Chapter 1

Introduction

1.1 Introduction

Geomorphology deals with the quantitative understanding of processes and
amplitude of erosion and sedimentation on the earth. Geomorphology investigates
landforms and the processes that sculpt them. The processes can range from the physical
and chemical weathering of rocks to the production of sediments caused by climate and
tectonics. In the time domain, these processes can range from an instantaneous short-
lived event to a slowly occurring phenomenon spanning few million years (Miall, 1996;
Kale, 2001). In general, climatic and tectonic processes are periodic. It therefore,
becomes necessary to estimate the recurrence. intervals of these events so as to understand
and model the nature of the underlying geodynamic processes for a better assessment of
risk and hazards associated with such changes. Geodynamic processes that lead to
creation, transport, deposition and preservation of sedimentary records are climate and
tectonics and proper understandings of their relationship to these forcing functions are
keys to geomorphologic science and geological correlations.

The present thesis deals with understanding of the processes and chronology on

one such sediment archive — the fluvial sediments to further understand the paleoclimate
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changes and paleotectonic events. Sedimentary archive of a river system depends on, (i)
production; (ii) transfer; (iii) deposition and (iv) preservation, of sediments. These
elements are controlled by a variety of factors ranging from the weathering of the source
rocks to fluvial discharge and sediment load. Fluvial sediments occur variously as lake
sediments, flood plain sediments, terraces, fans and delta, and their potential for
paleoclimate and tectonic studies has been well established (Gregory and Benito, 2003).
Techniques such as sequence stratigraphic methods, paleomagnetic polarity reversals etc.
enable development of a hierarchy of depositional events. However, absolute chronology
that enables quantitative estimates of rates of processes and their recurrence intervals has
so far been difficult, due to lack of chronometric methods.

Himalaya is a consequence of collision of two converging continental plates viz.,
the Indian and the Asian plate. In Himalaya, under-thrusting the Indian plate beneath the
Asian pléte accommodates a part of the plate movement and the rest is accommodated on
the surface by folding and thrusting. When compressional stress exceeds the strain limit
of these rocks, they fail along the faults producing earthquakes, landslides and landslide
induced floods and geomorphic features such as raised terraces and seismites are formed.
Chronology of these deposits and their physical parameters provide a means to deduce
long-term sllip rates and the rates of strain release. Current quantitative estimates of the
Himalayan Seismic Hazard are based on Global Positioning System (GPS) data that has
been used to compute slips between the Indian and the Asian plates (Bilham et al., 1997,
2001). Though of significance, the GPS data so far spans only a decade, too small
duration to assess geodynamic processes. Consequently, a longer-term perspective is
needed. This needs securely dated landform features that are caused by tectonic events.
The present study is amongst the few contributions to quantitative paleoseismology of
Himalaya, which deals with an estimation of the timing of paleotectonic events and will
eventually help in the identification of buried faults, estimation of earthquake magnitude
and amplitude of slip along the faults and the recurrence interval of past earthquakes.
Present structure of the Himalayan orogeﬁy is a consequence of tectonic and climatic
processes as well (Phadtare, 2000; Pratt et al., 2002; Juyal, 2004; Hodges et al., 2004;
Whipple and Meade, 2004; Burbank, 2005; Leier et al., 2005). The present study attempts
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to use alluvial fans, slack water deposit and terraces to reconstruct past climate changes
and past seismic activities in Himalaya.

Luminescence method provides a direct dating of the depositional event of
sediments using their constituent minerals viz. Quartz and feldspar. The method provides
the age of deposition of sediments without any ambiguity of sample/strata correlation.
The age range (100 a — 500 ka) and the availability of the dating material (i.e.
Quartz/feldspar), makes this method applicable to almost all of the mid to late Quaternary
deposits. Quartz and feldspar act as natural dosimeters that provide a cumulative record
of the radiation exposure from the naturally occurring radioactive elements viz., 2*U,
#2Th and “K in sediments. The technique relies on the fact that mineral grains
constituting the sediments are exposed to adequate daylight resulting in a photo bleaching
of the geological luminescence to a zero or near zero residual value. This event reset the
luminescence clock. Typically few tens of seconds of daylight exposure is sufficient to
achieve a near total photo bleaching. This criterion is adequately met in case of wind-
transported sediments due to the availability of full daylight flux and its short wavelength
spectra. However, in the case of fluvial sediments, such a total bleaching may not be
reached, due to attenuation of daylight both in respect of its flux and energy spectrum, the
water column, its sediment load and turbulence. The daylight spectrum shifts towards the
red wavelength when the bleaching cross section drops down by nearly an order of
magnitude or more. Thus, even though a short duration of daylight (typically 30-50
seconds of full spectrum) is required for clear daylight photo bleaching, the fluvial
sediments may be bleached partially prior to deposition. Methodologically, the present
thesis explored the feasibility of luminescence dating for fluvial sediments from a terrain
with a high topographic relief implying rapid transportation and deposition of sediment
by the fluvial system. A variety of fluvial environments that exists in the Himalayan
terrain, were examined. These are—

