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ABSTRACT

Throughout the central Nepal Himalaya, the Tethyan sedimentary sequence (TSS) is
structurally dominated by a train of north-verging folds, in apparent contradiction to the
dominantly south-propagating Himalayan orogen. The absolute age of folding is
unknown, although previous structural observations have suggested that folding may
predate Miocene movement of the South Tibetan detachment system. Age dating and
characterization of this deformation event is critical for determining the timing of
coupling and/or decoupling of the upper crust from the mid-crust during the Himalayan

orogen, as well as elucidating the early collisional history of the orogen.

Structural mapping in Hidden valley, central Nepal, reveals four phases of deformation
(D3, D3, D4 and Ds) within anchizonal to epizonal metamorphic grade Ordovician to
Jurassic TSS rocks. Megascopically, D, is defined by large, asymmetric north-verging
folds; microscopically, Ds is seen as an axial planar continuous to spaced cleavage. Bed-
length restoration of F, folds indicates a minimum of 40% shortening and 180%
thickening during D,. Muscovite geochemistry, geochronology and microstructural
analyses are used to identify two chemically and structurally distinct generations of
muscovite in the TSS, one of which is detrital (A1), and one of which is new growth
(A2). Structurally, Al is randomly oriented and intermittently rotated into S and Sy
cleavage planes, while A2 is parallel to S; axial-planar cleavage and also occurs as
growth rims on Al. Conventional *°Ar/*?Ar step heating methods indicate that
Proterozoic and Paleozoic detrital A1 muscovite Ar systematics have been weakly reset.

A2 muscovite, dated by the in situ UV laser “°Ar/° Ar spot-fusion method and assuming a

ii
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closed system since metamorphism, is at least as young as 35.5+1.7 Ma, which is
interpreted as a maximum age for F; folding. The UV laser shows great potential for in
situ dating of cleavage domains. D north-verging folds are Himalayan in age, likely
occurring between ~35 and 22 Ma; this is the first maximum age constraint obtained for
this deformation. D, folds are interpreted to have formed in Eocene-Early Oligocene
time, near the maximum age limit of this range (~35 Ma), coeval with kyanite-grade
metamorphism in the mid-crust. The north-verging folds, which formed in the upper
crust, were then subsequently detached/decoupled during midcrustal southward extrusio

at 22-18 Ma.
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CHAPTER 1: INTRODUCTION

1.1 The Himalaya

1.1.1 Introduction

The Himalayan orogen formed as the result of the collision of India with Asia, and is
regarded as the modern-day type example of a continent-continent collisional orogen.
Continental collision began in the early Tertiary (Le Fort, 1975), although the precise
timing and diachroneity of collision is as yet unresolved. The collision closed the
intervening Tethyan Sea, deforming the passive-margin sequence at India’s northern
margin and forming a large-scale, dominantly south-propagating thrust system. At
present, the Himalaya extends 2000 km in length, covering parts of Bhutan, Nepal,
Tibetan China, India and Pakistan, and in places exceeds 8 km in elevation above sea
level. Although the orogen has been studied in some detail, there are still several crucial
gaps in our understanding of the deformational history, both of its metamorphic core, and
of the enveloping supracrustal rocks.

1.1.2  Evolution of the orogen

Prior to the collision of India and Asia, an Andean-type margin existed on the southern
margin of Asia. The southern margin of Asia was augmented by the accretion of the
Lhasa block and the Karakorum terrane to the Asian continent in the Early Cretaceous,
followed by accretion of the Kohistan terrane to Asia in the western Himalaya in the
Early Tertiary (Coward et al., 1987; Searle et al., 1987). Continued oceanic plate

subduction beneath Asia’s evolving southern margin resulted in the formation of the 2000
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km long Gangdese batholith within the Lhasa block (Searle et al., 1987). Ophiolite
complexes, found both in lenses within the India-Asia suture zone and obducted onto the
northern paleomargin of India, are thought to have been emplaced in latest Cretaceous or
earliest Tertiary (Searle et al., 1987). The India-Asia suture (also called the Indus-
Tsangpo suture) is the present-day suture between continental Asia and continental India

and is located along the Yarlung-Tsangpo river valley (Figure 1.1 A).

The timing of initiation of the India-Asia collision can be loosely bracketed at ~50 Ma
(Molnar, 1984). A more precise estimate of timing is contentious and has been defined in
numerous ways including the onset of continental sedimentation, the disappearance of
marine sediments, the termination of Gangdese-type granitoid injection, the onset of
compressional tectonics and a change in India’s plate motion velocity towards Asia from
10 cm yr™! to 5 cm yr'!, among others (i.e., Molnar and Tapponier, 1975; Klootwijk et al.,
1985; Rowley, 1996; Rowley, 1998; Najman et al., 2001, Guillot et al., 2003; Najman et
al., 2005). A debate between synchronous collision and broadly diachronous collision
from west to east persists (i.e., Rowley, 1998; Najman et al., 2005). Following the initial
collision, the Eocene to Late Oligocene was a period of crustal thickening and Barrovian
metamorphism (Hodges et al., 1996; Godin et al., 2001). This was followed in Early
Miocene by the exhumation of material from mid-crustal depths to the southern
Himalayan topographic front, exposing the orogen’s metamorphic core (Vannay and
Hodges, 1996; Hodges et al., 1996). The Tibetan plateau currently sits at an average
elevation of ~5 km. From as early as ~15 Ma to the present, there has been elevated

topography throughout the Himalaya and the Tibetan plateau (Coleman and Hodges,
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1995; Garzione et al., 2000; Spicer et al,, 2002). Associated late orogen-perpendicular
extension has created a network of N-S striking grabens (Molnar and Tapponier, 1978,
Fort et al.,, 1982; Harrison et al., 1992; Coleman and Hodges, 1995; Coleman, 1996;

Colchen, 1999; Garzione et al., 2000).

1.1.3  Lithotectonic assemblages and major structures

The Himalaya is characterized by a series of southward-propagating thrusts rooting into a
common basal detachment thrust, the Main Himalayan Thrust (MHT) (Figure 1.1 B).
These thrusts bound the major lithotectonic units of the Himalaya. The northernmost
lithotectonic assemblage is the Tethyan sedimentary sequence (TSS), bounded to the
north by the India-Asia suture. The metamorphic Greater Himalayan sequence (GHS) is
located to the south of the TSS. The boundary between the TSS and the GHS is a top-
down-to-the-north normal-sense high strain zone termed the South Tibetan detachment
system (STDS). The sedimentary Lesser Himalayan sequence (LHS) further to the south
is separated from the GHS by the Main Central thrust (MCT). Ductile motion along the
MCT was coeval with ductile normal-sense motion along the STDS (i.e., Burchfiel et al.,
1992; Hodges et al., 1992; Godin et al., in review). The LHS is bounded to the south by
the Main Boundary thrust (MBT). The Siwalik molasse is the southernmost lithotectonic
assemblage in the Himalaya. It is bounded by the MBT to the north and the Main Frontal
thrust (MFT) to the south. The MFT is the leading edge of deformation in the Himalayan

orogen, and consists of a blind thrust below the Siwalik molasse.
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1.1.4 Eohimalayan and Neohimalayan orogenic phases

The GHS comprises the metamorphic core of the Himalayan orogen, and is composed of
a series of upper amphibolite facies metamorphic rocks (Figure 1.1). The GHS has been
subjected to two major orogenic pulses, termed Eohimalayan and Neohimalayan (Hodges
et al., 1988; Vannay and Hodges, 1996; Hodges, 2000). The Eohimalayan pulse occurred
in late Eocene-Oligocene and is defined by Barrovian-type kyanite-grade metamorphism;
this event is thought to result from early crustal thickening following the onset of
continental collision (Hodges et al., 1996; Godin et al., 2001). The Miocene-aged
Neohimalayan pulse is defined by sillimanite-grade metamorphism, granite emplacement,
and southward extrusion of the GHS (Vannay and Hodges, 1996; Hodges et al., 1996;
Hodges, 2000). Strong metamorphic overprinting associated with the Neohimalayan
orogenic pulse has obliterated much of the early history of the collision between the
paleo-Indian sub-continent and Asia. Accordingly, there is a gap in the known
development of the Himalayan orogen in the intervening Oligocene period (Godin et al.,

2001).

1.2 Back structures in the Himalaya

1.2.1. Extent of back structures

Although the Himalayan orogen is a dominantly south-verging and south-propagating
belt (Figure 1.1 B), north-verging back structures have been recognized at a number of
structural levels across the length of the orogen, and in particular within the TSS of
central Nepal (Figure 1.2; Figure 1.3; Fuchs, 1977; Colchen et al., 1981; Colchen et al.,

1986; Burchfiel et al., 1992; Steck et al., 1993; Godin, 2003; Searle and Godin, 2003;
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Steck, 2003). Back structures are structures that develop in a direction opposite to the
regional transport direction. In central Nepal the TSS is well-exposed and has been
deformed into a fold belt of north-verging back folds that extend from the STDS at least
~30 km to the north. These folds have been observed to extend along strike at least as far
east as the Marsyandi and Nar valleys in central Nepal (Figure 1.4; Burchfiel et al., 1992;
Searle and Godin, 2003). Based on mapping by Fuchs (1967; 1977) north-verging folds
also appear to extend along strike > 20 km to the west throughout the Dolpo region. Due
to the sparseness of detailed mapping and the often limited continuous exposure of the
TSS outside of central Nepal, the true extent of north-verging back folds and structures
within the TSS is unknown. However, even the known extent of this fold belt is
sufficient to warrant attention as to the timing and significance of its development within
the Himalayan orogen. North of the Everest region of the Himalaya, Burg and Chen
(1984) have mapped tightly folded Tethyan rocks with one main phase of east-west
trending folding that extends along their axial traces for tens of kilometres. Folds here
are upright and do not show any apparent vergence. Upright folds have also been

observed in southern Tibet, north of Manaslu (L. Godin, pers. comm., 2005).

1,2.2 Contrasting folding models in central Nepal

North-verging structures in the TSS have been well-documented in Kali Gandaki valley,
central Nepal and are interpreted to predate ductile motion along the STDS (Godin et al.
1999a; 1999b; Godin, 2003). Earlier research interpreted these back structures to have
developed coeval to and in conjunction with normal movement along the STDS (Bordet

et al.,, 1971; Burg et al., 1984; Burchfiel and Royden, 1985; Colchen et al., 1986;
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Burchfiel et al., 1992). Current end-member models for back structures in the TSS of
central Nepal include gravity-induced sliding along the STDS (Figure 1.5 A; Burg et al,,
1984; Burchfiel and Royden, 1985; Burchfiel et al, 1992) and compression and crustal
thickening prior to crustal extrusion (Figure 1.5 B; Godin et al., 1999a). Constraining the
age of deformation in these supracrustal rocks is crucial to understanding orogenesis in
the Himalaya. If the folding event is indeed related to movement along the STDS, it
provides information about the geometry, friction and stresses involved in unroofing the
metamorphic core. However, if the folding predates exhumation of the metamorphic
rocks along the STDS, it then represents a preserved sample of the early stages of the
Himalayan collision and the events leading up to initiation of the MCT and STDS and
exhumation of the GHS. It also provides an important record of coupling and decoupling

of Himalayan suprastructure from infrastructure.

1.3 Tectonic and geologic setting of Hidden valley

1.3.1 Tethyan sedimentary sequence

A laterally continuous, ~10 km thick package of Paleozoic and Mesozoic sediments have
been variously preserved across the length of the Himalaya. These sedimentary rocks are
collectively termed the TSS, and have been recognized as Paleotethyan and Tethyan
sediments from the northern Indian paleocontinental passive margin (Gansser, 1964;
Fuchs, 1967; Bordet et al., 1971). A number of TSS stratigraphic sections along the
length of the Hiinalaya have been constructed (Figure 1.6; Fuchs, 1967; Bordet et al.,
1971; Colchen et al., 1981; Gradstein et al., 1992; Jadoul et al., 1998; Garzanti, 1999;

Steck, 2003). Along its southern boundary, the TSS forms the hanging wall to the STDS
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(Figure 1.1 B; Burchfiel et al, 1992; Hodges et al., 1992; Hodges et al., 1996). The TSS
in central Nepal exhibits a complex structural history, and yet has experienced very low-
grade (£ 350°C) metamorphic conditions (Garzanti et al., 1994). It is characterized by
five phases of deformation, D;-Ds, the second of which (D;) dominates the structural

character of the TSS in central Nepal, and is defined by prominent north-verging

structures (Godin, 2003).

1.3.2 Previous work in the Hidden valley

Hidden valley is located west of the Kali Gandaki valley and the Thakkhola graben, in
the Dhaulagiri area (Figure 1.4), and is one of the few north-south striking valleys in
central Nepal. In Hidden valley, the TSS is well-exposed, and consists of weakly
metamorphosed Cambrian to Jurassic carbonate, shale, sandstone and quartzite units.
The stratigraphy within Hidden valley was mapped by Fuchs (1967) between 1961 and
1964. The Paleozoic stratigraphy of the adjacent Kali Gandaki valley was mapped in
detail by Bodenhausen and Egeler (1971), Bordet et al. (1971) and Colchen et al. (1981).
Since its initial mapping, Hidden valley has received little attention. Garzanti et al.
(1994) examined the transition from diagenesis to metamorphism throughout Hidden
valley and the Dolpo-Manang synclinorium and found that Hidden valley TSS rocks were
metamorphosed at epizonal to anchizonal conditions. Crouzet et al. (2001a) conducted
paleomagnetic studies in Hidden valley, but their conclusions were limited by a lack of
structural and geochronological context. Crouzet et al. (2001a) in particular cited the
need for a detailed geochronological study in the area. In fact, there have been very few

successful attempts to date specific deformation events within the TSS in central Nepal.
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Reasons for this lack of geologically significant age data are discussed in Chapter 4.
Furthermore, the response of the TSS to the Eohimalayan and Neohimalayan orogenic
pulses and to the intervening periods has not been adequately documented. The structural
history of the TSS in Hidden valley has not been previously characterized. It is a unique
setting in which to examine the east-west striking north-verging structures ubiquitous to
the TSS in central Nepal. The structural system is simple in comparison to other main
valleys where the TSS is exposed in central Nepal. For example, in the Kali Gandaki
valley the structural history of the TSS is complicated by the Thakkhola graben, a late N-
S extensional structure that is slightly oblique to, and cuts through, the valley (Godin,
2003). In the Marsyandi, the STDS appears to be folded around the Manasiu
leucogranite, complicating structures within the TSS hanging-wall rocks (Searle and
Godin, 2003). Furthermore, Hidden valley is removed from extraneous heat sources such
as large plutons and major shear zones that could potentially affect radiogenic isotope
systematics, making it a favourable location for a geochronological study of back

structures.

1.4 Objectives

The objectives of this thesis are to present new structural mapping and new **Ar/*’Ar age
data of the TSS in Hidden valley, with a particular focus on constraining the age of
prominent north-verging folds that characterize both the field area and the region and that
accommodate most shortening within the belt. These data will then be used to propose a

mechanism for deformation and a tectonic model for the formation of the folds within the
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context of the Himalayan orogen. These objectives are achieved through the following
contributions:
* structural mapping of Hidden valley and environs,
* structural cross-section construction,
* palinspastic restoration of north-verging folds from constructed cross-sections,
* documentation from mega- to micro-scopic scale of structure events and
relationships within the TSS, with particular focus on north-verging folds,

* detailed geochemistry and microstructural analysis of muscovite in the TSS, and

AL Ar geochronology of muscovite within the TSS.

Characterization of Hidden valley lithology and structure is presented in Chapter 2.
Structural mapping is used to palinspastically restore the north-verging deformation event
and a well-constrained minimum shortening value for the Tethyan sedimentary sequence
is determined in Chapter 3. Innovative approaches are required to determine deformation
ages in low-grade supracrustal rocks such as the TSS in central Nepal. A detailed
geochemical study of muscovite grains combined with various “°Ar/*Ar
geochronological techniques are used in Chapter 4 to constrain the timing of north-
verging deformation. By combining geochronological results with structural analyses at
a range of scales, a plausible tectonic model of development for the deformation event is
formulated in Chapter 5, and evidence for coupling and decoupling of the TSS

suprastructure from Himalayan infrastructure is discussed.
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Figure 1.1. Simplified map (A) and cross-section (B) of Himalayan tectonostratigraphy.
STDS is South Tibetan detachment system, MCT is Main Central thrust, MBT is Main
Boundary thrust, MFT is Main Frontal thrust, MHT is Main Himalayan thrust, KF is
Karakoram fault and NHA is the North Himalayan anticline. Line of cross-section (B) is
located on Figure 1.1 (A). Modified from Hauck et al. (1998).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwiad noyum paugiyold uononpoidas Jayund “Jaumo WbLAdoo oy} Jo uolssiuad yum paonpoiday

I

0 100
—1

km

[1:1:]subhimataya

MFT=Main Frontal thrust
Miocene Granites

MBT=Main Boundary thrust
TSS

MCT=Main Central thrust
Greater Himalaya STDS=South Tibetan detachment system
Lesser Himalaya

80° 84°
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Figure 1.3. Five cross-sections from different locations across central Nepal in which

north-verging structures can be recognized extending north from the hanging wall of the

STDS. Also, one cross-section from Northwest India in which north-verging structures
are found in the Tethyan sedimentary sequence as well as the Greater Himalayan
sequence. Locations of cross-sections are shown in Figure 1.2.
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CHAPTER 2: GEOLOGY OF HIDDEN VALLEY AND DHAULAGIRI AREA

2.1 Hidden valley map and cross-sections

2.1.1 Hidden valley maps

Mapping of Hidden valley and environs was carried out over two field seasons in 2003
and 2004. Base maps used are at 1:50 000 scale and were provided by the Survey
Department of Nepal. The Hidden valley/Myagdi Khola map (Figure 2.1) combines new
mapping with previous mapping of central Nepal by Colchen et al, (1981) and Hidden
valley/Dolpo/Dhaulagiri by Fuchs (1967). It extends just beyond the northern extent of
Hidden valley and south down the Myagdi Khola, crossing both the STDS and the MCT.
It extends to the east almost to the Kali Gandaki valley. The Hidden valley local geology
map includes detailed structural measurements, map-scale structures and lithology of
Hidden valley (Figure 2.2). A complete list of structural measurements can be found in

Appendix A.

