 0.23 16.40 0.70 51.46 23.03
9.55 ± 0.39 6.47 8.93 0.31 5.50 0.65 41.30 273.40
7.47 ± 0.23 47.87 62.88 1.89 2.10 0.74 62.50 342.97

11.95 ± 0.40 25.22 10.00 1.28 3.22 0.71 43.95 193.17
8.27 ± 0.28 18.67 4.62 0.65 4.54 0.71 43.07 342.83
4.84 ± 0.12 17.17 47.98 0.57 18.23 0.76 59.41 101.54
4.08 ± 0.10 16.43 111.46 0.74 15.19 0.77 72.00 178.46
5.03 ± 0.18 4.86 7.60 0.14 14.43 0.74 54.55 159.36
5.55 ± 0.16 10.54 74.16 0.61 15.77 0.71 49.92 130.66
5.71 ± 0.16 10.69 33.97 0.44 15.08 0.76 56.99 57.87
4.05 ± 0.11 33.61 36.98 0.66 15.81 0.71 49.03 73.31
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