(i) Flash flood sediment

(ii) Low energy, slack water deposit

(iii)High energy alluvial fan deposit and

(iv) Tectonically uplifted, fluvial terraces.
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The basic philosophy was to examine validity of the basic assumption of
luminescence dating technique on samples with age controls. In the process new
protocols were developed, tested and applied. A brief summary of existing dating
methods for fluvial sediments is given below to provide a perspective on the need of

luminescence dating.

1.2 Brief description of existing dating method for quaternary sediments

Several dating methods have been employed for the chronology of fluvial
sediments. These can be grouped in two categories — (i) relative and (ii) absolute
chronometric techniques. In relative chronometric methods, techniques like order of
superposition, Paleomagnetism, Amino acid Racemization and other chemical methods
are used. The absolute dating techniques include radiocarbon, K-Ar, U-series, 2'°Pb,
radiocarbon, luminescence, cosmic rays produced isotopes etc. A comparisoﬁ of these

methods is provided in Table 1.1.

(i) Paleomagnetism—The present direction of earth’s magnetic field changes
approximately once a million years from normal to reversal and vice versa. Sediments
deposited under free air fall or still water condition preserve the direction of ambient
earth’s magnetic field known as Depositional Remnant Magnetism (DRM). The
" continuous gradual change in virtual geomagnetic pole (VGP) is known as secular
variation that varies from place to place. The movement of VGP gives a succession of
normal (parallel to the present) and reverse (180° out of phase with the present) polarity
transitions that are preserved as DRM in the sedimentary rock record. These normal and
reverse polarity transitions are chronologically constrained by absolute dating using the
dating of volcanic ash layers or index fossils. Thus based on the constant sedimentation
rate, successive normal and reverse polarity in the stratigraphy can be assigned absolute
ages. The most notable reversal events in the Quaternary era are the Brunhes-Matuyama
boundary at 780 ka and the Blake event at 110 ka. (Hailwood, 1989; Aissauoi et al.,
1993)
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Table 1.1. Age range and material used in various dating techniques for quaternary material. (After
Singhvi and Banerjee, 2003)

Methods Age Range Samples
1. Paleomagnetism 0.1 Ma-2Ma Sediments
2. Amino-acids 0.1 ka ~500 ka Bones, cells and tooth
3. U Series 100 2 — 350 ka Calcite, bones, corals, shells
4.K-Ar/ Ar-Ar 1ka—->>1Ma Volcanic material
S. Fission Track > 50 ka Slags and volcanic materials
6. Radiocarbon 1950 AD - 50ka | Wood, bones, coral, shells, etc
7. Electron Spin Resonance | 1ka-1Ma Bones, tooth, coral, volcanic ash
8. Luminescence 100a->500ka | Pottery and sediments
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Recently identified, geomagnetic excursion is a brief (<80°) but significant
departure of VGP from the geocentric axial dipole that remains for ~10° years. This is an
intermediate type of geomagnetic behavior between secular variation and polarity
transition (King and Peck, 2001; Sangode et al., 2002). At present the use of excursions
and short events to provide stratigraphic control and chronology is promising but requires

extensive further study.

(i) Aminoacid racemization—Amino-acids are found in two forms- ‘L’ (leavo rotator)
and ‘D’ (dextro rotator) having same chemical formula but different structural symmetry.
Racemization is the process of converting L. form to D form. ‘L’ form is dominant in the
living tissue that converts into ‘D’ form when the tissue dies and the ratio L/D used as a
chronometric tool. The racemization rate depends on the organism type and temperature.
Racemization rate is higher in warm condition and consequently undetermined
temperature fluctuations lead to systematic error in age estimates. The temperature
constraint implies that method has been successful in cool/temperate regions where the
average sediment temperatures are low and nearly constant. On the other hand, in the
tropics, the method has not found sufficient usage in view of high seasonal changes in
temperature. The materials used for the dating are bones, shell and tooth and the age
range is 100 a — 500 ka. (Bender, 1974; Bada et al., 1984)