2.1.2 Hidden valley cross-sections

Two balanced cross-sections of Hidden valley were constructed from the Hidden
valley/Myagdi Khola map in a direction perpendicular to the strike of the north-verging
folds (Figure 2.3). Cross-section A-A'B-B' crosses the peak of Dhaulagiri I mountain in
the south and follows the western ridgeline of Hidden valley in the north. Cross-section
C-C' crosses the eastern ridge of Tukuche mountain and then follows the eastern ridgeline
of Hidden valley, also crossing Dhampus (Thapa) peak. Several control points were used

to constrain the geometry of the cross-sections, incorporating both along-strike and
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down-plunge projected data. These control points are indicated on the cross-sections as
lettered asterisks and detailed in Appendix B. To prevent bed-length anomalies and
maintain balanced line-lengths, faults have been inferred at depth. Restorations of the

cross-sections to their undeformed states in Chapter 3 indicate that they are balanced.

2.2 Lithotectonic units

Hidden valley is underlain by the Tethyan sedimentary sequence (TSS), a generally
weakly metamorphosed Paleozoic-Mesozoic passive-margin sequence. The Greater
Himalayan sequence (GHS), structurally below the TSS, is a package of amphibolite
facies rocks and migmatites that have been exhumed from mid-crustal depths to the
surface (Vannay and Hodges, 1996). A network of Miocene-age normal-sense
detachments termed the South Tibetan detachment system (STDS) marks the structural

boundary separating the TSS and the GHS (Burchfiel et al., 1992).

2.3 Tethyan sedimentary sequence

The TSS is a Paleozoic-Mesozoic passive-margin sequence originally deposited on the
northern margin of the Indian subcontinent. It is now preserved as a thin but continuous
tectonostratigraphic package stretching for more than two thousand kilometres along the
length of the Himalayan orogen. The TSS in central Nepal has been studied in great
detail since the 1960's by various European stratigraphers (i.e., Bodenhausen et al., 1964;
Bordet et al., 1964; Fuchs, 1964). Initial stratigraphic mapping in Hidden valley and the
adjacent Dolpo region to the west and north was carried out by Fuchs (1967) and has not

been revisited. However, stratigraphy in the adjacent Kali Gandaki valley has been
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examined in great detail over the last few decades (i.e., Bordet et al., 1971; Colchen et al.,
1981; Gradstein et al., 1992). More recently, Garzanti (1999) has attempted to correlate
rigorously the various TSS units and unify terminology across the Zanskar, Spiti,
Kumaon, Central Nepal and South Tibet regions. In general, the package comprises a
Cambrian to Devonian pre-rift sequence of carbonates and siliciclastics, overlain
disconformably by a Carboniferous rift sequence of sandstones and mudstones. Break-up
and deposition of a transgressive sequence occurred in the Permian, and the northern
margin of India matured to a passive-margin (Garzanti, 1999). A description of the
stratigraphic units in Hidden valley including their ages, thicknesses, depositional
histories and regional correlation is outlined below, using the combined terminology of
Fuchs (1967; 1977) and Garzanti (1999) and including observations made in this thesis.
Formations mapped in Hidden valley are shown in a representative stratigraphic column

in Figure 2.4.

2.3.1 Larjung Formation

The Larjung Formation metacarbonates are strongly metamorphosed, and extend from
the Ordovician into the Cambrian, and possibly the Precambrian (Fuchs, 1967). The
Larjung Formation is correlated with the Cambro-Ordovician Annapurna Formation and
Yellow Formation of the Kali Gandaki valley, and the Everest Series and North Col
Formation of the Everest area (Fuchs, 1967; Law et al., 2004). The Larjung Formation is
a greenschist-facies impure limestone, calcareous psammite and calcschist; it is more
siliciclastic than the overlying Nilgiri Limestone. In the Everest area, the Everest Series

comprise a high-strain zone lying between brittle and ductile components of the STDS
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(The Qomolangma and Lhotse detachments) (Law et al., 2004). Similarly, in the Kali
Gandaki valley, the high-strain zone associated with the STDS encompasses most of the
Larjung Formation (Godin, 2003). High-strain rocks in the Larjung Formation are used

to define upper and lower boundaries of the STDS (Godin et al., 1999b).

2.3.2 Nilgiri Formation

The Ordovician Nilgiri Formation stratigraphically overlies the Larjung Formation in
Hidden valley (Figure 2.5 A). Fuchs (1967) originally mapped the Nilgiri Formation in
Hidden valley as the Dhaulagiri Limestone, and indicates that his stratigraphic boundaries
include part of the underlying Larjung Formation, as well as the overlying North Face
Quartzite Formation. Since the Nilgiri Formation is a more widely used term, it is used
here in lieu of the Dhaulagiri Limestone, although Fuchs’ boundaries are maintained at
the top of the formation (the North Face Quartzite Formation is not mapped as a separate
unit in the Hidden valley). Due to limited access to the southern end of Hidden valley,
the location of the North Face Quartzite cannot be determined precisely, although an
arenite sample collected by Paulo Grobel from near the peak of Tukuche suggests it is
exposed there. The Nilgiri Formation is a thick, monotonous, recrystallized sequence of
sparsely fossiliferous, partly argillaceous shallow-water carbonate. Brachiopoda,
crinoids and Orthoceras indicate at least an Ordovician age (Fuchs, 1967). These
carbonate rocks are interpreted to have been deposited in a pre-rift stage of the Neotethys
Ocean (Garzanti, 1999). Access to outcrop is difficult, but formation thickness is
probably on the order of 2000 m thick in Hidden valley and the Dhaulagiri/Myagdi Khola

region based on reconnaissance mapping. Mineralogy of the Nilgiri Formation is calcite
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and dolomite with minor quartz, feldspar (plagioclase?), muscovite, biotite and accessory

opaques (Figure 2.5 B).

2.3.3 Tilicho Pass Formation

The Devonian-aged Tilicho Pass Formation overlies the Nilgiri Formation (Figure 2.5 C).
The Tilicho Pass Formation consists of phyllite, slate, and siltstone interbedded with
quartz arenite and limestone. Colchen et al. (1986) estimates a thickness of 500 m for the
Tilicho Pass Formation in Kali Gandaki valley. Structural mapping shows the Tilicho
Pass Formation in Hidden valley to be on the order of 500-800 m thick, which is in good
agreement with Colchen et al. (1986). Sedimentary structures preserved in this formation
include graded bedding, disturbed bedding, load casts and flute casts, while fossils in
carbonate horizons include crinoids, bryzoa and ammonoids (this thesis; Fuchs, 1967).
Mineralogy is predominantly quartz with some muscovite, carbonate, chlorite, and

accessory titanite, tourmaline, zircon and opaques (Figure 2.5 D).

2.3.4 Ice Lake Formation

The Ice Lake Formation is Early Carboniferous in age and found throughout the TSS of
the Himalaya, following a major transgression in Late Devonian (Garzanti, 1999). Itisa
package of bioclastic shelf limestone, varying from massive and yellow/orange
weathering to dark, marly and shaly in Hidden valley (Figure 2.5 E). The fossil
assemblage of corals, brachiopoda, bryozoa, crinoids, gastropoda and cephalopoda
indicate an aerobic and relatively shallow-water deposition (Fuchs, 1967). Although

indicated by Fuchs (1967) to be only 50-250 m thick, the formation varies in thickness
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considerably along strike (Garzanti, 1999), and structural mapping suggests that the Ice
Lake Formation is on the order of 400-600 m thick in Hidden valley. The Ice Lake
Formation correlates with the Tilicho Lake Formation in Kali Gandaki valley (Colchen et
al., 1981), the Bangpa Gompa Formation in Marsyandi valley, the Syringothyris
Limestone in Kashmir and the Lipak series in Spiti (Garzanti, 1999). Mineralogy of the
Ice Lake Formation is primarily carbonate with minor quartz and muscovite and

accessory opaques (Figure 2.5 F).

2.3.5 Thini Chu Formation

The top of the Ice Lake Formation is marked by a major disconformity, on which has
been deposited the Thini Chu Formation rift sequence, marking the opening of the
Neotethys Ocean (Garzanti, 1999). The Thini Chu Formation is Upper Permian in age
(Fuchs, 1967). 1t is ~1000 m thick in Hidden valley. This package of thickly-bedded
white quartzite, limestone, sandstone and dark slate is indicative of a shallow water to
littoral deposition (Fuchs, 1967); its banded character is distinctive and visible at a
distance (Figure 2.5 G). Sedimentary features include cross-bedding; fossils are sparse,
but include ammonites and Calamites (Fuchs, 1967). The Thini Chu Formation is absent
in western Dolpo, and increases in thickness to the east. In the Kali Gandaki and
Marsyandi valleys the formation is called the Thini Chu Group, as well as the Marsyandi
Formation and the Col Noir Shale (Garzanti, 1999). Slates are composed of graphite,
carbonate and muscovite; quartzites contain quartz with accessory opaques, muscovite

and titanite; limestones contain carbonate with ~10% quartz and accessory opaques;
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sandstones contain quartz with minor carbonate, muscovite and accessory opaques

(Figure 2.5 H-J).

2.3.6 Mukut Limestone

The Mukut Limestone (Figure 2.5 K) comprises marly limestone and dark shale and
represents a rapid deepening of the sea at the beginning of the Mesozoic (Garzanti, 1999).
This formation is Middle to Late Triassic in age; Anisian, Ladinian and Carnian fossils
have been identified (Fuchs, 1967). The Mukut Limestone becomes micaceous at its
upper boundary and grades into the Tarap Shale. While Fuchs (1967) gives this unit a
thickness of only 100-300 m, mapping in Hidden valley suggests a thickness of at least
800 m. This discrepancy may be due to tight disharmonic folding of this formation
observed in the Hidden valley causing the thickness of this unit to be overestimated. The
Mukut Limestone corresponds to the Thini Gaon Formation in central Nepal (Colchen et

al., 1981). Mineralogy consists of calcite with minor lithics and muscovite (Figure 2.5

L).

2.3.7 Tarap Shale and Kioto Limestone

Safe access to the Tarap Shale and Kioto Limestone Formations is limited in Hidden
valley. Fuchs (1967) indicates that the Tarap Shale is a 100-500 m thick sequence of
green, grey and brown shaly siltstone, sandstone and dark shale with black concretions,
of Noric age. Due to weathering patterns observable at the north end of Hidden valley,
the approximate boundaries of the Tarap Shale and the Kioto Limestone have been

mapped in this thesis and yield a resulting thickness of ~400 m for the Tarap Shale. The
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Rhaetic to Upper Dogger aged (Late Triassic to Middle Triassic) Kioto Limestone,
equivalent to the Jomsom Limestone of Kali Gandaki valley, is deposited on the Tarap
Shale (Fuchs, 1967, Colchen et al., 1981). The Kioto Limestone is described by Fuchs
(1967) as a shallow-water cross-bedded arenaceous limestone. In Nepal, it is capped by a

paraconformity (Garzanti, 1999).

2.4 Structural geology

Three contrasting generations of deformation are observed in Hidden valley, with a
fourth generation of deformation found to the south of Hidden valley in the Dhaulagiri
area. Detailed mapping and thin-section analysis was used to establish overprinting
relationships between phases where possible. The generations in Hidden valley are
chronologically named Dy to Dn+, and the phase in the Dhaulagiri area is named Dgsrps.
The deformation phases will be discussed from oldest to youngest in Hidden valley,
followed by a description of Dsrps deformation. These deformation phases are
compared to previous work in central Nepal and their correlation with established

deformation events is interpreted.

2.5 Structural observations

2.5.1 First phase of deformation (Dy)

Deformation in Hidden valley is dominated by large, asymmetric, north-verging folds
(Figure 2.6). Fy folds are typically chevron to circular, and class 1B (Ramsey, 1967),
with fold hinges and intersection lineations plunging slightly (~10°) to the ESE. Folds

are near-upright and symmetric in the north and become gradually more recumbent and
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asymmetric towards the southern end of Hidden valley. The asymmetry of Fy folds is
such that in anticlines the upper, southern limb is longer than the lower, northern limb.

Sn fabrics are axial planar to Fy, striking ESE and dipping to the SSW at an angle of ~35°
in the south to ~60° (and locally >80°) in the north. Sy ranges from a weak to well-
developed continuous cleavage, and is strongly influenced by rock composition and

competency (Figure 2.7).

As is evidenced in the cross-section of Hidden valley (Figure 2.3), stratigraphically
younger levels are exposed from south to north. The comparison of structural
characteristics at megascopic and microscopic scales reveals that there is a transition
from structurally lower to higher levels from south to north. This is demonstrated by
dividing the field area into two domains. Domain A comprises the southern part of
Hidden valley, where Fy folds are predominantly recumbent and circular, and Sy axial
planar cleavage is well-developed and consistent (Figures 2.6, 2.7). In Domain A, Sy
cleavage is usually defined by a preferred orientation of muscovite grains and by the
elongated shape of quartz grains. The mean Domain A Sy axial planar cleavage is
N109°/36°S. A cylindrical fit of Sg bedding measurements is used to calculate the Fy
fold axis, plunging 03° towards N285°. This agrees well with measured Fy fold axes and
So/Sn intersection lineations. The boundary between domains is placed at a wide east-
west trending valley in which there is limited exposure. This valley is nearly along strike
of the Lupra fault in the Kali Gandaki valley, a normal fault that marks a structural break
in TSS rocks (Godin, 2003). However, besides a transition in structural style, there is no

evidence suggesting fault displacement such as fault gouge or a break in stratigraphy
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across the valley. Thus, displacement along the Lupra fault must decrease to negligible
displacement from Kali Gandaki valley west to Hidden valley. The northern end of
Hidden valley is designated as Domain B. Folds in Domain B are near-upright to
upright, open and chevron-style (Figures 2.6, 2.7). Although some folds are locally
symmetric, there is still a general vergence at map scale to the north, and reconnaissance
work suggests that chevron-style north-verging folds continue beyond Hidden valley to
the north, as viewed from Sangda village (L. Godin, pers. comm., 2004) (see Appendix
B). Sw cleavage in Domain B is steep, less well-developed, and generally a spaced
disjunctive type. The mean Domain B Sy axial-planar cleavage is N102°/61°S, similar in
strike but steeper in dip to Domain A Sy. The measufed Fy fold axes and S¢/S;
intersection lineations are similar to those in Domain A, and agree well with the
calculated Fy fold axis defined by the poles to bedding, plunging 03° towards N285°,
Cleavage refraction is observed in the Thini Chu Formation around a large anticline in
the northern end of the valley. This refraction accounts for the scatter in Domain B Sy
measurements. The change in fold style from Domain A to Domain B is interpreted as
the result of a transition from a lower structural level to a higher one. Towards
structurally higher units, there is a change in fold style from recumbent to upright, and an
associated curve upward in the axial trace of the folds (see Figure 2.3). In the nearby
Kali Gandaki valley, Godin (2003) documented a similar structural transition in the TSS

from early Paleozoic strata all the way through Cretaceous strata.

The style of Fy folding is strongly dependent on both structural level (i.e., Domain A vs.

Domain B.) and composition. For example, the Ice Lake Formation is a thickly bedded,
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relatively uniform limestone. Folding within this unit changes style from similar to
parallel and from circular to chevron, from the base of the formation to the top, indicating
a dependence on structural level (Figure 2.7). In the stratigraphically higher Thini Chu
Formation, bedding alternates between quartzite, sandstone and shale layers with
occasional limestone. Folded quartzite layers exhibit parallel folds; layer-parallel slip
was likely accommodated within shale layers. Cleavage is strongly refracted from
quartzite to shale layers. This formation also exhibits a transition from parallel circular to
chevron folds from base to top (Figure 2.7). The Mukut Limestone Formation is a marly
limestone to shale, much weaker than the underlying Thini Chu Formation. Folding in
the Mukut Limestone is predominantly disharmonic and ptygmatic, a reflection of its

weak, shale-rich composition (Figure 2.7).

2.5.2 Second phase of deformation (Dy+1)

The second phase of deformation observed in Hidden valley, Dy.1, is associated with
south-verging structures. This phase is characterized by small, asymmetric, south-
verging kink and open folds that plunge slightly (~15°) to the ESE (Figure 2.8). The Sy
crenulation cleavage strikes on average N281°, and dips 29° to the north. Crenulations
overprint Sy penetrative cleavage (Figure 2.8). There is no significant change in Sy«
crenulation cleavage orientation from Domain A to Domain B within Hidden valley.

Sn+1 crenulations are observed as far south as the terminus of the Chhonbarban glacier,

where they are found to overprint Dgrps.
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2.5.3 Third phase of deformation (Dy.2)

The third phase of deformation in Hidden valley is a ubiquitous spaced fracture network.
Fractures are brittle, consistently strike NNE/SSW and are sub-vertical. They occur in
regular spacings ranging from 1 m to >5 m throughout Hidden valley (Figure 2.9). Mean
Sn+2 18 NO13°/88°E. En échelon NNE/SSW-striking veins filled with calcite are also

common (Figure 2.9).