@iii) Radiocarbon dating (**C)-Radiocarbon is probably the most used radiometric
dating method to date young sediments (Wohlfarth, 1996). The method depends on the
production of **C from atmosphere. Low energy cosmic ray neutrons interact with “N to
form *C in the upper atmosphere. MC so produced, reacts with O, to form C0O,, which
is chemically similar to '?CO,. The CO, is fixed in various organic and inorganic
reservoirs such as plants, animals (via photosynthesis) and carbonates. When the plant or
organisms die, they stop taking '*C from the environment and the '*C present in them
decays with a half-life of 5730 years. Measurement of '*C activity in the organic matter
enables calculation of the time of cessation of '*C intake. Absence of organic matter in
fluvial sequences, uncertainty in the relationship between sample and the strata makes it

difficult to use this method. Short half-life of *C isotope limits its usage only up to ~ 40
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ka. Further the technique assumes '*C production was uniform in the past which is not the
case as studies on tree rings, corals and varves has demonstrated that '*C production
varied in time due to change in cosmic ray fluxes and this calls for calibration of
radiocarbon ages (Stuiver et al., 1998). Contamination of the samples by either the ‘dead’
or the ‘modem’ carbon from organic and inorganic carbon (carbonates) can alter ages
substantially and has been a major impediment in the routine use of the method.
Methodologically accelerator mass spectrometry (AMS) technique have now made it
possible to achieve high precision ages on small (~ few mg) samples by measuring the
concentration of *C directly without waiting for its decay.

(iv) Cosmogenic radio nuclide dating (‘*Be and *°Al)-Interaction of Cosmic ray
particles such as with rocks and sediments produces radioactive nuclides such as °Be and
%A1, via reaction such as Quartz and Felaspar provide ideal target material. Due to
cosmic ray exposure the concentration of insitu produced '°Be and 2°Al increases and can
be used as a time marker, provided off course that the production rate of these nuclides
could be accurately determined that requires a rigorous understanding of the changes in
(a) the cosmic ray flux through time and (b) the irradiation geometry. Though a
promising method, in accreting sediment sequences problems due to time dependent
changes in shielding makes the cosmic ray age model dependent. Further complications
arise due to periods of quiescence/soil formation in sediment accretion, erosion and finite
inheritance of radioactivity makes the application difficult (Nishiizumi et al., 1989; Lal,
1991).

(v) Uranium series dating—This is another radiometric dating technique which uses the
short lived isotopes of Uranium (U) and Thorium (Th) decay series. Disequilibrium in the
Uranium series decay chain has been used extensively to date pure carbonates. The
isotope of U remain in solution in seawater where the uranyl ion (U0,*) tends to form
carbonate complexes {e.g., UO,(CO3):*}, which allow it to co precipitate with calcium
carbonate. As a result, Calcium carbonate minerals such as calcite and aragonite typically
contain appreciable concentration of U but lack Th. However, occurrence of pure

carbonates in continental setting is rare; furthermore, correction for detritus Thorium is



Chapter—I: Introduction

often necessary. The trace element in the carbonate can be used to date material up to
about 350 ka old (Ivanovich et al., 1992; Kaufman, 1993).

(vi) K-Ar/Ar-Ar dating-K-Ar dating has been extensively used in geochronology.
Potassium has a small radioactive component “’K, which has a half-life of 1.2 billion
years, 'K decays by two possible modes, namely “Ar and *Ca. Being an inert gas, “*Ar
keeps accumulating in the lattice of potassium bearing mineral and does not form any
chemical bond. In suitable cases, Ar gas can remain in the lattice over geological time
scales. By measuring the concentration of K and Ar, age of the mineral can be computed.
This method is suitable only for sedimentary sequences containing volcanic ash layer that
ensures the trapping of Ar molecules from the atmosphere only during its formation
(Quidelleur et al., 2001). A significant problem with this method is the diffusion of Ar
from rocks leading to underestimation of ages. The problem of Argon loss has been
overcome by the Ar-Ar method (Faure and Mensing, 2005). First *’K is converted to ¥ Ar
by neutron bombardment to know the **K as “°K and *’K ratio is fixed in the rock. **Ar
and “°Ar can be measured together in the mass spectrometer. The principle of the Ar-Ar

method is therefore the use of **Ar as a proxy for *’K.

(vii) Fission Track-Fission track (FT) is the radiation-damaged path left by two heavy
fragments of uranium-fission. The tracks are formed by the spontaneous fission of Z*U
with a half-life of 8.2x10" a. The tracks are enlarged by chemical etching to a
microscopically visible size of >15 micron length. The tracks accumulate with time, and
consequently their number is a measure of the elapsed time, i.e. the age of the material.
Although many minerals and glasses contain fossil fission-tracks, only a few of them,
mainly zircon, apatite, sphene and various glasses can be used for the quaternary (~10°
years). This is because the uranium content should be high to produce a sufficient number
of fission tracks in the available 10* to 10° years. The tracks are removed at a blocking
temperature and thus reset the clock. Apatite has 90°C blocking temperature and zircon
around 300°C. Hence it is useful in determining rate of uplift and exhumation of rocks if

geothermal gradient is known (Hurford and Green, 1982)
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The clue for interpreting fission-track ages is the stability of tracks. Fission tracks
are unstable, a phenomenon known as fading. Elevated temperatures accelerate the fading
process and fading causes shortening of etch able track length. The resulting track loss

tends to lower the apparent fission-track age.

(viii) Electron Spin Resonance (ESR)-ESR relates to detection of the concentration of
frapped charges due to ionization on absorption of radiation dose from the ambience of
the sample to be dated. Thus the trapped charges are proportional to the concentration of
ambient radioactivity and time elapsed since the material formed e.g. tooth, bone etc.
Some of the trapped charges have a net spin, making them paramagnetic. These act as
free magnets, and can be detected by placing the sample under a magnetic field. In the
simplest case, these individual magnets can occupy two energy states (mg= +1/2 & -1/2)
when placed in a magnetic field and the population is higher in lower energy state. It is
then possible to cause transition of charges from low-energy state to high-energy state,
using appropriate microwave energy. The amount of microwave energy absorbed is
proportional to trapped charge concentration and with appropriate calibration using a
laboratory Gamma dose, the ESR absorption intensity can be converted into absorbed
dose. In ESR dating of bones and tooth, the radiation dosimetry involves some basic
assumptions arising due to the uptake of U ciuring burial: In the case of tooth enamel, the
post mortem uptake of uranium implies that the present day value of uranium cannot be
taken per se for dose-rate calculation. Instead, depending on the nature of the sample and
the site, the dose is calculated on the basis of either the linear uptake or an early uptake.
The dating range of ESR spans lka - 1Ma years and is ideally suited to directly date
organic remains, provided the dosimetry is established unambiguously (Tkeya, 1993,
Mathew et al., 2004). The forgoing makes it clear that as yet no secure method exists for
middle to late quaternary fluvial sequences.

Luminescence methods have the potential of providing direct dating of the
depositional event of sediments without any ambiguity of sample/strata correlation. The
age range (100a -1Ma) and the availability of the dating material (i.e. Quartz/feldspar)
that are ubiquitous, make this method applicable to nearly all kind of Quaternary

sediments.
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1.3 Luminescence Dating- Basic Principles

Luminescence dating is a radiation damage technique, which uses the natural
radioactive elements present in the sediment viz. U, Th and K. The minerals used for
dating are Quartz and feldspar, which are ubiquitous. The luminescence production in
minerals is explained by the band theory of solids. There are three basic steps for
luminescence emission. These are~ |

(i) Production of charges— The passage of ionizing radiations arising from the
decay of natural radioactive elements viz. U, Th and K induces ionization in the
Quartz and feldspar. The charges are excited from valence band to conduction
band after ionization and are free to move in the lattice (Aitken, 1985; 1998)
(Fig. 1.1).

(ii) Trapping and storage— Some of these charges get trapped at defects of the
crystal. Residence time of these charges range from a few seconds to a few
million years and depends on the temperature, energy levels and charge
environment of the charge trapping centers.

(iii) Eviction— The stored charges get de-trapped with eﬁergy stimulus, either optical
or thermal. These travel in the lattice and at suitable site and radiatively
recombine to produce luminescence.

If thermal heating does the stimulation of these charges, the process is called
Thermally Stimulated Luminescence (TSL or TL). If it is done by light exposure, then the
process is termed as Optically Stimulated Luminescence (OSL). Depending upon the
wavelength of optical source for stimulation, such as Green Light Stimulated
Luminescence (GLSL), Infra red Stimulated Luminescence (IRSL) angi Blue-Green Light
Stimulation (BGSL) are routinely used. The intensity of luminescence thus produced is
proportional to radiation dose and under some assumption can be related to the time of
burial of the sediment. In this, the concentrations of the radioactive elements in the
sediment can be measured. The dating range over which this technique is used is small
enough as compared to half lives of these radioactive elements viz. U, Th and K,

implying that as a first approximation, the radiation flux is constant through the burial
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history. Quartz and feldspar mineral act as sensitive radiation dosimeter of this radiation
due to the radioactive viz. U, Th and K in the sediment. Luminescence method dates the
event of last sun exposure/heating of the sediment grains. In view of this luminescence
dating of the sediments relies on the fact—

(i) The natural radiation environment of the sediments arising due to the decay
of natural radioactive elements viz. 2*U, ®?Th and K along with cosmic
rays provides a constant flux of radiation to the natural mineral constituting
the sediments.