2.5.4 Deformation phase (Dsrps) in the Dhaulagiri area

Towards the toe of the Chhonbarban glacier and the head of the Myagdi Khola there is a
strain gradient culminating in a zone of high strain, Dsrps, at the base of the TSS. From
Dhaulagiri base camp to the south, well-developed south-dipping Dy axial-planar fabrics
flatten to horizontal and then dip to the north at ~30° (Figure 2.10). Foliation becomes
very well-developed and primary structures are no longer distinguishable. This zone is
approximately 1.5 km thick (Figure 2.3). There is a decreasing strain gradient at the base
of the high strain zone into GHS mica schists and calcsilicates, evident in the change
from a strongly planar fabric and mylonitization to a schistose fabric. The strike and dip
of Sn+1 crenulation cleavage remains consistent to the terminus of the Chhonbarban
glacier, indicating a clear overprinting relationship of Dn+1 on Dgrps. The base of the

Dsrps high-strain zone is mapped as a lithotectonic boundary between the TSS and the

GHS.
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2.6 Structural interpretations

2.6.1 Interpretation of Dy

North-verging folds have been described regionally as D, deformation, proceeding and
refolding an earlier Dy southwest-verging contractional event (Colchen et al., 1986;
Brown and Nazarchuk, 1993; Godin et al., 1999b; Godin, 2003). No evidence for D;-
style early deformation was observed in Hidden valley. In the Annapurna area, D, is
characterized by a northeast-verging megascopic fold train with penetrative to spaced
axial-planar cleavage (Godin, 2003). This deformation event clearly corresponds to Dy
in Hidden valley. While these folds were originally described as forming due to gravity
sliding and drag along the STDS (Burchfiel et al., 1992), they have been more recently
interpreted as forming during a contractional event preceding ductile motion along the
STDS (Godin et al., 1999a; Godin, 2003). This interpretation is based on several
empirical observations, including the apparent transposition of D, fabrics in the high
strain zone of the STDS, hinterland- and foreland-directed thrusts observed in parts of the
TSS indicating a contractional setting, and the variation of deformation style with

structural level characteristic of contractional folds (Godin, 2003).

The age of D, deformation is not well-constrained. F folds must be older than the
cessation of ductile motion on the STDS at ~18 Ma (Vannay and Hodges, 1996; Godin et
al., 2001). Emplacement of the Manaslu granite at ~22 Ma and ~19 Ma has been shown
to cross-cut F; folds in central Nepal, giving a further age constraint (Guillot et al., 1993;
Harrison et al., 1999). The extent of D, deformation beyond the mapped boundaries of

central Nepal is also not well-known (Figure 1.4). D north-verging folds certainly
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extend across the breadth of central Nepal (Figure 1.3; Godin et al., 1999a; Godin, 2003,
Searle and Godin, 2003). Mapping by Fuchs (1967; 1977) indicates that north-verging
folds extend across the Dolpo region to the northwest of central Nepal. North-verging
folds have been identified on reconnaissance trips north and north-east of central Nepal
for > 30 km in southern Tibet (L. Godin, pers. comm., 2004). Thus, it appears that this
fold belt has an areal extent of at least 2500 km?. It is also unclear whether the strain
recorded in these north-verging folds was localized to this central part of the orogen, or
whether the folds record an orogen-scale compressional event which has been recorded in

different structural styles and at different structural levels across the length of the orogen.

2.6.2 Interpretation of Dy,

South-verging folds and crenulation cleavage correspond to Dy4 regional south-verging
deformation (Godin, 2003). There is no evidence for new growth of muscovite during
this event, and as crenulation cleavage can occur by pressure solution at very low
temperature and differential stress, this crenulation cleavage likely records a low-
temperature brittle event, further evidenced by brittle fracturing along the crenulation
cleavage planes (Figure 2.8). Godin (2003) indicates that Dy is a post-peak metamorphic
deformation. Evidence for D4 overprinting the high-strain zone of the STDS indicates a

change to south-directed deformation in the TSS proceeding ductile motion along the

STDS.

2.6.3 Interpretation of Dy..;

A late prominent vertical spaced-fracture network is the most recent deformation event to
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affect the TSS in Hidden valley. This fracture network is interpreted to correspond to the
large E-W extensional system that is presently active over most of Tibet as well as the
Himalaya, which includes many north-trending rift systems such as the Thakkhola graben
(Molnar and Tapponier, 1975; Molnar and Tapponier, 1978; Hurtado et al., 2001). In
central Nepal, this extensional deformation is assigned to Ds (Godin, 2003). An “°Ar
/*Ar age of 14 Ma from hydrothermal micas in an extensional fracture of the Thakkhola
graben system may be an indication that E-W extension began as early as 14 Ma
(Coleman and Hodges, 1995). '*C ages from river terraces espouse movement along the
Dangarzhong component of the Thakkhola graben as recently as 17.2 ka (Hurtado et al.,
2001). Itis interesting to note that geographically, Hidden valley also strikes NNE-SSW.
It is likely that formation of this valley by erosion was facilitated by Ds jointing. As there
is no measurable displacement of fold structures across Hidden valley, it is unlikely that

there is a Ds graben-type structure within the valley.

2.6.4 Interpretation of Dsrps

The high-strain zone described to the south of Hidden valley at the southernmost extent
of the TSS is part of a laterally continuous network of shear zones extending the length of
the Himalaya, the STDS. Shear-sense indicators in the Kali Gandaki valley and
elsewhere in the Himalaya suggest that displacement on the STDS is normal sense
(Burchfiel and Royden, 1985; Burchfiel et al., 1992; Hodges et al., 1992; Brown and
Nazarchuk, 1993; Godin et al., 1999b; Godin, 2003). There is also some evidence for
dextral displacement along the STDS in central Nepal (Pécher, 1991). Ductile movement

along the STDS in central Nepal has been reasonably well-constrained by U-Pb
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geochronology and “°Ar/*® Ar thermochronology to ~22.5-18 Ma (Hodges et al., 1996;
Godin et al., 2001). The high-strain zone is variable along strike, and is not confined to a
particular stratigraphic level of the TSS (i.e., Searle and Godin, 2003). In Hidden valley
it is found within the Larjung Formation. In the Marsyandi, the STDS biotite-phlogopite
zone of strain is found within the Tilicho Pass Formation (Schneider and Masch, 1993).
However, in Hidden valley the biotite zone of strain is observed in the structurally lower
Nilgiri Formation. This may be an indication that the STDS cuts down to a
stratigraphically lower level in the Hidden valley/Dhaulagiri area (Searle and Godin,
2003). In the Kali Gandaki valley, the curving of F» folds is described as a transposition
of D; into the high strain zone of the STDS (Godin, 2003). Although the STDS dips at
~30° in the Dhaulagiri area, it likely does not project deep into the crust at that angle.
There is evidence that the STDS has been buckled (Searle and Godin, 2003; Gleeson and
Godin, in press; Godin et al., in press), and in places is shallow to horizontal (i.e., Searle
and Godin, 2003). This has also been observed in the Everest region 200 km to the east,
where the upper brittle and lower ductile components of the STDS are sub-horizontal
where exposed at ~5000 m elevation (Law et al., 2004). Regionally, the STDS is
described as Dj3. It is interpreted to postdate D, folding due to the transposition of D

fabrics and precede D4 due to overprinting by D, fabrics (Godin, 2003).

2.7 Summary of structural geology in Hidden valley and Dhaulagiri area
Regional deformation of the TSS in central Nepal has been divided into five deformation
events (Godin, 2003). The events seen in Hidden valley are summarized in Figure 2.11.

The first regional event, Dy, is either pre-Himalayan, or occurred in the early stages of
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collision, and was not observed in this study. The second deformation event, D,, has
resulted in a north-verging fold belt that covers an area of at least 2500 km? in central
Nepal. This deformation was originally interpreted as coeval to ductile displacement on
the STDS, and has more recently been interpreted as reflecting contractional shortening
and thickening prior to ductile motion of the STDS at ~22-18 Ma. The first interpretation
requires that D is at least as old as 18 Ma. The second requires that it is significantly
older than 22 Ma. The D, event is associated with an axial-planar cleavage largely
defined by muscovite grains. Ds is a Himalayan-wide high strain zone of top-to-the-north
normal displacement, the STDS. In Hidden valley/Dhaulagiri, the Larjung Formation
forms the hanging wall of the high strain zone. The curve of D, axial planar fabrics into
the D3 STDS may indicate a transposition of D, into D;. The appearance of biotite within
the Nilgiri Formation indicates that strain due to the STDS is found at lower stratigraphic
levels of the TSS in Hidden valley than in some other areas of central Nepal. Dsisa
south-verging convergent deformation event characterized by crenulation cleavage and
kink and open folds. This event accommodates little shortening, and was likely a short-
lived and low-temperature event. Overprinting fabrics indicates D, is post 18 Ma. Ds is
a late spaced-fracture network consistent with active extensional deformation throughout

the Himalaya and Tibet from 14 Ma to present.
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Figure 2.3. Cross-sections A-A’B-B’ (top) and C-C’ (bottom). Locations of cross-
sections are shown on Figure 2.1. Legend is also shown on Figure 2.1. The bold dashed
line shows the boundaries of the high strain zone of the South Tibetan detachment
system, * Letters show the location of control points used to constrain the cross-
sections. Control points are shown in detail in Appendix A. asl: above sea level. White
lines define topography.
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Figure 2.5. (A) Outcrop photograph of Nilgiri Formation. (B) Thin-section photograph
of Nilgiri Limestone in plane-polarized light. Both dolomite and calcite are present. (C)
Outcrop photograph of Tilicho Pass Formation, view is 400 m across. (D) Thin-section
photograph of Tilicho Pass Formation slate in plane-polarized light. (E) Outcrop
photograph of Ice Lake Formation, geologist for scale. (F) Thin-section photograph of
Ice Lake Formation limestone in plane-polarized light showing bryzoa fossil. For mineral
abbreviations, see the Glossary of Terms.
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Figure 2.5 continued. (G) Outcrop photograph of Thini Chu Formation, view is 750 m
across. (H) Thin-section photograph of Thini Chu Formation sandstone in plane-
polarized light with crossed polars. (I) Thin-section photograph of Thini Chu Formation
slate in plane-polarized light. (J) Thin-section photograph of Thini Chu Formation
limestone in plane-polarized light with crossed polars. (K) Outcrop photograph of
Mukut Limestone Formation, outcrop is 30 m across, geologist for scale is circled. (L)
Thin-section photograph of Mukut Limestone Formation limestone in plane-polarized
light showing fossil remnant in centre.
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Figure 2.6. (A) Domain A D, folds, tight north-verging inclined to recumbent folds. (B)
Domain B F, folds, parabolic to chevron-style upright tight to close folds with slight
north vergence. (C) Fold hinge of parallel fold. Shale rich layers show axial-planar S,
cleavage. (D) Intersection between Sy and S, at outcrop scale. (E) Thin-section of Tilicho
Pass Formation slate under plane-polarized light showing composition banding of
bedding, S, penetrative foliation and overprinting north-dipping S,,, crenulations.
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40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.8. (A) Photograph of a south-verging F,,, kink fold overprinting S cleavage.
(B) Photomicrograph in plane-polarized light of the Nilgiri Formation adjacent to the
high-strain zone at the southern end of the field area. Cleavage is parallel to S,,. (C)
Mukut Limestone shale imaged in plane-polarized light. In this picture S,, cleavage
kinks and overprints S, cleavage.
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Figure 2.9. (A) Northward view of Hidden valley with D,,, vertical spaced fractures in
the foreground. (B) View of en-échelon calcite-filled fractures within the Ice Lake
Formation.
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Figure 2.10. Photos of the high-strain zone and upper GHS, from north to south.
(A)View looking west from Dhaulagiri base camp. Fabrics here are dipping slightly to
the south. (B) CIliff face near the terminus of the Chhonbarban glacier. Fabrics here
are horizontal and well-developed. (C) Photo taken near Italian base camp along the
Myagdi Khola, just below the high-strain zone. Rocks here are part of the GHS and
fabrics are dipping ~30° to the north.
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Figure 2.11. (A) Structural summary of Hidden valley. Equal-angle stereonets show
poles to planes as dots. Fold axes and S,/S, intersection lineations are shown as
diamonds. A cylindrical best-fit plane along the poles of measured bedding planes is
shown as a square. The pole to this plane defines the F, fold axis. The mean S,
cleavage planes are shown for Domains A and B. S, cleavage steepens from Domain A
to Domain B. Measured fold axes and intersection lineations remain fairly constant.
Mean poles and planes for S, and S, are also shown: Descriptions of structures
measured and known absolute ages of structural features are listed. (B) Sketch
demonstrating the cross-cutting relationships found in Hidden valley. (C) Map and
cross-section showing locations of structural domains A and B. Ages of deformation
from * Godin et al. (2001); ** Coleman and Hodges (1995), Hurtado et al. (2001).
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CHAPTER 3: CROSS-SECTION RESTORATION OF THE TETHYAN

SEDIMENTARY SEQUENCE

3.1 Introduction

During D deformation, the TSS experienced a significant amount of folding. This strain
can be quantified in cross-section as a change in line length of originally flat-lying
sedimentary beds to their present folded state. This kinematic analysis is carried out from
outcrop to map-scale to give an indication of the homogeneity of deformation at various
scales. Minimum shortening values for the TSS in Hidden valley are compared to

published shortening estimates for the TSS across the Himalaya.

3.1.1 Previous work

Previously published restorations of cross-sections within the Himalaya that include the
TSS are shown in Table 3.1 Many of these restorations include estimated displacement
along major thrusts, such at the MCT, which have a significant influence on shortening
calculations. For example, Corfield and Searle (2000) calculate 280% shortening from
the India-Asia suture to the base of the TSS. However, about 200% is attributed to
obduction of the Spongtang ophiolite prior to continental collision. Even the range of
shortening values that have been published solely for the TSS is considerable. There are
several TSS shortening estimates in the western Himalaya. These range from ~25% in
the Spiti region of northern India (Weismayr and Grasemann, 1999) to ~42% shortening
in the Ladakh-Lahul region (Steck et al., 1993), and 56% shortening in the Zanskar and

Ladakh regions (Searle, 1986). In the eastern Himalaya, Ratschbacher et al. (1994)
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calculated 66% shortening in the TSS, although, due to a lack of detailed mapping, it was

indicated to be a first-order approximation only. In the central Himalaya, there is one

minimum shortening estimate of the TSS of 43% (150% minimum vertical thickening) in

the Kali Gandaki valley (Godin, 2003). Locations of these five balanced cross-sections

of the TSS are shown in Figure 3.1.

The range in TSS shortening values from 25-66% is in part likely a reflection of

deformation variability along the strike of the orogen. However, it also reflects the

degree of exposure of the TSS and detail of mapping used for creating cross-sections.

Although Hidden valley represents only a small component of the north-south extent of

the TSS, shortening is examined at a number of different scales. If shortening is

consistent from the outcrop scale to map scale, it can be considered to be relatively

homogenous and therefore reasonable to use this shortening estimate as an approximation

across the full north-south extent of the TSS in the central Himalaya, unless some major

faults are present north of Hidden valley and south of the suture.

Table 3.1. Shortening estimates of the TSS or including the TSS in the Himalaya.
Locations of the numbered regions are shown in Figure 3.1.

Region Lithotectonic Percent or amount of Reference

asscmblages shortening
Westernmost Himalaya All 64% Coward and Butler, 1985
Zanskar and Ladakh (1) TSS 56% Scarle, 1986
Kumoan-Garhwal All 69-72% Srivastava and Mitra, 1994
Ladakh Ophiolite, TSS 280% Corficld and Scarle, 2000
Ladakh-Lahul (2) TSS ~42% Steck et al., 1993
Spiti, N, India (3) TSS ~25% Weismayr and Grasemann, 1999
Central Nepal (4) TSS 43% Godin, 2003
Southwest Tibet All (TSS) 604 km; 750 km (112 km) Murphy and Yin, 2000; 2003
S and W Tibet (5) All 66% Ratschbacher ct al,, 1994
East Himalaya All 64% Hauck ct al., 1998
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3.1.2 Assumptions and depth to detachment

In the construction of cross-sections and palinspastic restorations, plane-strain
deformation is assumed. Mapping in Hidden valley (Figures 2.1, 2.2) has shown this
assumption to be largely valid. Constant layer thickness is also assumed, with minimal
internal ductile deformation, constrained by mapping (Figure 2.3, Appendix B) and
structural observations outlined in Chapter 2. This assumption is applicable for the north
half of Hidden valley. Towards the south there is a gradual increase in strain, rendering
this assumption less valid at the southern end of the valley. Strain data have not been
incorporated into this construction, although there is a pervasive cleavage developed
throughout most of the section, indicating some volume loss by pressure solution. In
places thickening of fold hinges and thinning of limbs is observed in less competent units
(see Chapter 2, Figure 2.7). Furthermore, shortening due to Dy kink folds has not been
considered because it is not visible at the various scales used for restorations. Thus, the
calculated shortening estimates represent minimum estimates associated with the D,

phase of deformation.

The STDS has commonly been interpreted to be the detachment for F; north-verging
folds (Burchfiel et al., 1992 and references therein). According to this interpretation, F»
folds are generated contemporaneously with detachment-sense motion along the STDS
and by the same deformation. Folds are created by a combination of gravity sliding down
the inclined STDS and drag folding. However, as our knowledge of both F, folds and the
STDS increases, this model becomes increasingly difficult to reconcile with both

empirical observations (Brown and Nazarchuk, 1993; Godin et al., 1999; Godin, 2003)
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and theoretical models of orogenesis in which the STDS is described as the hanging wall
detachment to a channel of tectonically extruded mid-crustal rocks (Beaumont et al.,
2001; 2004). The interpretation is made here that F» folds reflect early contractional
north-directed deformation that predates displacement along the STDS. This
interpretation is supported by several lines of evidence. Firstly, structural mapping in
central Nepal indicates that pre-existing F» fabrics are transposed into the STDS high-
strain zone (Godin, 2003). Secondly, both theoretical and empirical data suggest that the
STDS does not project into the subsurface as a steep feature capable of providing the
gravitational potential necessary to allow gravity-driven sliding of rocks into a fold train.
In the Everest region, 200 km east of Hidden valley, two near-horizontal strands of the
STDS are exposed (Law et al., 2004). Mapping in the eastern Himalaya south of Lhasa
also shows the STDS to be sub-horizontal (Edwards et al., 1999). In models of channel
flow, of which the STDS is purported to be the upper boundary, the channel is near
horizontal at depth and steepens only as it cuts up-section due to focused denudation
(Beaumont et al., 2001; 2004). Alternatively, the GHS may have a flat/ramp geometry in
central Nepal, accounting for steep MCT and STDS dips as the GHS ramps up onto the
LHS over a footwall duplex (Martin et al., 2005). Mapping in the Nar valley of central
Nepal indicates that the STDS cuts both up and down section through folded TSS units as -
young as Jurassic in age, indicating that at least the upper strand of the STDS postdates
detachment-style folding (Searle and Godin, 2003). These structural constraints are
further supported by “°Ar/*’Ar geochronology in this study, which suggests an Oligocene
age for formation of F folds (Chapter 4). Early contractional folding requires that an

carlier shallowly south-dipping basal detachment to F, folds was present and has been cut
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by the STDS. There is no geophysical data at present to support or dispute the existence
of such a detachment. Another possibility is that the STDS was a thrust décollement

below the TSS prior to Miocene normal-sense displacement.

Empirical observations in this thesis have been used to estimate the location of the STDS
beneath Hidden valley. For example, at the terminus of the Chhonbarban glacier (Figure
2.1, Chapter 2), highly strained rocks related to the STDS are near horizontal (Figure
2.10, Chapter 2). Just to the south, the STDS dips at ~35°. This is a reflection of the great
variability in the dip of the STDS. Late buckling of the STDS has been recognized
elsewhere in central Nepal (Searle and Godin, 2003; Godin et al., in press). This
buckling does not affect the geometry of the Hidden valley cross-section, and does not
affect line lengths measured in this restoration, so it will be ignored for the purposes of
this exercise. The observations and interpretations discussed above have guided
construction of the Hidden valley cross-section, and are also used to guide restoration of

the cross-section.

3.2 Restoration of the Tethyan sedimentary sequence

Sections are restored by line-length measurements. Three restorations of D, deformation
in the Tethyan sedimentary sequence have been made at three different localities and
three different scales in Hidden valley. The locations of these restorations are shown in
Figures 2.1 and 3.2, Restoration of beds to their original undeformed state was
completed in a single step for cach restoration. Line-length measurement was aided by

the use of a Swedish wheel. The wheel was traced along bedding surfaces from pin lines
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to the end of the beds and the length indicated on the wheel was recorded. This length
was compared to the horizontal length from the pin line to the end of each mapped

bedding surface to calculate the percent shortening,

3.2.1 Map-scale restoration of the Tethyan sedimentary sequence
A map-scale restoration of the Tethyan sedimentary sequence in Hidden valley has been
constructed from cross-section C-C' (Figure 3.3). A pin has been placed at the northern
end of the section, and beds have been restored to the south. The incipient axial plane
traces of several major folds have been indicated in the restored section. Some of these
folds root into inferred faults at depth. Restored line lengths of the bedding contacts
between each unit show a decrease in original line length from structurally and
stratigraphically lower units to structurally and stratigraphically higher units. The
elongation is calculated for unit contacts at the top, middle and bottom of the cross-
section for comparison. An average of these values is used to estimate the shortening
along the length of Hidden valley. For the C-C' cross-section, elongation is:
e=(i—1o)/lo Eq. |

=-0.4004

=-0.395g

= -0.400¢
where e is elongation, ly is the initial length of the beds as restored in Figure 3.3, Iyis the
final length of the bedding contacts as measured from the pin to the southern limit of the
bedding contacts. Figure 3.3 indicates contacts A, B and C measured for elongation

values. The percent shortening for cross-section C-C' (% shortening = |e| x 100%) is
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40%. Thickening of the TSS in Hidden valley was calculated by measuring from the
base to the top of the deformed TSS (Figure 3.3). This thickness was then compared to
the original bedding thickness of the sequence of 6500 m. Percent thickening was
calculated as follows:
Thickening = [(I+-1p)/lp + 1] x 100% Eq.2

=[0.83 + 1] x 100%

=180%
Thus, minimum shortening and thickening of the TSS at map-scale is 40% and 180%

respectively.

3.2.2 Restoration of intermediate-scale F; folding in the Tilicho Pass Formation
The fold package chosen for intermediate scale of restoration A-A' is within the Tilicho
Pass Formation, where it crops out in the core of a large anticline at the north end of
Hidden valley (Figure 3.2). Folding here is chevron in style, parallel, and nearly upright
(Figure 3.4 A-C). The restored folds are all parasitic to the larger map-scale anticline.
Some continuous cleavage is present in shale beds of this formation, indicating a small
amount of volume loss. A northern pin is chosen at the axial plane of a syncline, and
folding is restored to the south. Restoring the line length of these folds, elongation using
Eq. 1 is found to be:

e = -0.450,pper

= -0.4500wer

= "0.45 Ouvc
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where e is elongation, |, is the initial length of the beds as restored in Figure 3.4 C, Iy is
the final length of the beds as measured from the pin to the end of the fold lines drawn in
Figure 3.4 C and 'upper' and 'lower' refer to the upper and lower bed form lines drawn in

Figure 3.4 C. Thus at this intermediate scale, the minimum percent shortening is found to

be 45%.

3.2.3 Restoration of large-scale F, folding in the Thini Chu Formation
The same exercise is repeated at a larger scale at B-B', in an outcrop of the Thini Chu
Formation (Figure 3.2). Though this outcrop is at a higher stratigraphic level than the
previous one, parasitic folding here is indicative of a lower structural level, as folds are
asymmetric and gently inclined, and show a slight amount of thickening in the hinges and
thinning in the limbs (Figure 3.5 A-D). This suggests some strain accommodated by
pressure solution and cleavage development, which is not accounted for in the line-length
restoration. A southern pin is chosen at this outcrop and the folds are unfolded to the
north. Restoring the line length of these folds using Figure 3.5 and Eq. 1, elongation is
found to be:
e = -0.320upper

= -0.4000wer

= -0.360,y¢
In this case, minimum shortening at outcrop scale is estimated at 36%. This is probably

an underestimate due to volume loss during cleavage development.
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3.3 Interpretations and discussion

The three restorations carried out at three different scales in Hidden valley indicate that
there is some variability with scale in the amount of shortening. The intermediate scale
restoration indicates greater shortening (45%) than the map-scale restoration (40%).
However, the large-scale restoration yielded only 36% shortening. As mentioned
previously, folds in the large-scale outcrop exhibit lower structural-level folding when
compared to the intermediate scale outcrop. Perhaps deformation was accommodated by
pressure solution, resulting in an under-estimation of strain. Line-length restoration may
not be a valid technique for strain quantification at this location. Taking this into
consideration, the map-scale restoration of 40% shortening appears generally consistent
with the larger-scale restorations, and will be considered as a valid minimum shortening
estimate for Hidden valley. This shortening estimate is remarkably consistent with the
43% minimum shortening value calculated for the Kali Gandaki valley to the east (Godin,
2003), indicating that 40-43% shortening is a reasonable quantification of strain in central

Nepal, and can be attributed to D; deformation and folding.

The shortening value agrees well with restorations in the western Himalaya by Steck et
al. (1993) in the Ladakh-Lahul region (~42%), but is much lower than those by Searle
(1986) in the Zanskar and Ladakh regions (56%). This is likely because Searle (1986)
includes obduction of ophiolites into the shortening value. Compared to the eastern
Himalaya, shortening in central Nepal is considerably less than the 66% found by
Ratschbacher et al. (1994). This may suggest greater shortening of the TSS towards the

eastern margin of the Himalaya. It could also be a reflection of different styles and
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timing of deformation events affecting the TSS in different parts of the orogen. There
may be older and/or younger shortening events that are not observed or present in central
Nepal. For example, there are many faults mapped and restored in the section by
Ratschbacher et al. (1994), but no evidence of significant faults are observed in central
Nepal. There are more deformation events documented in the Ladakh-Lahul region TSS
rocks than those in central Nepal (Steck et al., 1993). Alternatively, the discrepancies

between these values may reflect variability in amount of exposure, access and mapping.
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Figure 3.1. Map of the Himalaya showing major lithotectonic assemblages and
tectonic boundaries. Locations of restored Tethyan sedimentary section cross-sections from
Table 3.1 are shown. KF: Karakoram fault; MBT: Main boundary thrust; MCT: Main

central thrust; MFT: Main frontal thrust; STDS: South Tibetan detachment system; Modified
from Hauck et al. (1998).
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Figure 3.2. Map of Hidden valley showing locations of cross-sections restored. The
map-scale cross-section used for restoration, C-C’, is shown in Figure 2.1. A-A’ is the
small-scale fold cross-section and B-B’ is the large-scale fold cross-section.
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Figure 3.3. Bed-length restoration of cross-section C-C’ restoring north-verging D, deformation in the Tethyan sedimentary sequence
in Hidden valley and Dhaulagiri. Dashed lines on restoration indicate restoration of fault offsets. Bold lines show restored traces of
axial planes. Vertical and horizontal tie lines show final shortening and thickening of beds. asl: above sea level.
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Figure 3.4. Restoration of intermediate-scale folding in an exposure of the Tilicho Pass
Formation. (A) Field sketch showing the location of the folds. (B) Photograph of the
outcrop. (C) Outline of the outcrop in (B) with trace lines of the restored fold. The
original line lengths of the upper and lower trace lines are shown below.
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Figure 3.5. Restoration of a large-scale fold in an outcrop of the Thini Chu Formation.
(A) and (B) show the location of the fold in the field. (C) Photograph of the outcrop.
(D) Outline of the outcrop with trace lines of the restored fold. The original line lengths
of the upper and lower trace lines are shown below with their shortening values.
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CHAPTER 4: GEOCHEMISTRY AND GEOCHRONOLOGY

4.1 Introduction

It is imperative to know the precise timing of deformation in order to understand the role
of D, within the dynamic framework of the formation of the Himalaya. Although D>
deformation dominates the structural style of the TSS in central Nepal, there are as yet no
absolute age constraints for this deformation episode. TSS rocks contain muscovite,
which make them candidates for ‘°Ar/*Ar radiometric dating. Poly-deformed low-grade
metamorphic rocks such as those found in the TSS, however, present an interesting
challenge because of the potential for partial resetting of the Ar clock during each
deformation event. Consequently, the interpretation of conventional “°Ar/*’Ar data from
these rocks must be approached with due caution, Furthermore, young ages of
metamorphism, as in the Himalaya, are difficult to date due to the small quantity of
radiogenic daughter product produced. Both traditional bulk separate step-heating and in
situ spot-fusion “°Ar/*® Ar dating of muscovites were carried out on TSS samples from
Hidden valley. Due to the complications mentioned above, additional information about
the geochemistry and microtextures of the samples was essential in interpreting the dating
results. Here we report the geological significance of these age constraints and the first
absolute timing constraint of D, deformation, in addition to discussing some geological
and methodological limitations in applying “°Ar/*°Ar methods to these rocks. All age

uncertainties are reported at the 20 level unless otherwise noted.

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



“Ar/Ar geochronology in the Tethyan sedimentary sequence: previous work

Most **Ar/* Ar dating of rocks within central Nepal and throughout the Himalaya has
been within the GHS and the high strain zones of the MCT and STDS, focusing on
constraining the timing of exhumation of the GHS (i.e., Hubbard and Harrison, 1989;
Vannay and Hodges, 1996; Coleman and Hodges, 1998; Godin et al., 2001). However,
many of these studies included samples from the TSS. In Kali Gandaki valley, **Ar/*’Ar
dating of muscovite from a Nilgiri Formation sample yielded an age of 18.1+0.7 Ma
(Figures 4.1 and 4.2; Godin et al., 2001). The sample was described to be located outside
the structural influence (but not necessarily thermal influence) of the STDS high strain
zone. Muscovite ages for samples within the STDS high-strain zone yielded ages of
~15.5 Ma to ~12 Ma (Vannay and Hodges, 1996; Godin et al., 2001). In the Nar valley
of central Nepal, “*Ar/*Ar dating of muscovite from a Thini Formation sample (Mukut
Limestone equivalent) yielded an age of 15.9+0.9 Ma (Godin et al., in press) (Figure 4.1,
4.2). Muscovite ages within the STDS high strain zone in the Nar valley ranged from
16.6 Ma to 14.8 Ma (Figure 4.1; Figure 4.2; Godin et al., in press). Various other studies
within central Nepal have documented K-Ar and “°Ar/*’ Ar ages from the TSS. In a study
on remnant magnetism in the TSS, Crouzet et al. (2001a) obtained a K-Ar age of
~29.1x1.8 Ma for TSS rocks within Hidden valley, and indicates that the age likely
represents a mixing effect from detrital illites and a young thermal event. They interpret
this age as dating new growth or resetting of detrital muscovite grains during the
Eohimalayan metamorphic event. Hydrothermal muscovite collected from an extensional
fracture within the amphibolite-facies Annapurna-Yellow Formation in the Marsyandi

valley has been dated at 14.2+0.9 Ma (Figure 4.1; Figure 4.2); this age has been
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interpreted to reflect the onset of orogen-perpendicular extension within the Himalaya
(Coleman and Hodges, 1995). To the west of central Nepal, Crouzet et al. (2003) have
employed multicomponent magnetization to demonstrate that no significant rotations
have occurred in the TSS between Triassic and late Eocene in the western Dolpo area.
Folding (presumably D, north-verging folding) and pyrrhotite-remanence acquisition was
interpreted to be between 40-35 Ma, with folding predating pyrrhotite remanence
acquisition. Crouzet et al. (2003) indicated that this age is compatible with Eohimalayan
metamorphism and concluded that the Neohimalayan phase (i.e., movement along the
STDS and MCT) does not seem to be related to the folding event present there.
Similarly, in the Nar/Phu valley, pyrrhotite remanence is interpreted to be thermally
induced and related to post-peak Eohimalayan metamorphism at 32-35 Ma (Schill et al.,

2003).

As in central Nepal, TSS rocks have been dated in the Sutlej valley, India, to examine the
exhumation history of GHS rocks along the STDS and the MCT. Samples collected
within Proterozoic TSS in or very close to the high-strain zone of the Sangla Detachment
(STDS equivalent) appear to be fully reset by related metamorphism (Vannay et al., 2004
; Thiede et al., 2005). Obtained VAP Ar plateau ages for muscovite are 18.60+0.09 Ma,
17.62+0.11 Ma, 17.24+0.08 Ma., 19.23+0.14 Ma and 17.3+0.3 Ma (Vannay et al, 2004;
Thiede et al., 2005). In the Spiti region of northern India, newly formed illite in the TSS
yielded “°Ar/*°Ar ages of 45-42 Ma, interpreted to reflect deformation due to crustal
thickening (Wiesmayr and Grasemann, 1999). Micas in northern TSS rocks collected

close to the Yarlung-Tsangpo suture in Tibet were dated by “°Ar/*?Ar to be ~13 Ma (Burg
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and Chen, 1984). The age has been interpreted as relating to metamorphism within a
ductile thrust zone. At the Kangmar Dome in southern Tibet, “*Ar/*’Ar ages across the
contact of the TSS and underlying orthogneiss span 15.24+0.05 to 10.9440.30 Ma (Lee et
al., 2000). Cryptically, muscovite ages increase with depth, suggesting cooling from

below.

In general, most of these geochronological studies have focused on more recent
deformation events in the TSS, namely D; deformation caused by movement along the
STDS and Ds E-W extension. Although there is mention of a K/Ar age of ~29.1+1.8 Ma
from Hidden valley itself (Crouzet et al., 2001b), there was no attempt to determine the
geological significance of the age obtained. This study marks the foremost attempt to date
D; deformation in the central Nepal TSS, by collecting muscovite-bearing saniples at
various stratigraphic and structural positions throughout Hidden valley for “*Ar/*’Ar step-
heating and spot-fusion experiments. A high-grade metamorphic GHS sample collected
from the Dhaulagiri area to the south of Hidden valley is used for comparison of
muscovite structural and chemical characteristics. The locations and structural positions

of the samples collected are shown in Figures 4.3 and 4.4.