(ii) These minerals viz. Quartz/feldspar act as sensitive radiation dosimeters to
record these radiations with constant sensitivity, in a cumulative manner and
preserve this record over geological time.

(ili) The daylight exposure of the sediment/minerals photo-bleaches the
geological signal during their transport to a zero or near zero level.

On burial, further exposure to daylight ceases and re-accumulation of charges is

initiated due to the ambient radioactivity. This process continues unabated till excavation.
The net luminescence acquired in a grain is determined by the rate of irradiation

(luminescence production) and the duration of burial.

1.4 Age equation

After burial of a sediment, the naturally occurring minerals e.g. Quartz and
feldspar, act as natural dosimeter and absorbs radiation from the radioactive element viz.
U, Th and K from the sediment. Thus the luminescence signal in Quartz and feldspar is
proportional to the time of burial and the concentration of radioactive elements. This
signal acquired after the burial of the sediment can be measured in the laboratory. The
age estimation needs two parameters, (i) amount of signal accumulated ovér burial period
(measured as equivalent radiation dose) and (ii) rate of ambience radiation absorbed by
the Quartz/feldspar. The unit of amount of énergy absorbed is defined as Gray (Gy)(1Gy
=1 Joule/kg).

The Quartz/feldspar obtained from the natural setting has variable luminescence
response at grain level due to, (i) varying amount of impurities (ii) type of defects present

and (iii) varying thermal history at source. Therefore, it is important to ascertain the

12
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sensitivity of thése minerals (response to radiation dose). This can be estimated in the lab
by irradiating the Quartz sample using artificial radiation source e.g. *0Gr, then measure
the luminescence output to compare with the luminescence received from the naturally
irradiated sample. This is termed as Paleodose or accrued dose. Hence Paleodose (P),
expressed in Gy, is the amount of laboratory dose given to the mineral to produce same
amount of luminescence as the sample, as received.

The second important parameter is to measure the rate of radiation given to the
sample in the natural setting. This can be done my measuring the amount of radioactive
elements in the sediments. Usually the dose rate is expressed in terms of Gy/ ka.

The age equation is based on the fact that, (i) natural radiation environment is a
mixed radiation field comprising alpha, beta and gamma rays and (ii) the luminescence
produced by highly ionizing alpha particles (per unit dose) is substantially lower
compared to those by weakly ionizing radiation (beta, gamma and cosmic rays) due to
number of charges produced in a short track of alpha particle path is much higher than the
available traps. Hence most of the charges are wasted with respect to the luminescence
production. These factors are accounted for by defining an alpha efficiency parameter a
such that,

a = luminescence per unit alpha dose / luminescence per unit beta dose
and by computing the annual dose as a sum of contribution from all the radiation
components i.e.

Age = total luminescence / Y3, {(luminescence / unit dose) x (dose / year)}
Combining above two relations, the age equation reduces to

Age= Equivalent beta dose (or Paleodose) / (aD,+ D+ D,+ D)

Where Dy, Dg, Dy and Dc represents the dose rate contribution from alpha, beta, gamma
and cosmic rays respectively. In dating of coarse-grain Quartz, the alpha dose affected
skin (typically 10-15 micron thick) is removed by etching. Hence in dating the coarse
grain Quartz, the age equation further reduces to

Age= Equivalent beta dose (or Paleodose) / (Ds + D,+ D)

The events dated by this method are the event that de-traps the acquired

geological luminescence in a sample to the residual level. Hence this method is used to

13
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date last heating event of pottery, baked clay, last daylight exposure of the sediment and

formation of minerals e.g. gypsum etc.