4.1.1 Thermometry in Hidden valley

Illite and chlorite crystallinity, vitrinite reflectance and conodont colour alteration index
carried out in Hidden valley, the Dolpo region and Kali Gandaki valley indicate that the
epizone/anchizone boundary (corresponding to temperatures <380°C) is generally found

within Upper Devonian TSS rocks (Garzanti et al., 1994). The anchizone/"diagenesis"
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boundary (~300°C) is usually within Triassic rocks (anchizone and epizone pelitic rocks
roughly correspond in metamorphic grade to prenhite-pumpellyite and greenschist facies
rocks in metabasites). In Hidden valley these boundaries are within the Tilicho Pass and
Tarap Shale Formations, respectively. Thus, the greater part of the TSS rocks in Hidden
valley have been metamorphosed to temperatures in the range of 300-380°C, including
most samples collected. Samples D27 and HV 15, both collected from structurally and
stratigraphically lower formations relative to the other samples, have likely been
metamorphosed to higher temperatures (Figure 4.4). Thermometry is consistent with an
increasing metamorphic grade both from north to south and from higher to lower

structural level.

The closure temperature for argon diffusion in muscovites is dependent on grain size and
shape. Empirical fundamental diffusion parameters for muscovite and biotite were used
to calculate the closure temperatures of muscovite grains used in this study. The
activation energy and pre-exponential coefficient for muscovite are 5249 kcal/mol and
0.04 (+4.29, -0.04) cm?/s, respectively (Hames and Bowring, 1994). Those for biotite are
472 kecal/mol and 0.08 (+0.21, -0.06) cm®/s, respectively (Harrison et al., 1985). A
cylindrical diffusion geometry is applicable for both muscovite and biotite. There are
insufficient data to determine the cooling rate of TSS rocks in Hidden valley, particularly
for detrital grains, as the cooling rate of the protoliths from which they were derived is
unknown. Cooling rates of underlying GHS rocks in central Nepal range from -37°C/Ma
in Kali Gandaki valley to -80°C/Ma in the Nar/Phu valleys (Vannay and Hodges, 1996;

Godin et al., in press). However, these rates cannot be directly applied to the TSS as TSS
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rocks have not experienced a similar burial and exhumation history. In the absence of the
required P-T-t constraints, a cooling rate of -20°C/Ma is chosen. This is a moderately
slow cooling rate, and may not be applicable to the TSS. However, it is noted that
choosing a different cooling rate does not significantly change the calculated closure
temperatures. Various closure temperatures were calculated for grain size dimensions
observed in Hidden valley muscovite- and biotite-bearing samples. The largest
muscovite grains in Hidden valley have a diameter of ~500 um. The calculated closure
temperature for these grains is 408+36°C. Many samples contain muscovite grains
ranging from 100-200 um in diameter. The closure temperature for these grains ranges
from 3574+39°C to 378+38°C. The smallest muscovite grains found in the matrix of some
samples are ~1 pm in diameter. These grains have a calculated closure temperature of
247+42°C. Biotite grains, where present, are 100-200 pm in diameter. Their closure
temperature ranges from 290+5°C to 308+5°C. Due to a lack of experimental constraints
on the fundamental Ar diffusion parameters in muscovite, estimated closure temperatures
for muscovite have much larger uncertainties than those for biotite. Based on these
calculations, the largest grains of muscovite in Hidden valley are unlikely to have been
fully reset by Cenozoic metamorphism. Intermediate-sized grains (100-200 um
diameter) may show complex **Ar/*’Ar release spectra. The smallest muscovite grains
and biotite grains with closure temperatures of ~250°C and ~300°C, respectively, are

most likely to yield metamorphic ages due to resetting of Ar or neocrystallization.
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4.2 Hidden valley muscovites: microstructure and geochemistry

4.2.1 Methods

The microstructures of samples collected from Hidden valley were examined on oriented
thin sections (cut perpendicular to S; foliation) under plane polarized light, The
geochemistry of muscovites was investigated using an energy dispersive X-ray
spectroscopy (EDS) detector on electron microprobes at Queen's University and Carleton
University. Samples were prepared by carbon coating oriented, polished thin (30 um)
sections. Thin sections used for geochemistry were also cut perpendicular to foliation.
Chemical compositions on the electron microprobe were established using the EDS

detector.

4.2.2 Microstructure

On the basis of their microtextural characteristics, all samples were divided into two
groups. Group A comprises all samples collected in the main part of Hidden valley
(D1A, D4, D133, D137A, D146, D160; Figure 4.3). They are characterized as having
bimodal muscovite grain size, bimodal muscovite chemistry and variable amounts of
chlorite. Group B includes the TSS samples collected in the southernmost part of Hidden
valley (IIV15 and D27; Figure 4.3). Group B samples do not have a bimodal chemistry,
nor a bimodal grain size and do not contain chlorite. Group B samples are compared to
DH-8, a sample collected from the kyanite-grade metamorphic GHS. Like group B,
muscovites in DH-8 have only one chemical population present, but, unlike group B,
there is a bimodal grain size, grains are euhedral, and the sample does not contain

chlorite. Muscovite geochemistry will be discussed in detail below.
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Sample D133 (from the Devonian Tilicho Pass Formation) has been selected for closer
examination because of its abundance and large size of muscovite grains (Figure 4.5).
This sample has a bimodal muscovite grain size, and is assigned to Group A. Large
grains are ~200-500 wm in length and width and ~40 pm thick. The groundmass is made
up of fine-grained muscovite (~1 pm diameter), quartz and some chlorite. The large
grains are commonly kinked. In some cases they have been rotated into the S, cleavage
plane or the S4 crenulation cleavage plane; in others, they lie at high angles to the S,
cleavage plane, and deformation is evident by their undulose extinction (Figure 4.5).
Kinking, undulose extinction and the abundance of deformed grains lying outside of the
cleavage plane indicate that this population of large grains predates both south-verging
crenulation cleavage formation (S4) and north-verging cleavage formation (S;). The fine-
grained muscovite groundmass is aligned with the S, cleavage plane and also defines S,
crenulation cleavage (Figure 4.5). All other Group A samples have a bimodal muscovite
grain size with larger grains usually ~100 um in length and width and smaller grains
contained within the groundmass. They share the same structural relationships as

described for D133.

4.2.3 Geochemistry

To interpret the **Ar/*’ Ar age data correctly requires identifying the presence or absence
of detrital, recrystallized and neocrystallized muscovite. Backscattered electron (BSE)
images of typical muscovite grains from Group A and Group B are shown in Figure 4.6.

Representative chemical results from spot analyses of the grains are shown in Table 4.1;
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complete results are included in Appendix B. Backscattered electrons create a brighter
image for crystals of higher average atomic mass. Thus, whereas quartz appears dark in a
BSE image, chlorite, which contains Fe and Mg, appears bright. BSE images clearly
show the bimodal chemistry of muscovite grains in Group A (Figure 4.6 A,B,C, E, G, I,
K, M), and confirm the structural and petrologic contexts of these populations. In general,
the largest grains have high total Fe content (> 1.0 wt% Fe) in their cores or interior parts
(Figure 4.6 A-C) and low total Fe content (< 1.0 wt% Fe) on grain margins and along
cleavage planes. The fine-grained groundmass muscovite has an identical chemistry to
the low-Fe muscovite found in the larger grains (Figure 4.6; Table 4.1). These two
chemical populations in Group A are referred to as A1 (high Fe) and A2 (low Fe). There
is also a significant component of chlorite growth both within the large muscovite grains
and throughout the groundmass. Because of this, *’Ar recoil effects must be considered
and expected during irradiation of these samples (Lo and Onstott, 1989). The intergrown
relationship between A1, A2, and chlorite suggests that the populations cannot be
mechanically separated by crushing. Furthermore, some of the smaller grains (~20-40
um) display intergrowths (i.e., Figure 4.6 C). Consequently, grain size cannot be used as
a criteria for separating potentially older and younger muscovite populations. These
textural relationships, undetectable under plane-polarized light, but visible in BSE
images, suggest that Al grains have acted as nuclei for A2 growth. Textural relationships
also suggest that A2 and chlorite have, in many cases, grown in localized extensional
environments where muscovite grains have been split along cleavage planes and new
growth has occurred along those surfaces (i.e., Figure 4.6 A, K, M). The grain boundary

between Al and A2 is not diffuse, but is always discrete (Figure 4.6 A-M). Thus, on the
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textural relationship alone, it is proposed that A1 muscovite is older, and has acted as
nuclei for A2, which is the product of new crystal growth. Where A1 grains were not
present, A2 neocrystallization has formed fine-grained muscovite in the rock
groundmass. The range of element concentrations for A2 (Table 4.1; Figure 4.6, A2
analyses) also suggests that mineral growth may have occurred over an extended period
of time in which the amounts of Fe (also Mg and Ti) taken up in new minerals varied to

some degree.

Group B samples exhibit a consistent low Fe content of 0.5-1 wt% total Fe similar to that
of A2 muscovite, but they do not form a fine-grained cleavage-defining groundmass
(Figure 4.6 O and Q). In contrast, GHS sample DH-8 euhedral coarse-grained
muscovites have a consistently high Fe content of ~1.5 wt% total Fe (Figure 4.6 S).

Table 4.1. Representative muscovite analyses for A1, A2 and B. For a complete list of
analyses used in Figure 4.6, see Appendix C.

Al D133 DIA Dd__ DI37A  DI46A D160

Si0; 4513 4726 4546 4649  48.18  47.04
TiO, 0.73 0.18 046 0.82 0.23 118
ALO; 3453 3558  34.02 35.22 3659  30.53
Cr,0; 0.03 000  0.03 0.00 003 004
FeO 2.51 1.54 276 1.44 249 364
MnO 0.04 003 002 0.02 000 0.0
MgO 0.61 074 0.7 0.64 066 153
Ca0 _ 0.00 0.00 0.0 0.04 0.00 0.0
BaO 0.09 0.14 024 0.13 026 0.0
Na;0 1.01 063  0.54 0.63 102 029
K,0 9.50 10.13 1024 9.74 6.08 1049
F 0.08 011 015 0.17 0.10 031
cl 0.01 000 00l 0.02 001 00!
TOTAL 9427 9634 9450 9536 9565  95.06
O=F,Cl 0.04 005 007 0.08 0.04 0.3
H,0(calc) - 439 451 435 4.43 457 427
REC TOTAL 98.63 10080  98.78 99.71  100.17 9920
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Number of ions on the basis of 110

Al D133 DIA D4 D137A  D146A D160

Si 3.054 3.109 3.085 3.089 3.127 3.191
Ti 0.037 0.009 0.023 0.041 0.011 0.060
Al 2.754 2.758 2,721 2.758 2799 2441
Cr 0.002 0.000 0.002 0.000 0.002 0.002
Fe 0.142 0.085 0.157 0.080 0.135 0.206
Mn 0.002 0.002 0.001 0.001 0.000  0.000
Mg 0.061 0.073 0.058 0.063 0.064 0.155
Ca 0.000 0.000 0.000 0.003 0.000 0.000
Ba 0.002 0.004 0.006 0.003 0.007 0.000
Na 0.132 0.080 0.071 0.081 0.128 0.038
K 0.820 0.850 0.886 0.826 0.503 0.908
A2 D133 D1A D4 D137A  DI146A D160

Si0; 45.48 47.15 47.06 46.77 47.58  46.10
TiO, 0.12 0.28 0.18 0.09 0.16 0.08
Al O, 36.07 35.69 36.46 37.38 37.09  37.05
Cr,0; 0.00 0.06 0.04 0.00 0.01 0.04
FeO 0.81 1.29 0.79 0.53 0.94 0.93
MnO 0.00 0.01 0.00 0.00 0.00 0.01
MgO 0.39 0.56 0.38 0.22 0.39 0.28
CaO 0.02 0.00 0.00 0.01 0.02 0.01
BaO 0.12 0.05 0.12 0.09 0.26 0.02
Na,O 0.83 0.84 0.97 1.24 0.89 1.30
K,0 937 9.96 9.47 9.13 9.48 8.80
F 0.17 0.09 0.10 0.12 0.18 0.13
Cl 0.01 0.00 0.01 0.00 0.00 0.02
TOTAL 93.40 95.98 95.58 95.58 97.00 94.77
O=F,Cl 0.08 0.04 0.04 0.05 0.08 0.06
H,0(calc) 4.36 451 451 451 4.53 4.46

REC TOTAL 97.68 10045  100.04 100.04 10146  99.17

Number of ions on the basis of 110

A2 D133 D1A D4 D137A D146A D160

Si 3.069 3.106 3.097 3.070 3.090 3.055
Ti 0.006 0.014 0.009 0.004 0.008 0.004
Al 2.869 2,771 2.828 2.891 2.839 2.894
Cr 0.000 0.003 0.002 0.000 0.001 0.002
Fe 0.046 0.071 0.043 0.029 0.051 0.052
Mn 0.000 0.001 0.000 0.000 0.000 0.001
Mg 0.039 0.055 0.037 0.022 0.038 0.028
Ca 0.001 0.000 0.000 0.001 0.001 0.001
Ba 0.003 0.001 0.003 0.002 0.007 0.001
Na 0.109 0.107 0.124 0.158 0.112 0.167
K 0.806 0.837 0.795 0.764 0.785 0.744
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B HV15 D27 DHS

Si0, 45.6 48.57 46.63
TiO, 0.38 1.37 0.87
Al 05 33.52 30.39 30.83
Cl‘zO; 0 0.03 0.07
FeO 0.47 0.65 1.72
MnO 0.02 0 0
MgO 1.15 2.73 2.13
CaO 0.06 0.22 0
BaO 0 0.39 0.22
Na,O 0.11 0.27 0.34
KO 10.41 10.87 11.07
F 0.1 0.09 0.09
Cl 0 0.01 0.01
TOTAL 91.82 95.59 93.98
O=F,Cl 0.04 0.04 0.04
H,0O(calc) 431 4.46 435

REC TOTAL 97.68 100.01 98.29

Number of ions on the basis of 110

B HV15 D27 DH8

Si 3.136 3.235 3.181
Ti 0.020 0.069 0.045
Al 2.717 2.386 2.479
Cr 0.000 0.002 0.004
Fe 0.027 0.036 0.098
Mn 0.001 0.000 0.000
Mg 0.118 0.271 0.217
Ca 0.004 0.016 0.000
Ba 0.000 0.010 0.006
Na 0.015 0.035 0.045
K 0913 0.924 0.963

4.3 “Ar/*Ar geochronology of muscovites

4.3.1 Challenges associated with *°Ar/’Ar dating of low-grade metamorphic rocks
4.3.1.1 Grain sizes and partial resetting

Metamorphic events in anchizone-epizone polydeformed metamorphic rocks are
commonly difficult to date using the “°Ar/*’ Ar method. The low temperature of
metamorphism is generally not sufficient to reset the Ar systematics of white micas,
which are commonly the dominant potassium-bearing phase found in these rocks. In

addition, white-mica populations in low-grade metamorphic rocks are often a complex
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mixture of detrital grains, reset/rejuvenated metamorphic and/or detrital grains and newly
crystallized metamorphic grains. Furthermore, both the fine grain size of new mineral
growth and the presence of alteration minerals such as chlorite can cause additional
complications for the method. In low-grade metamorphism, the Ar system can be reset
via volume diffusion within detrital minerals (partial or complete resetting) or by
recrystallization (Wijbrans and McDougall, 1986). Because of this, the age recorded in
micas may represent either a crystallization age, a cooling age or a neocrystallization age
(Wijbrans et al., 1990). The Ar system is thermally activated and does not appear to be
reactivated by pressure-solution cleavage (Reuter and Dallmeyer, 1989). Consequently,
the degree of resetting or overprinting depends primarily on grain size, detrital
provenance and the degree of metamorphism (Reuter and Dallmeyer, 1987). Scaillet et
al. (1990) mapped a spectrum of “*Ar/*’Ar ages within a single mica grain, and
demonstrated that partial isotopic resetting due to diffusive Ar loss can occur. Ar
isotopic resetting has been found to be grain-size dependent; finer fractions tend to be
enriched in grains that crystallized or reset during cleavage formation (Reuter and
Dallmeyer, 1989). A consequence of this is that Ar content and distribution can vary in
different size fractions of a single mica population (Wijbrans et al., 1990). Partial
resetting of micas results in mixed *’Ar/*’Ar age spectra that are generally difficult to

interpret.

4.3.1.2 % Ar recoil
The *°Ar/*’ Ar method requires that samples are irradiated with fast neutrons in a nuclear

reactor to convert K to *’Ar. During irradiation, recoil can occur, in which some P Ar
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from white-mica phases is transferred into adjacent grains. If only white mica is present
there is an essentially equal exchange of *’Ar and ages are not affected. However, if any
K-poor phases such as chlorite or albite are present, the *’Ar recoiled into these grains
will result in discordant spectra from anomalously old ages in white mica (due to loss of
9 Ar) and anomalously young ages in chlorite (due to gain of *’Ar; Reuter and Dallmeyer,
1989). The amount of recoil is dependent on both grain size and grain morphology;
smaller grains and high surface area/volume ratios due to irregular grain-edge
morphology intensify recoil effects (Reuter and Dallmeyer, 1987). Discordant spectra
may also be an indication of excess Ar present in the grains: inverse isochron diagrams
(OAr/°Ar vs. *Ar/°Ar) can sometimes be used to show the presence of excess Ar
(Wright and Dallmeyer, 1991). In an inverse isochron diagram, atmospheric Ar at time =
0 (no daughter produced, * Ar/**Ar = 0) should result in a *Ar/*°Ar ratio of 1/295.5. If

excess Ar is present, increased *®Ar will alter this ratio.

4.3.2 "Ar/’Ar geochronology of muscovites: methods

All samples dated (D1A, D4, D137A, D27 and HV15) were analyzed by step-heating
bulk mineral separates at Queen's University. Muscovites from sample D133 were dated
both by spot-fusion using a UV laser at the Geological Survey of Canada (GSC) and by
conventional step-heating of bulk muscovite separates at the Queen’s University

PAr Ar facility.

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.3 Sample preparation and experimental procedures: bulk separate step-heating
method
Samples were gently crushed with a mortar and pestle, rinsed in water to remove the fine
particles, and then air dried. Muscovite grains were separated by paper shaking and hand
picking under a binocular stereoscope. The largest and cleanest grains were chosen to
minimize potential problems with **Ar recoil. This likely resulted in a bias towards a
coarser A1 component, rather than fine-grained A2 new growth. Biotite grains were
picked from sample D27 rather than muscovite, because of their greater relative
abundance. Mineral separates and flux monitors of MAC-83 biotite were wrapped in Al-
foil and the resulting packets were stacked vertically into a 11.5 cm long and 2.0 cm
diameter container, and then irradiated with fast neutrons in position 5C of the McMaster
Nuclear Reactor (Hamilton, Ontario). Samples D1A, D4, D27 and HV15 were irradiated
at 3MW for 6.67 hours. Samples D133 and D137A were irradiated at 2 MW for 10
hours. Flux monitors were placed at ca. 1 cm intervals along the irradiation container and
J-values for individual samples were determined by second-order polynomial
interpolation between replicate analyses of splits for each position in the capsule. J-
values vary by <10% over the length of the capsule. No attempt was made to monitor

horizontal flux gradients as these are considered to be minor in the core of the reactor.

For total fusion of monitors and step-heating using the laser at Queen's University, the
samples were mounted in an aluminum sample-holder, and loaded into a small, bakeable,
stainless-steel chamber connected to an ultra-high vacuum purification system and heated

using an 8W Lexel 3500 continuous argon-ion laser. For total-fusion analysis the beam
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was sharply focused to fuse the samples; for step-heating the laser beam was defocused to
cover the entire sample. Heating periods were 3 minutes in duration at increasing power
settings (0.25 to 7 W). The evolved gas, after purification using an SAES C50 getter (5
minutes), was admitted to an on-line, MAP 216 mass spectrometer, with a Baur-Signer
source and an electron multiplier (set to a gain of 100 over the Faraday). Blanks,

measured routinely, were subtracted from the subsequent sample gas-fractions.

Measured argon-isotope peak heights were extrapolated to zero-time, normalized to the
“Ar/*® Ar atmospheric ratio (295.5) using measured values of atmospheric argon, and
corrected for neutron-induced “°Ar from potassium, *’Ar and **Ar from calcium (using
production ratios of Onstott and Peacock, 1987), and **Ar from chlorine (Roddick, 1983).
Dates and errors were calculated using formulae given by Dalrymple et al. (1981), and
the constants recommended by Steiger and Jdger (1977). Inverse isochron analysis used
the formulae and error propagation of Hall (1981) and the regression of York (1969).
Errors shown in the tables and on the age spectra and inverse isochron diagrams represent
the analytical precision at 20, assuming that the errors in the ages of the flux monitors are
zero. A conservative estimate of this error in the J-value is 0.5% and can be added for
inter-sample comparison. The dates and J-values for the intralaboratory standard MAC-

83 biotite (24,36 Ma) are referenced to TCR sanidine at 28.0 Ma (Baksi et al., 1996).
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4.3.4 Sample preparation and experimental procedures: in situ UV laser spot-fusion
method
Y Ar/®Ar laser spot dating was also employed to date specific grains and populations of
grains. In the bulk separate step-heating method, there was no way to separate
intergrown populations. Furthermore, very fine grains are subject to recoil effects that
may influence the accuracy of the ages produced. By using a UV laser with very high-
resolution, it is possible to analyze particular muscovite populations, and more
specifically, to analyze neocrystallized grains, while avoiding recoil effects and mixing
with older grains. Sample D133 was chosen as the most prospective sample for this
method as it contains the largest detrital grains and a relatively high muscovite content.
Sample D133 belongs to Group A, as it contains two chemical muscovite populations and
a bimodal grain size. A doubly-polished oriented thick section (~100 um thick) was
made. In order to expose new growth along the S, cleavage surface, the section was cut
parallel to S; foliation. Well-polished areas of the thick section were visually determined
and cut out of the section into 4 mm x 4 mm chips using an Exacto knife. The chips were
then imaged under reflected light. Individual rock chips were loaded into flat aluminum
foil packets and stacked vertically in a reactor capsule along with packets containing the
{lux monitor Fish Canyon Tuff Sanidine (FCT-SAN) with an apparent age of 28.03 Ma
(Renne et al., 1998). The samples were irradiated at 2MW for 12 hours at the McMaster

Nuclear Reactor in a fast neutron flux of approximately 3x10'® neutrons/cm?.

In situ UV laser *°Ar/*® Ar spot analyses were carried out at the Geological Survey of

Canada laboratories in Ottawa, Ontario. Upon return from the reactor, the rock chips
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were loaded into individual 5 mm-diameter holes in Al planchets. The planchets were
then placed in the extraction line and the system evacuated. A pulsed ND-YAG UV laser
was used to ablate pits in the sample. These pits ranged in size from 3,696 pm? to
126,540 um?, and were square to rectangular in shape. An effort was made to target first
the large grains of muscovite and then the fine-grained groundmass in an attempt to
compare the ages of the two populations. The shapes of the muscovite grains being
targeted or avoided dictated the shape of the raster pattern chosen (i.e., square versus
rectangle). The pit sizes were chosen in an attempt to maximize the amount of gas
released while minimizing gas collection time. The released Ar gas was cleaned over
getters for ten minutes, and then analyzed isotopically using the secondary electron
multiplier system of a VG3600 gas-source mass spectrometer. Details of data collection
protocols can be found in Villeneuve and Maclntyre (1997) and Villeneuve et al. (2000).
Error analysis on individual steps follows numerical error-analysis routines outlined in
Scaillet (2000); error analysis on grouped data follows algebraic methods of Roddick

(1988).

Neutron-flux gradients throughout the sample capsule were evaluated by analyzing the
sanidine flux monitors that were loaded among the sample packets and interpolating a
linear fit against calculated J-factor and sample position. The error on individual J-factor
values is conservatively estimated at +£0.6% (20). Because the error associated with the
J-factor is systematic and not related to individual analyses, correction for this
uncertainty is not applied until calculation of dates from inverse isochron diagrams

(Roddick, 1988). No evidence for excess “OAr was observed in any of the samples and,
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therefore, all regressions are assumed to pass through the “*Ar/*°Ar value for atmospheric
air (295.5). 1f there is no evidence for excess ‘°Ar, the regressions are assumed to pass
through the *°Ar/*°Ar value for atmospheric air (295.5) and are plotted on gas release

spectra.

4.4 " Ar/® Ar results

4.4.1 Bulk separate step-heating results

Results from the step-heating experiments are shown in Figure 4.7. In general, the
integrated ages of the Group A samples (D133, D1A, D4 and D137A; Figure 4.7 A-D)
were significantly older than those of the Group B samples (HV15 and D27; Figure 4.7 E
and F). All age spectra are disturbed with the exception of the biotite from D27. Most
Group A samples (D133, D4 and D137A) display apparent younger ages in the early
heating steps, and progressively increase in age with increasing temperature sometimes
reaching a pseudoplateau in the final 50% of *Ar released. Samples D1A and D137A
both show saddle-shaped release spectra. In contrast, both Group B samples yield
Cenozoic ages. HV15 shows younger ages in its early steps, which monotonically
increase to ~49 Ma in the final temperature step (Figure 4.7 E). Biotite from sample

D27 yields a plateau age of 14.4 £+ 1.7 Ma (MSWD = 0.27).

4.4.2 Insitu UV laser spot-fusion results
Seven rastered areas were sampled from D133 at the GSC “°Ar/*°Ar facility. These arcas
were chosen to compare ages from large muscovite grains with ages from the fine-

grained cleavage-forming groundmass muscovite. The total-fusion ages systematically
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decrease from 235.8+9.9 Ma to 35.5+1.7 Ma (Figure 4.8; Table 4.2). The first five
measurements were made on large muscovite grains, whereas the last two raster pits were
chosen to sample the fine-grained groundmass. Because the chips were not mapped
using backscattered electron imaging, the relative contributions of A1 detrital muscovite
and A2 new growth in the large muscovite grains analyzed is unknown. All pits were 40
um in depth and the surface area dimensions of the rastered pits varied for each analysis.
The largest pit was 126,540 um? and the smallest was 3,696 um®. Obtaining sufficient
Ar gas proved to be problematic. Spot 5 released the most gas, and also had the smallest
contribution of atmospheric Ar, resulting in reduced uncertainties. The least amount of
Ar gas released was at spot 3, which also corresponds to the largest amount of
atmospheric Ar. In general, very little Ar gas was released during spot fusion, resulting
in large errors. Ablating a larger pit into the sample increases sample collection time to
upwards of 20 minutes. A longer collection time requires that the corresponding blank
must in turn also be collected for a longer time. This can negate the effect of collecting a
larger sample; once the larger blank is removed, the amount of gas collected is no greater.
Thus a balance is required that maximizes the amount of Ar gas collected as sample

while minimizing the collection time.

Table 4.2 “°Ar/* Ar analytical data for D133 spot-fusion experiments.

Spot* Age (Ma) Error (+20)
1 240.9 10.1
2 201.0 14.0
3 187.3 19.7
4 194.6 7.6
5 153.6 2.3
6 53.5 39
7 35.5 1.7

*Spots -5 are raster pits lased into large grains (~500 um diameter). Spots 6 and 7 are
raster pits lased into fine-grained muscovite matrix (~1 um diameter). For complete
results, see Appendix D.
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4.5 Discussion

4.5.1 Bulk separate step-heating

Muscovite and biotite do not contain Ca or Cl. Thus Ca/K and CI/K ratios > 0 indicate
contamination in samples analyzed. Steps which show evidence of contamination were
removed from integrated-age and plateau-age calculations (Figure 4.7). Tilicho Pass
Formation sample D133 does not show evidence of contamination (Figure 4.7 A). The
age spectra is consistent with Ar loss at some time <85 Ma overprinting a detrital age.
The integrated age excluding this overprinting event is 486.2+2.0 Ma. Ice Lake
Formation sample D1A displays a saddle-shaped spectra (Figure 4.7 B). The first step
shows evidence of contamination. There is no indication of an overprinting event in this
sample. The discordant Ar profile renders the geological significance of the integrated
age of this sample, 347.842.0 Ma, questionable. Tilicho Pass Formation sample D4
shows evidence of contamination in the first two steps (Figure 4.7 C). Discarding these,
there is still an apparent Ar-loss profile over the next few steps, similar to that seen in
D133. In this case, however, overprinting is < 400 Ma and the integrated age for this
sample is 681.5+4.7 Ma. Thini Chu Formation sample D137A (Figure 4.7 D) displays an
Ar-loss profile in the early steps of its age spectrum, in which overprinting appears to be
<295 Ma. The integrated age is 605.7+1.4 Ma. Nilgiri Formation sample HV15 has an
integrated ago of 41.540.5 Ma, but shows evidence of contamination in the first three
steps (Figure 4.7 E). The remainder of the steps do not reach a plateau. From the Ca/K
values, this age spectrum is interpreted to be the product of mixing ages from at least two
mica phases, reflecting either a young Ar-loss event, or neocrystallization event and a

detrital Proterozoic to Paleozoic age. Thus, the integrated age is not considered to be
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meaningful. Larjung Formation sample D27 yields a plateau age of 14.441.7 Ma (the
first two steps are removed from the plateau calculation as they indicate contamination)
(Figure 4.7 F). This plateau is calculated with only three steps, but does include 92.77%
of *Ar released. This sample was collected closest to the high strain STDS and appears

to have been fully reset.

Group A muscovite samples are broadly compatible with detrital ages ranging from ~400
Ma to ~700 Ma (Figure 4.7 A-D). Group B samples are those collected closest to the
STDS, which has been dated at 22-18 Ma (Figure 4.4; Hodges et al., 1996; Godin et al.,
2001). Sample D27 was collected very close to the STDS, and yields a plateau age of
14.4 £ 1.7 Ma. This age is interpreted to reflect cooling after the cessation of movement
of the STDS, and is slightly younger than muscovite ages close to but not within the
high-strain zone of the STDS in the Kali Gandaki valley (i.e., 18.1£0.7 Ma from Godin et
al. 2001; Figure 4.1). Sample HV15 may reflect partial resetting of Ar systematics in the
Tertiary, but does not give any conclusive age of resetting. Group B samples appear to
be affected by the D3 STDS and their Ar systematics have been completely to near
completely reset. In contrast, Group A samples contain detrital grains that indicate a
small component of Ar-loss. As only the largest grains were chosen for dating, recoil
effects should be minimal, despite the presence of chlorite in most samples. Age spectra
do not show any obvious evidence for anomalous ages due to recoil, although a recoil

effect cannot be ruled out entirely.
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4.5.2 Insitu UV laser spot-fusion

The results from in situ UV laser spot-fusion of sample D133 show a wide range of ages
from the Mesozoic to the Eocene/Oligocene boundary (Table 4.2). D133 was collected
from the Devonian Tilicho Pass Formation, and step-heating results indicate that it
contains detrital grains of age 450-500 Ma. Thus, spot-fusion Mesozoic ages do not
represent detrital ages. Furthermore, there is no known metamorphic event in the
Mesozoic that could explain these ages. However, the ages are consistent with a partial
resetting of detrital grains. The spots that yielded Himalayan ages (< 55 Ma), spots 6 and
7 (Table 4.2), were the pits chosen to sample the fine-grained muscovite groundmass.
These ages are interpreted to reflect the age of neocrystallization of fine-grained
muscovite during the cleavage-forming event. The 15 Ma age discrepancy between the
two spots may indicate that a minor component of detrital muscovite was sampled in spot
6, and 50 Ma is actually a mixed age. It is possible that some minor component of
detrital muscovite was also sampled in spot 7. Therefore, the neocrystallization ages
obtained from spots 6 and 7 indicate the presence of a thermal event that is at least as
young as 35.5x1.7 Ma. If there was some detrital component ablated in spot 7, the
neacrystallization age may be even younger. Since this sample is not proximal to the

STDS, it is likely outside the thermal influence of the shear zone (Figure 4.4).

4.6 Geological significance
Through examination of the microtextures and geochemistry of muscovite in the TSS,
two populations of muscovite were identified in low metamorphic-grade samples, detrital

Al and neocrystallized A2. Fine-grained A2 defines S, cleavage, and therefore likely

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



grew during cleavage formation. S; cleavage is axial planar to F, folds. Thus dating S
cleavage-forming minerals should reveal the age of development of D north-verging
folds in the TSS. Spot-fusion °Ar/*’Ar dating of fine-grained muscovite in sample D133
shows evidence of a thermal event in the TSS that is at least as young at 35.5+1.7 Ma.
This sample is located sufficiently far from the high strain zone of the STDS to be well
removed from any thermal influence from the shear zone. Furthermore, the fine-grained
muscovite dated forms cleavage that is axial planar to D, north-verging folds, indicating
that the thermal event dated is Da. Structurally, these folds have been interpreted to
predate the 22-18 Ma STDS (Godin et al., 1999a; Godin, 2003) and emplacement of the
Manaslu granite at ~22 Ma and ~19 Ma (Guillot et al., 1993; Harrison et al., 1999). Thus
the age of D, deformation can be constrained by structural and geochronological data
between 35 Ma and 22 Ma. This age overlaps with the timing of the Eohimalayan
orogenic pulse at 35 Ma during which the GHS experienced burial metamorphism
(Hodges et al., 1996; Vannay and Hodges, 1996; Godin et al., 2001). It is possible that
D4 south-verging deformation (with associated crenulation cleavage) could have reset Ar
systematics in TSS muscovites. The assumption is made here that temperatures during
D4 deformation were not high enough to affect Ar systematics. As there does not appear
to be new growth of muscovite or chlorite related to D4, and as crenulation cleavage is
not particularly well-developed (there is no evidence for differentiation of quartz and

phyllosilicates due to pressure solution), this seems to be a reasonable assumption.

Godin et al. (2001) suggested that a muscovite age of 18.7+0.7 Ma within the TSS in the

Kali Gandaki valley could be interpreted as a minimum age for renewed south-verging
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D4 deformation (Figure 4.1). This age is reinterpreted here on the basis of its proximity
to the D3 STDS as well as the microtextures and geochemistry of TSS samples in similar
structural and stratigraphic positions in Hidden valley. The sample location and release
spectra for this sample are similar to Group B samples from this study that have been
thermally affected by the STDS. Furthermore, while Group A samples show clear
evidence of D4 deformation (seen as crenulation cleavage in thin section; Figure 4.5),
they have not been thermally affected by Dy, indicating it is unlikely that D4 deformation
has thermally overprinted TSS rocks. Thus the 18.7+0.7 Ma age is reinterpreted to be a

cooling age reflecting thermal influence from the STDS.

4.7 Implications for future age-dating efforts

Results from in situ UV laser dating of fine-grained muscovite in sample D133 suggest
that the absolute age of metamorphism and new muscovite growth can be constrained to
<35.5+1.7 Ma. This deformation event may be further constrained by dating
increasingly smaller size fractions of muscovite separate by step-heating. However, as
the sample contains abundant chlorite, problems with recoil are anticipated. The in situ
UV laser ablation method used in this study shows great potential for dating in situ
cleavagé domains of low-grade metamorphic rocks. However, two significant problems
were encountered with this method. Firstly, muscovite grains in the sample were very
difficult to discern under the laser-system optics, despite their large size. Secondly, the
fine intergrowths of A1 and A2 muscovite could not be distinguished in reflected light.