1.5 Optical bleaching of the sediment
The basic assumption of luminescence dating is the extent of photo bleaching or

thermal heating. Typical time for resetting is ~few tens of seconds of cloud free daylight
for sediments or few seconds of thermal heating at 500°C in case of pottery. In case of
acolian sediment and sample of archacological importance (e.g. pottery) this assumption
is reasonably met. In the case of fluvial sediment, this may or may not be satisfied due to
following reasons,

(i) Attenuation of sun light due to depth of water column and turbidity

(ii) Transport distance of the sediment

(iii) Sediment coagulation by clay

(iv) Inverse dependence of bleaching efficiencies with stimulating wavelength

In view of this bleaching of the sediment grains in fluvial environment is likely to

be incomplete and heterogeneous. Kronberg (1983) found that a wide range of
wavelength from the solar spectrum bleached the TL of K-feldspar. Significant bleaching
occurred in a sample kept at 7 m of clear lake water. Gemmell (1985; 1988) examined the
bleaching of fine grain minerals in suspension through laboratory and field experiment.
For dense suspension (>1 g/l), a limited reduction in TL was seen depending on flow rate.
Godfrey-Smith et al. (1988) showed the photo-luminescence signal of Quartz and
feldspar are well bleached by sunlight within a few minutes to few hours, which also
progresses during overcast condition, and that the bleaching rate observed was
proportional to the light level. Berger and Luternaur (1987) have demonstrated that the
intensity at 4 m depth in a turbulent river is ~10* times less than at the surface and
severely attenuated below 500 nm and above 690 nm of the wavelength of that light (Fig.
1.2). Ditlefsen (1992) examined bleaching of the sediment in a 75 cm column of water
for different concentration of suspended matter. He observed that for dilute suspension
(<0.02 g/1), optically stimulated luminescence was reduced by 95% within 20 hrs whereas
the TL was reduced only by 25-50%. In the more dense suspension (>0.05 g/1), light level
was reduced significantly primarily due to the suspended particles rather than by the

14
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turbulence. Fuller (1994) has shown the attenuation of the UV component of the solar
spectrum as it passes through water. The attenuation occurs in still water and increases
under turbid water conditions, where fine grained particle scatter light.

These results, suggests that heterogeneous and incomplete bleaching is a likely for
water-lain (fluvial) sediments. Laboratory experiments suggest that TL signal takes 5-6
hrs to bleach on daylight exposure whereas OSL signal bleaches in a few tens of seconds.
Proszynska-Bordas et al. (1992), Murray ét al. (1992), and Kamaludin et al. (1993)
applied successfully this technique on fluvial sediment. On the other hand Gemmell
(1997) & Forman and Ennis (1992) did not find TL dating suitable for dating fluvial
sediments.

Similarly OSL dating has been applied to fluvial sediments. Balescu and Lamothe
(1994) established chronostratigraphy between '4C, ESR, amino acid, TL and IRSL dates
with two exceptions. Murray (1996) concluded that luminescence dating offers a
considerable improvement over other techniques including C for dating recently
transported fluvial sediments. Single Aliquot Regeneration (SAR) technique provided
insight into the variability of paleodoses caused by heterogeneous bleaching (Murray and
Roberts, 1997). Olley et al. (1998) examined 70 years old flood sediment from the
Murrumbidgee River and found that age computed from mean paleodose varied from 400
~ 1000 years depending on the grain size with the coarser size being relatively better
bleached. The minimum age computed from least 5% of the dose distribution provided
consistent age. Thomas et al. (2004) investigated fluvial deposit in Anantpur district,
south India, using small aliquots and single grain technique having "“C age control. The
average ages were 200 years off from the 'C age of 507 % 40 years. However, doses
calculated from leading edge method (Lepper et al., 2001) gave consistent ages. Zhang et
al. (2003) found an overestimation of 200 years in averaged OSL age in a fluvial
sediment containing 700 years old potsherd. When they applied the method similar as
given by Fuchs and Lang (2001), results were consistent with the expected age. Rittenour
et al. (2003) dated three, channel belt deposit from the lower Missisippi valley using
luminescence. All the optical ages were in good agreement with geomorphological
relationship and the existing radiocarbon age control. Chen et al. (2003) compared to

radiocarbon ages with OSL ages from a core of ~200 m thick sediment in the subsiding

15
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Figure 1.2. (a) Decreased bleaching efficiency with respect to increase in wavelength (after
Aitken, 1998). (b) Attenuation of daylight intensity in the water as a fuction of depth. As depth

increases, the intensity of daylight decreases rapidly together with the cut off of lower
wavelength spectrum. (After Berger, 1990)
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southwestern coastal plain of Taiwan, He found a good agreement in the optical ages and
radiocarbon ages up to 14 ka suggesting well bleached sediment. However, modern
sediment from the channel deposit gave the ages from few hundred years to 12 ka, which
is surprising.