These first two problems may be remedied by employing the following method:
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~100 pum thick polished sections of sample should be prepared. Cut the thick sections into chips
4mm x 4mm using a diamond cutting tool or suitable dental instruments.

v

Carbon coat the slide and image each of the chips in an SEM or electron microprobe using
BSE imaging. Select target grains in which either only a single population is present or
locations where a single population can be isolated for ablation.

v

Create maps of the grains and record the distances from
prospective grains to the edges of the chips.

!

Mount the chips on a glass slide with a glue that is
dissolvable in acetone (super glue, for example).

v

Once the chips have been mapped, carefully polish off carbon coating
and remove chips from the glass slide using acetone.

The chips can then be irradiated and Joaded for dating. The BSE maps can be used to
identify grains and grain boundaries under reflected light in the probe. Thirdly, not
enough Ar gas was released to obtain well-constrained ages. Obtaining sufficient Ar gas
will take experimentation to determine a balance between sample collection time and the
amount of material ablated. However, it is recognized that the young age of the samples

will always be an inherent challenge in these rocks.
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Figure 4.1. Map of central Nepal showing muscovite “Ar/*Ar geochronology results
from previous studies. (1) White stars show locations and ages of muscovite from
Godin et al. (2001). (2) White squares show locations and ages of muscovite from
Vannay and Hodges (1996). (3) The black star shows the age and location of a
hydrothermal muscovite sample from Coleman and Hodges (1995). (4) White circles
show locations and ages from Godin et al. (in press). All ages shown are plateau ages
except * which is an inverse isochron age. Modified from Colchen et al. (1986); Searle

and Godin (2003).
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Figure 4.2. Summary of “Ar/”Ar geochronology in central Nepal, including sample locations from this study. Ages are in black for
muscovite and grey for biotite.
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Figure 4.3. Geologic map of Hidden valley and the upper Myagdi Khola showing
sample locations for microstructural interpretation, geochemistry and geochronology.
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Figure 4.5. Plane-polarized images of sample D133 (A, C) and accompanying
microstructural interpretations (B, D). Orientation is labeled on the bottom corners of
the images. S, and S, cleavage planes are indicated in B and D, and some muscovite
grains have been outlined (denoted Ms). (A-B) show a large muscovite grain that is not
preferentially aligned with either cleavage plane. (C-D) show three muscovite grains
that have been rotated into the plane of S,. Much of the matrix in this sample is fine-
grained muscovite aligned with either S, or S, (this can be seen at the bottom of the
plane-polarized images where there are fewer quartz grains and cleavage is better
defined). Large muscovite grains are often kinked and show undulose extinction.
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Figure 4.6 continued. Group A sample analyses (A-M) have been divided into Al and
A2 analyses. In general, Al has greater than 1 wt% total Fe, while A2 has less than or

equal to 1 wi% total Fe.
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Figure 4.6 continued. Group B analyses (O-R) show that only one chemical population
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Figure 4.6 continued. For comparison, a BSE image of high-grade GHS metamorphic
sample DH-8 is shown (S-T). Muscovite in this sample (Ms) has a uniform Fe content
that is much higher than that for Group B muscovite. Other minerals indicated in BSE
images are quartz (Qtz), chlorite (Chl) and biotite (Bt). For complete microprobe
analyses, see Appendix C.
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Figure 4.7. Step-heating results for Group A samples (A-C). (A) D133 from the Tilicho

Pass Formation. (B) DI1A from the Ice Lake Formation, (C) D4 from the Tilicho Pass
Formation. Ages are indicated on the age spectrums. Note the age axis for Group A

samples is 0-1000 Ma.
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Figure 4.7 continued. Step-heating results for Group A (D) and Group B (E and F)
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CHAPTER 5: DISCUSSION

5.1 North-verging folds

5.1.1 Drag end-member model

North-verging folds in central Nepal were originally interpreted as forming by some
combination of gravity sliding and drag from underlying extruding GHS rocks, and were
suggested to have formed in the early phases of normal shear along the STDS (Bordet et
al., 1971; Colchen et al., 1986; Burchfiel et al., 1992; Figure 1.5 A). This interpretation
was introduced primarily to explain a prominent anticline fold ip the Annapurnas and
Nilgiris (the Nilgiri anticline of Godin, 2003), which can be followed along strike from
the Dhaulagiri Range to the Eastern Annapurnas (Figure 2.3). The drag-fold model was
expanded to provide a deformation mechanism for the entire belt of north-verging folds
extending more than 50 km to the north of the exposed STDS in central Nepal and at
least 50 km in east-west strike. For this model to be possible, several conditions must be
met, depending on whether deformation was mainly driven by gravity sliding of the TSS
down to the north or by drag friction due to underlying GHS extrusion to the south. In
the former case, the model requires that there was a north-dipping decollement beneath
the TSS, and were displaced to the north, towards Asia, during folding. Secondly, either
the TSS was sitting at a very high elevation in order to cascade down in a gravity-induced
fold train to its current elevations (in places in excess of 8000 m), or the TSS must have
been uplifted during D, folding/D; normal shearing to provide the ongoing necessary
gravitational potential for folding. Thirdly, the folds should be indicative of having

formed in an extensional environment. If the drag component of this model is to be
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considered as the dominant mechanism for deformation, then the amount of coupling
between the GHS and TSS must be significant enough that extrusion of the GHS was
able to cause buckling of the entire 10 km thick package of TSS rocks. In this case, the
TSS may not have been translated relative to Asia except by shortening while the
underlying GHS was extruded to the south. Low viscosity of the GHS due to partial
melting of the mid-crust is a requirement for achieving tectonic extrusion in recent
numerical models that have been applied to the Himalayan orogen (Beaumont et al.,
2004), and leucosomes within the GHS indicate that partial melting conditions did exist
in the GHS prior to and possibly during its extrusion (Godin et al., 2001). To reconcile
low viscosity in mid-crustal rocks with drag folding of the TSS, a considerable viscosity
gradient is required in which the GHS had a low enough viscosity to be extruded from
depth, while the boundary to the GHS, the STDS, must have had high enough viscosity to
transmit stresses that deformed the TSS package into a fold belt. This scenario seems

unlikely.

5.1.2  Contraction end-member model

Subsequent to the drag-folding model for north-verging folds, Godin et al. (1999a)
introduced a contrasting model in which folds were formed in a contractional regime
prior to D3 (Figure 1.5 B). This model was introduced to explain transposition fabrics in
the Kali Gandaki valley that indicate the S, cleavage is transposed into Dj shears (Godin
et al.,, 1999a). Godin (2003) compared characteristics of the north-verging folds in the
TSS to those expected in an extensional regime (as might be expected for folds formed

during normal-sense detachment along the STDS), and found that the folds instead share
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characteristics with ones formed in a contractional regime. This led to the introduction of
a model of formation for north-verging deformation in which folding occurred in a
contractional regime, and fabrics and folds were subsequently transposed into the STDS
high-strain zone (Godin et al., 1999a; Figure 1.5 B). In this model, folding of the TSS is
unrelated to the STDS and only a small amount of drag occurred at the base of the TSS
during tectonic extrusion of the GHS along the STDS and MCT, causing transposition of
D, fabrics into Dj shears at the base of the TSS. Testing of the contractional end-member
model against the drag-folding end-member model was attempted in this thesis by
detailed structural mapping and age dating of the D event in Hidden valley to determine

if it coincides with D3 at 22-18 Ma, or predates Ds.

5.2 Structural geology and geochronology

5.2.1 Structural data

New structural mapping and bed-length restoration of the TSS in Hidden valley has
confirmed that D; is either pre- or syn-Ds, and accommodates a minimum of 40%
shortening and 180% thickening. South-verging D4 kink folds and crenulation cleavage
overprint and post-date D3, and Ds vertical spaced fractures and joints post-date all other
events. Thin-section analyses and electron-microprobe analyses were used to examine
the muscovite-bearing rocks of the TSS. At all structural levels, large muscovite grains
show evidence of an intergrowth of two chemically distinct populations. The
groundmass of these samples is fine-grained muscovite that is chemically identical to the
structurally younger intergrown muscovite population. The fine-grained groundmass

defines the axial planar cleavage of F, folds and along with the younger intergrown
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muscovite has been interpreted as new growth during D,. Muscovite in samples collected
closest to the STDS are not part of a fine-grained groundmass and do not form an axial
planar cleavage, although they are chemically similar to the new-growth muscovite
population. Age dating of these muscovite populations, and particularly age dating of

new muscovite growth was targeted for geochronological study.

5.2.2 Geochronological data

Conventional bulk-separate step heating of hand-picked muscovites favoured large grains
containing a significant component of the structurally older muscovite population. This
population is Paleozoic and Proterozoic in age, confirming illite crystallinity studies of
Garzanti et al. (1994) in which peak temperatures in Hidden valley do not exceed 350°C
and complete resetting of Ar in muscovite is unlikely. The age spectra show some
evidence for partial resetting, or for mixing of ages with a younger new-growth
population. Samples éollected closest to the STDS show partial to complete resetting of
Ar. In the lowermost sample collected, D27, fabrics are horizontal, and it was not
possible to distinguish D, from Ds. This sample appears to be within the thermal and
structural influence of the high-strain zone of the STDS. Thus, the 14 Ma age for biotite
in sample D27 reflects cooling of the STDS. In situ UV laser spot fusion of muscovite on
a D, cleavage surface resulted in a range of ages reflecting variable mixtures of detrital
and new growth muscovite. The youngest age obtained, 35.5+1.7 Ma, is interpreted to
most closely reflect the age of D; new muscovite growth, although conservatively it can

only be regarded as a maximum age.
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5.3 Tectonic interpretation

Assuming the geochronological data obtained for D, metamorphism is correct, a tectonic
evolution of central Nepal can be constructed that incorporates the many structural
features of the TSS. This is similar to the contractional end-member model for D,
deformation of Godin et al. (1999a), and indicates no significant coupling of the TSS

upper crust with GHS mid-crustal rocks during Early Miocene tectonic extrusion.

5.3.1 Eocene deformation (55-35 Ma) (D))

Deposition of the TSS occurred throughout the Paleozoic and Mesozoic along the
northern passive margin of India. D, deformation is generally found only within
Paleozoic rocks, Carboniferous-Permian and older (Burchfiel et al., 1992; Godin, 2003).
This may be an indication of a deformation event in the Paleozoic. However, this may
also indicate a downward increasing strain gradient rooting into a basal detachment
(Godin, 2003). Thus, F, folds may have occurred in the early stages of thin-skinned
tectonics of the Himalaya (Vannay and Hodges, 1996) and the prominent F, isoclinal
nappe may have originally been a southwest-verging anticline (Figure 5.1 A; Colchen et

al., 1986; Brown and Nazarchuk, 1993).

5.3.2 Eocene-Oligocene deformation (Dj)

Following Eocene collision of India and Asia at 55-40 Ma there was a period of crustal
thickening and shortening. In a doubly-vergent wedge, the pro-wedge develops towards
the subducting plate while the retro-wedge develops in the opposite direction, towards the

overriding plate (Willett et al., 1993). The greatest amount and earliest deformation is
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found in the hinterland with decreased deformation and younger deformation towards the
forelands. North-verging folds may have been formed at ~35 Ma as the retro-wedge side
of a doubly-vergent wedge developed during the continent-continent collision (Figure 5.1
B). Northward-decreasing deformation is observed in Hidden valley. In contrast, it is
expected that folds formed by drag of the underlying GHS would either young towards
the south, or show no age relationship across the belt. Determining the younging
direction of deformation by establishing the age of new mineral growth along a N-S
section of the TSS would test this theory. Modeling of retro-wedges show that they
deform until a critical taper is reached. If the critical taper is maintained, the wedge is in
a steady state and becomes non-deforming (Jamieson and Beaumont, 1988; Willett et al.,
1993). North-verging folds must have reached a critical taper sometime before activation

of the MCT and STDS at 22 Ma.

At 35 Ma there is evidence for partial melting of the GHS (kyanite-bearing leucosomes)
in central Nepal. At that time the GHS was undergoing Eohimalayan burial
metamorphism in the mid-crust at about 30 kim depth (Hodges et al., 1988; Hodges et al.,
1996; Vannay and Hodges, 1996; Godin et al., 2001). This is equivalent to crustal
thickening of 7-8 km in the supracrust (Garzanti et al., 1994). Geochronological dating
in this study suggests that kyanite-grade burial metamorphism of the GHS coincides with
thickening and shortening of the TSS and the development of the D north-verging fold
belt (Figure 5.1 B), as has been previously suggested (Godin et al. 1999a; 2001).
Thickening of the TSS sequence by folding from an original 10 km to a thickness of 18

km (this study) to 25 km (Godin et al., 2001) increased loading of the upper crust on the
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mid-crust, thereby contributing to the Eohimalayan burial and metamorphism of the

underlying GHS.

5.3.3 Early Miocene deformation (D;-D,)

The STDS and MCT were both active in central Nepal in early Miocene from 22-18 Ma,
facilitating tectonic extrusion of the GHS from the mid-crust to the surface, and
transposing D, fabrics at the base of the TSS into the STDS shear zone (Figure 5.1 C;
Godin et al., 1999a; Godin et al., in review). Results from this thesis suggest that, aside
from transposition fabrics and an associated thermal overprint at the base of the TSS,
there is no evidence for deformation of the TSS during activation of the STDS and
tectonic extrusion of the GHS. Thus, it is proposed that the STDS facilitated mechanical
decoupling of the upper crustal TSS from the GHS in the mid-crust at this time. The
GHS was actively extruding to the south while the TSS remained a passive lid. “°Ar/*?Ar
cooling ages from both Hidden valley (sample D27, this study) and Kali Gandaki valley
(Vannay and Hodges, 1996; Godin et al., 2001) indicate that STDS rocks passed through
muscovite and biotite closure temperatures at ~15 to ~12 Ma. These cooling ages suggest
that ductile motion along the STDS had ceased, and hence the TSS and GHS were no
longer decoupled at this time. Once ductile motion of the STDS ceased, there followed a
minor component of south-verging contraction, D4 (Figure 5.1 D). This contraction event
overprints the STDS and may be another indication that decoupling had ceased. There is
evidence to suggest that brittle reactivation of the STDS has continued along various

planes from early Miocene to recent time (Hurtado et al., 2001).
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5.3.4 Middle Miocene to recent deformation (Ds)

From as early as 14 Ma to the present, orogen-perpendicular extension has occurred,
resulting in large N-S striking normal faults and graben systems such as the Thakkhola
graben in central Nepal as well as ubiquitous vertical spaced fractures and joints, Ds
(Figure 5.1 E). Orogen-parallel shortening continues along the Main Frontal thrust in the

foreland (Hodges, 2000).

5.4 Implications for in situ “*Ar/*’Ar dating of low-temperature deformation

It has been demonstrated that a UV laser can be employed to date new mineral growth on
in situ cleavage surfaces. The advantage of the high-resolution UV laser in this case is the
high degree of control on raster shape rather than the small size of evacuation pit possible
with conventional methods. BSE imaging of the chips is necessary to establish any
complex intergrowths of different textural or chemical populations that may result in
meaningless mixed ages, as well as to target areas to be analyzed. However, carbon
coating of the sample is required for BSE imaging in a scanning electron microscope or
electron microprobe. This carbon must be carefully and completely removed to avoid
contaminating the Ar mass spectrometer with carbon during age dating. This technique is
ideal for dating Paleozoic and older low-temperature metamorphic events. Although
young ages of deformation such as those in the Himalaya are not ideal for this technique
as the amount of **Ar measured is very small, it is perhaps the best approach for dating

metamorphic growth events in the TSS.
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CHAPTER 6: CONCLUSIONS AND FUTURE RESEARCH

The deformation history of the Tethyan sedimentary sequence in Hidden valley, central
Nepal, has been investigated to determine the timing and significance of megascopic
north-verging folds found in Hidden valley and throughout central Nepal. Empirical
evidence is compared to previously published end-member models that have been

suggested for the formation of these folds.

Evidence for three phases of deformation in the TSS of Hidden valley has been
documented, as well as a fourth phase of deformation to the south of Hidden valley in the
Dhaulagiri area. Overprinting relationships were used to determine their order of
formation. Regionally, these events can be correlated with (1) D, north-verging
compressional folding; (2) D3 the normal-sense STDS high-strain zone; (3) D4 south-
verging compressional folds; and (4) the Ds extensional brittle event. D, is at least as old

as Dj ductile strain, and transposition fabrics suggest it is older.

Map-scale bed-length restoration of F, folds shows that the TSS was shortened a
minimum of 40% and thickened a minimum of 180% in Hidden valley. Both restorations
at various scales in Hidden valley, and map-scale restorations in other parts of central
Nepal are compatible with these values, suggesting it is a good approximation of

shortening for the TSS throughout central Nepal (i.e., Godin, 2003).
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Muscovite in the main part of the TSS can be divided into two chemical populations, Al
and A2. Muscovite from samples collected closest to the STDS appear chemically and
structurally distinct from the rest of the TSS, and are identified as a separate population,
B. Microstructurally, Al is found to predate A2. Al was dated by the °Ar/*?Ar bulk-
separate step heating method to be Paleozoic and Proterozoic in age, reflecting a relict
detrital component. A2 was dated by the in situ UV laser spot-fusion “°Ar/* Ar method to
be at least as young as 35.5+1.7 Ma, assuming a closed system since metamorphism. The
A2 population is new growth, and forms axial-planar cleavage to F, folds. The age of A2
is therefore interpreted to reflect the maximum age of D, deformation. This is the first
maximum age constraint for D, deformation. Population B shows evidence for partial to
total resetting of Ar systematics. Combining structural and geochronological results, the
age of D, deformation can be conservatively bracketed between 35.5 Ma and 22 Ma. A
biotite “*Ar/*’Ar age of 14.41.7 Ma is interpreted as a cooling age following ductile
motion along the D3 STDS. D; ductile deformation has been dated previously as 22-18
Ma (Godin et al., in review). A muscovite age of 18.7+0.7 Ma in Kali Gandaki valley
was originally interpreted as dating D4 renewed south-verging contraction (Godin et al.,
2001). This age has been reinterpreted as a Dj cooling age reflecting thermal influence

from the STDS.

The 35.5+1.7 Ma age for D, deformation supports a tectonic model in which thickening
of the TSS coincides with Eohimalayan kyanite-grade metamorphism of the underlying
GHS. This interpretation favours the early-compression end-member model of Godin et

al. (1999a) for generation of north-verging F, folds, and suggests mechanical decoupling
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of the TSS and the GHS midcrust during tectonic extrusion along the STDS and MCT at
22-18 Ma. In contrast, the drag-folding end member model of Burchfiel et al. (1992)
requires a high degree of coupling during tectonic extrusion. However, “*Ar/*°Ar dating
results are not conclusive enough to exclude the possibility that D folds overlap in age

with D3 deformation as the age obtained is a maximum,

Further confirmation of this interpretation will require conducting additional “*Ar/*°Ar
age-dating experiments using the in sifu UV laser method outlined in this thesis. Further
dating should include in situ spot-fusion dating of across-strike samples to determine if
folds young in a particular direction. The in situ UV laser spot-fusion “°Ar/*’ Ar method
shows great promise for dating cleavage-forming events, although some further

refinement of the method is required.
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APPENDIX A

Hidden valley structural measurements and station locations.

Structural data, collected in 2003:

Station Se* S, * Sq* Ss* Lyo** sample

5 116/37 092/29 011/87 yes
104/39 195/85
094/45

6 095/49 115/16 no
085/50 080/36

7 105/47 104/22 yes
104/45 081/21
062/19 091/34
107/25
105/26

8 101/54 100/34 280/39 194/84 7-110 yes
100/63 094/31 300/35
092/31 095/34
105/28 093/36

9 118/30 100/43 2-102 no
096/25 108/44 2-104
098/53 110/46
100/52
275/38
105/30

11 100/68 084/31 290/30 010/86 yes
012/08 098/34 012/87
102/22 095/30

12 111/28 103/21 11-108 ycs
095/30 68/10

13 096/32 094/11 020/75 10-098 yes

14 140/67 108/36 yes
100077

15 125/25 132/19 yes
135/20 148/30

135/20

16 304/62 120/56 025/70 14-121 yes
024/03
136/52

17 135/37 162/12 010/70 no

165/25

18 128/21 180/22 5-272 yes

130/32 320/13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

120



130/30

19 023/87 yes
20 291/85 082/56 yes
080/84 124/64
110/77
22 290/77 076/15 295/34 215/83 no
284/88 080/20 295/41
106/53
25 162/12 282/32 yes
27 323/10 275/58 yes
Station locations, 2003:
Station  Lat Long Northing  Easting
deg min sec deg min sec
1 28 45 13.0 83 40 11.0 3181417.88  467749.77
2 28 45 38.6 83 38 57.0 3182211.6 465744.91
3 28 46 56.1 83 36 6.0 3184611.72 46111499
4 28 47 7.2 83 36 34 3184953.62 461045.64
5 28 47 593 83 34 50.1 3186564.16  459063.69
6 28 48 4.0 83 35 0.2 3186707.87 459338.03
7 28 48 6.2 83 35 5.7 3186775.06  459487.38
8 28 43 16.1 83 35 16.2 3187078.81  459773.11
9 28 48 24.6 83 35 14.5 3187340.61  459727.93
10 28 47 36.7 83 34 17.1 3185871.69 45816648
11 28 47 259 83 34 8.3 3185540.12  457926.68
12 28 49 33.5 83 35 34.8 3189459.53  460285.53
13 28 49 326 83 35 34.1 31894319  460266.47
14 28 49 28.8 83 35 25.6 3189315.72  460035.67
15 28 49 52.2 83 35 0.9 3190038.33  459368.68
16 28 49 55.9 83 34 55.9 3190152.69  459233.56
17 28 50 13.1 83 34 56.9 3190682.04  459262.52
18 28 50 14.8 83 34 59.0 3190734.17  459319.62
19 28 50 21.0 83 34 59.7 319092494  459339.26
20 28 50 25.5 83 35 0.2 3191063.41 459353.3
21 28 49 30.2 83 35 17.2 3189359.6 459808.13
22 28 49 20.0 83 35 19.6 318904541  459872.09
23 28 44 19.3 83 27 15.1 3179842.32  446696.54
24 28 43 52.2 83 27 1.2 3179009.89  446315.61
25 28 43 52.0 83 26 53.9 3179004.65 446117.53
26 28 43 28.9 83 26 45.6 3178294.65 445889.04
27 28 43 26.0 83 26 38.3 3178206.3 445690.56
121
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Structural data, collected in 2004:

Station So* S,* Sy4* Ss* L, o** sample
101 278/23 11518 308/32  020/89 no
282/7 094725  300/32 195/83
102 150/33 316/30 no
090/25 302/30
096/12
036/04
104 12037 095/49 no
104/41 115/62
105 082/36 102/27 no
106 292/84 09049  296/32 no
284/79 10525 292124
107 111/50 11436 201/88 no
122/56 101/60
108 106/62 112/48  282/46  200/89 no
105/57 104/44  292/44
109 280/13 113/36 023/76 12-287 no
308/39 108/40
118/59 122/39
113/64
298/44
137/06
111/81
11 100/35 100/26 002/84 no
112 298/43 192/85 no
113 282/49  007/90 no
114 101/23 106/48 015/89 no
115 087/08 104/49 29839  022/86 yes
096/10 106/28  302/31
116 094/52  096/35 008/88  08-278 no
095/56 110/40 ‘ 10-278
117 099/52 358/80 no
093/56
118 070/66  066/38 00-271 no
119 090/52 011/90 no
120 111727 015/72 no
125/37
121 096/37 no
101/42
122 23124 262/73 007/72 no
248/37 272/58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

122



123

124

125
126

127

128

129

130

131

132

133

134

135

136
137
138

277176

142/51
134/40
131/23
132/17

109/29

101/30
095/39
132/10
125/26
104/83
265/86
101/88

116/68
104/55
113/70
114/60
112/63
281/55
109/75
278/77
101/67
102/64
286/68
289/50
090/56
272/65
095/65
279/69
100/74
089/85
116/68
108/71
281/68
289/62
291/44
284/60
278/56

180/20
175/40
205/12
115/58
104/58
116/64

096/40
104/48
111724
102/64
082/58
096/65
112/54
095/75
095/65
110/75

105/72
102/85
111773
104/89
102/87
110/83
111/82
110/65
106/83
099/70

125/19
102/26

273/41
274/49

264/28
21512
214/14

269/15
228/08

275/11

325/30

185/81

172/85

194/85

010/84

188/90
180/85

015/90

194/85
200/88
201/90

011/90
020/90

15-302
17-304

02-285

01-104
06-111
05-278
04-285

04-298

yes

no

no
no

no

no

no

no

no

no

yes

no

no
yes
no
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139

140
141

142
143
144
145

146
147
148
149

150
151
152
153

154
155
156
157

158
159
160

161
162

163

287/64
280/53
270/36
285/55
291/67
284/11
291/81
2717/84
283/78
278/86
270/09
101/81
319/01
106/83
287/10
287/81
109/51
116/57
112/56
110/56

109/58
116/60
108/30
111/40

109/48
108/49
115/48
115/63
120/90
325/18
114/37
123723
111/21
120/38
153/12
124/39
09510
091/49

099/62

289/76
11075
109/80

098/75
097/72
286/47
286/34

110/54
106/47
118/41
115/37
116/33
108/33
116/38
117/40
116/50
117/21
119/14
158/20
116/32
109/42
132/27
118/70
108/65
120/55

127/24

114/18
110/40
118/30
114/40

296/31
316/25

265/22
280/28
207/51

303735
261/29
284/07

328/09
284/10

150/08

324/23

020/90
204/90

022/90

198/90
200/90

009/82

200/88

00-110

04-286
03-284

10-121
03-119

01-117
00-127
01-135

no

no

no
no
no
no

yes
no
no
yes

no
no
no
no

no
no
no
no

no
no
yes

no
no

no
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164 098/73 105/33 no
092/65
165 285/71 029/70 no
166 115/54 114/40 no
167 110/67 124/39 237/20 no
109/40
168 121/32 112/37 no
127727 119/35
110/53
118/00
169 105/29 114/49 no
170 124/29 110/45 017/83 no
171 118/54 110/36 no
172 127/27 118/33 no
173 128/20 119/43 no
181 308/20 07524 no
Station locations, 2004:
Station  Lat Long Northing  Easting
deg min sec deg min sec
101 28 45 29.7 83 39 46.6 3181933.77 4670894
102 28 45 4.1 83 39 384 3181146.41 466864.74
103 28 46 20.1 83 37 15 3183497.49 462982.51
104 28 48 13.2 83 35 325 3186988.02 460214.72
105 28 48 249 83 36 04 318734559 460972.33
106 / / / / / /
107 28 48 31 83 36 1.5 3187533.25 461002.78
108 28 48 345 83 36 1.1 3187641.02 4609923
109 28 48 37 83 35 59.1 3187718.16  460938.34
110 28 48 43.8 83 35 514 3187928.18  460730.3
111 28 48 45.6 83 35 41.2 3187984.52  460453.98
112 28 48 46.1 83 . 35 33.6 3188000.62 460248.01
113 28 48 499 83 35 18.6 3188118.99 459841.78
114 28 49 6 83 35 33.2 3188883.74 460233.64
115 28 49 8 83 35 33.6 3188945.27 460244.69
116 28 49 18.4 83 35 18 3189266.89 459822.87
117 28 50 38 83 35 10.1 3191718.06 459617.23
118 28 50 40.8 83 35 16.2 3191803.68 459782.87
119 28 50 42.8 83 35 21.3 3191864.77 459921.31
120 28 50 33 83 35 26.6 3190648.3  460060.78
121 28 50 2.7 83 35 29.3 3190629.57 4601339
122 28 50 25.4 83 35 29.9 3191328.32  460152.57
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123 28 50 30 83 35 29.7 3191469.95 460147.64
124 28 50 13.6 83 34 59.9 3190697.14 459343 .89
125 28 50 15.2 83 34 59.6 3190746.42  459335.93
126 28 50 17.1 83 34 58.2 3190805.04 459298.19
127 28 50 18.7 83 34 57.4 3190854.37  459276.68
128 28 50 214 83 34 56.6 3190937.55  459255.29
129 28 50 26.1 83 35 0.5 3191081.85  459361.5
130 / / / / / /

131 28 50 43 83 34 58.4 3191602.26  459306.41
132 28 50 57.5 83 35 7 3192047.77 459541.03
133 28 51 5.8 83 35 12.2 3192302.76  459682.84
134 28 50 54.1 83 35 26.2 319194131  460060.98
135 28 51 36.2 83 35 16.7 3193238.1  459808.03
136 28 51 49.2 83 35 22,1 3193637.75  459955.74
137 / / / / / /

138 28 51 50.3 83 35 14.5 3193672.32  459749.93
139 / / / / / /

140 / / / / / /

141 28 52 14.2 83 35 15.2 3194407.93 45977145
142 28 52 18.6 83 35 19.4 3194542.97 459885.71
143 28 52 19 83 35 26.5 3194554.62  460078.12
144 28 52 23.5 83 35 23.5 319469342  459997.32
145 28 52 25.7 83 35 20.1 3194761.46  459905.44
146 28 52 31 83 35 /

147 28 48 46.9 83 34 43.9 3188029.94  458900.79
148 28 48 45.1 &3 34 43.4 3187974.58  458887.04
149 28 48 43.8 83 34 44 31879345  458903.16
150 28 48 427 83 34 39.6 3187901.07 458783.76
151 28 48 54 83 34 51.7 3188247.74  459113.01
152 28 49 12.2 83 34 14.5 3188811.55  458106.6
153 28 49 13.6 83 34 12.9 31888548  458063.39
154 28 49 14.5 83 34 12.9 3188882.51  458063.49
155 28 49 14.5 83 34 16.1 3188882.19  458150.23
156 28 49 13.9 83 34 249 3188862.87  458388.7
157 28 49 16.7 83 34 30.6 3188948.5  458543.52
158 28 49 212 83 34 36.2 3189086.47 458695.81
159 28 49 216 83 34 37.3 3189098.68  458725.67
160 28 49 26.2 83 34 38.5 3189240.16  458758.7
161 28 49 25 83 34 48.6 3189202.25 459032.34
162 28 49 27.6 83 34 52.9 3189281.87 459149.18
163 28 49 29 83 34 54.7 3189324.79  459198.12
164 28 49 34.5 83 34 56.8 3189493.89  459255.64
165 28 48 36.7 83 34 57.7 3187714.65  459273.79
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166 28 48 44.3 83 34 343 3187950.83  458640.26
167 28 48 43.5 83 34 34.1 3187926.22 458634.75
168 28 48 41.9 83 34 34.2 3187876.96 458637.28
169 28 48 41.7 83 34 327 318787095  458596.6
170 28 48 40 83 34 318 3187818.71  458572.01
171 / / / / / /
172 28 48 38.5 83 34 314 3187772.58 458561
173 28 48 364 83 34 28.8 3187708.19  458490.29
174 / / / / / /
175 / / / l { /
176 / / / / / /
177 / / / / / /
178 / / / / / /
179 / / / / / /
180 / / / / / /
181 28 46 31.6 83 32 1.2 3183881.7  454473.85

* All planes use the right-hand rule and are reported as strike/dip.

** Lineations are intersection lineation of bedding and S; cleavage. They are reported as

plunge-trend.

Station numbers correspond with sample numbers (i.e., sample D133 was collected at
station 133). Exceptions are samples HV15 and DH8. Locations for these samples are

shown on Figures 2.1 and 2.2,
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APPENDIX B

Control points used in the construction of cross-sections A-A’B-B’ and C-C’. Point
locations are indicated on the cross-sections in Figure 2.3.

Control points, cross-section A-A’B-B’, Dashed lines show contacts between formations, solid lines show
fold contours and dashed-dotted lines show interpreted fold contours. A) View from Poon Hill of the STDS
on the cast face of Dhaulagiri I with an interpreted contact between the Larjung and Nilgiri Formations. B)
Photograph taken from near the terminus of the Chhonbarban glacier, looking towards Dhaulagiri I,
showing high-strain fabrics in the Larjung Formation.
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Control points, cross-section A-A'B-B’. C) View to the west from Dhaulagiri base camp (note tents and
prayer flags in the foreground). Nilgiri Formation rocks in the background are gently inclined to the
south. D) View cast towards Tukuche from a lateral moraine of the Chhonbarban glacier, just south of
French Pass. Tilicho Pass Formation and Nilgiri Formation rocks are folded into near-recumbent folds,
The moraine in the foreground is at 4800 m.
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uaternary:

DR AP B

Mukut Limestone
Formation . .

Control points for cross-section A-A’B-B’. E) View looking west in Hidden valley to Icc Lake Formation
rocks folded into a large anticline. Thini Chu Formation rocks are in the background. The view is ~1.5
km across. F) View looking west-southwest towards a syncline cored by the Mukut Limestone
Formation. lcc Lake Formation rocks are steeply dipping to the south in the foreground.
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" Formation ‘} -

Control points, cross-scction A-A’B-B’. G) West-facing view of Tilicho Pass Formation rocks in the core
of a large anticline. Ice Lake Formation rocks to the south and the north can be seen in the background.
Control points, cross-section C-C’, H) View looking southwest to the cast ridge of Tukuche Peak (6920
m) from the south side of Dhampus Peak. Yellow Larjung Formation rocks in the core of a recumbent
anticline arc labeled.
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hdmpL{‘s (Thapa) (601 2m) '

Control points for cross-section C-C’. I) Outcrop of interbedded shales and sandstones of the Tilicho Pass
Formation. J) Syncline - anticline - syncline in the Ice Lake Formation ncar Dhampus Peak (6012 m) as
viewed looking cast from the west side of Hidden valley.
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Dhampus (Thapa) (§ -

-

lukut Limestone
Formation

L

Control points, cross-scction C-C’. K) View of an anticline cored by the Ice Lake Formation, looking east
from the west side of Hidden valley. Insct box is location of photograph J, L) Photograph of the Mukut
Limestonc Formation in a syncline, surrounded by the Thini Chu Formation. The approximate location of
the syncline continuing in the background is shown, The view is to the east. Note the banded naturc of the
Thini Chu Formation in the background.
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Kioto Limestone
Formation

Control points for cross-section C-C’. M) North-looking view of the north end of Hidden valley. North
dipping beds of the Mukut Limestone Formation arc in the foreground. The more recessive Tarap Shale
Formation is behind and in the background is the Kioto Limestone. N) Photograph looking east towards
Sangda village. Steeply dipping beds scen here indicate that north-verging folds continue beyond the
northern extent of Hidden valley.
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