Summarizing, that results from above discussed examples and similarly several
more various geomorphological archives have shown that partial bleaching of fluvial
sediment still remains a potential problem in the luminescence dating and is the field of

1

active research that needs extensive study.

1.6 Luminescence dating techniques

Initially the luminescence method was applied on pottery and sediments from
desert environments that are supposed to be free from any problem of resetting of
luminescence clock. Hence the techniques involved in evaluating ages for such samples
were applied successfully viz. multiple aliquot additive dose (MAAD) and multiple
aliquot regeneration (MAR). These techniques involve a large number of aliquots
(typically 30-40) to calculate a single age. This technique assumes that all the aliquots
used in the measurement are having equal thermal/bleaching history, which is true for
baked pottery or wind blown sediments, but may or may not be true in case of partially
bleached sediments and thus can lead to erroneous ages. These techniques are discussed
in detail in chapter-2, “Experimental Procedures”, of the thesis.

Huntley et al. (1985) gave the concept of single aliquot analysis. Duller (1991)
took the initiative to do some analysis on fine grain using IRSL and applied Single
Aliquot Additive Dose (SAAD) method in which OSL readoﬁt, irradiation and dose
growth curve was constructed on an aliquot, avoiding inter aliquot comparison. In this,
OSL readout is done for 0.1 second, which ensures an insignificant loss of signal and
then same aliquot was irradiated followed by preheat. OSL is readout again for the same
amount of time. This is repeated 4-5 times and a growth curve is constructed between
OSL counts and laboratory added beta doses. The intercept of this growth curve on the
dose axis gives the paleodose. Significant amount of signal loss was observed in each
cycle because of preheat. Hence in the last, this was corrected by repeating measurements

for preheat only. Duller (1994a; 1994b) suggested correction procedures for the loss in
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OSL intensity due to preheat. Stokes (1994) applied this procedure successfully on
Quartz from aeolian contexts with good agreement between single aliquot additive dose
and multiple aliquot methods. Galloway (1996) and Murray and Roberts (1997)
summarized procedure for SAAD on Feldspar and Quartz respectively.

The luminescence sensitivity can change due to light or heat treatment. This limits
the use of SAAD, as there is no provision to correct for sensitivity changes at each stage
of irradiation/preheat cycle. Due to significant drop in sensitivity during measurement of
natural signal, this method was unsuccessful when applied to samples of river Loire in
France (Colls, 1999). Single Aliquot Regeneration (SAR) method developed by Murray
and Roberts (1997) provides for OSL sensitivity changes during preheat and
measurement. In this method, OSL is readout for 60-100 seconds to record and bleach the
natural signal. The same aliquot is then given a small test dose (<10-20% of paleodose)
followed by preheat and OSL measurement. This signal is used to correct for any change
in sensitivity, which would have occurred during natural OSL measurement. Then on the
same aliquot, a cycle of incremental laboratory doses, preheat and OSL measurements is
carried out along with test dose measurement at appropriate instance to construct
sensitivity corrected growth curve. The sensitivity corrected natural OSL is interpolated
onto this growth curve to estimate the paleodose. This method is used widely to date
water-lain sediments as well as aeolian sand too. Typically a large number of aliquots
(~50-100) are analyzed and a large number of paleodoses are obtained. The distribution
of paleodoses then permits the use of optimum paleodose value. This was not possible
using multiple aliquot methods. The SAR method has several advantages over multiple
aliquot methods—~

(a) Inter-aliquot normalization is not required as all the measurements are done

on one aliquot.

(b) Small sample size is required which makes it suitable for small amount of

sample with low yield of Quartz e.g. pottery and ceramics.

(c) High precision data due to large number of paleodoses from the same sample

and these being independent measurements, an standard error on mean is

used.
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(d) SAR technique gives a range of paleodoses, thus enable estimation for degree
of bleaching in a sample. A poorly bleached sample will show a large scatter
of doses having high standard deviation of the data.

The most bleached part is the fraction yielding the lowest paleodose. For older
samples, the amount of partial bleaching may not be significant proportion of the natural
signal. Jain et al. (2004) reviewed the wo;k of OSL dating on fluvial sediments and
categorized the sample in two sections, (i) <1 ka old sample; (ii) >1ka old. These authors
suggested that the minimum age model is successful in <1 ka old sample and mean age is
preferable for the samples >1 ka old, as the residual signal was a small proportion of the
natural signal build during extended burial of the samples. However, it may be pointed
out that this boundary is only indicative and will change with a variety of factor ranging

from the dose rate, the sensitivity and the pre-depositional bleaching.

1.7 Estimation of bleaching using SAR

Li and Wintle, (1992) and Li (1994) suggested a procedure to estimate the extent
of bleaching by analyzing a plot of natural luminescence intensities against their
respective paleodoses. They argued that in a well-bleached sample, individual aliquots
will have identical paleodoses but may show a wide variation in natural intensities
because of varying sensitivity of individual grains. However, poorly bleached sample will
show a wide variation in both, paleodose and brightness. This is a useful method to
graphically represent the extent of bleaching, but does not enable for quantitative
analysis.

Clarke (1996) suggested some threshold values to determine the degree of
bleaching based on scatter in the paleodoses. In young samples, if the standard deviation
(Sd) of all the paleodoses is below an arbitrary number 5, the sample was considered well
bleached. It is noteworthy that the scatter in the data due to experimental factors
(measurement errors in dose growth curve, beta source heterogeneity and variation in
environmental natural dose due to hetero gen{eity in natural beta dose) can lead to standard
deviation of up to 20-30% of the paleodose. For samples >1-2 ka, the scatter on
paleodoses decreases as a proportion of the mean paleodose with the age of the sample.

In view of this, Clarke (1996) defined some additional parameters (Sn, defined as ratio of
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standard deviation to the mean of paleodoses) to determine the degree of bleaching.
According to that,

When  Sn <0.05 = majority of the grains are well bleached.

If, 0.05 <Sn < 0.1 = moderately well bleached

If, 0.1 <8n<0.15= moderately poorly bleached

If, Sn > 0.15 = poorly bleached.

On the basis of above if Sd > 5 and Sn > 0.1, indicates poorly bleaching and if Sd

> 5 and Sn < 0.1 then it means that sample was poorly bleached at time of deposition but

it is no more a hurdle for dating due to large burial time.

1.8 Estimating Paleodose from a Dose Distribution

From a measured distribution of SAR paleodoses, the determination of optimum
paleodose for age determination is also difficult. Though average paleodose is used
extensively to assign true paleodose, it basically compromises on bleaching history and
nearly approximates a multiple aliquot analysis. Average value can be used when
paleodoses distribution can be approximated to a narrow Gaussian distribution. For a
skewed paleodoses distribution, the use of a mean paleodose is likely to yield erroneous
results and aliquots with larger paleodose will bias the results.

Murray et al. (1995) examined the dose distribution from 70-year-old fluvial
sample. The historical records provided a firm control of age. The dose distribution was
not a simple Gaussian suggesting heterogeneous bleaching. The paleodose distributions
were highly asymmetric, positively skewed and in only one case, the average De
corresponded to the historical ages. Thus in orders to obtain the representative De, three
largest paleodoses had to be discarded.

Olley et al. (1999) suggested that, “the more asymmetric the distribution, the
greater the probability that the aliquots with the lowest dose more closely represent the
true burial dose.” It was stated that the asymmetry is because of two discrete subset of
grains of different resetting history, however it is not clear that why there should be two
discrete groups, because natural sedimentary processes are more likely to produce grains
representing a continuum of solar exposures rather than discrete subsets of grains with

uniform exposures.

20



Chapter—1: Introduction

Lepper et al. (2001) hypothesized that experimentally measured dose distribution
is the convolution of the distribution arising from natural sedimentary processes and
experimental error propagation. He tried to deconvolute the effect of experimental error
and distribution arising from sedimentary processes.

Fuchs and Lang (2001) studied fluvial Quartz sediments from Greece on a small
number of aliquots (N=10) due to very small amount of Quartz present in the sediment. A
dose recovery test was done, which gave a relative standard deviation of 4%, which is the
percentage ratio of standard deviation to the mean. This error was considered to be
experimental error associated with the measurements. All the paleodoses were ranked in
ascending order and standard deviation was calculated starting from the lowest two
paleodoses to match it with experimental error of 4%. The number of paleodoses in each
step was increased till these matched the experimental error. The relative standard
deviation (RSD) defined as percentage ratio of standard deviation to the mean. RSD
matches with the experimental error of 4%. Only those aliquots were considered for
paleodose estimation whose relative standard deviation is ~ 4%. This approach provided
ages in agreement with control/anticipated age.

Olley et al. (1998) suggested an approach utilizing the variation in paleodose in
Quartz sediment. He represented the paleodose variation in a histogram constructed from
typically small aliquot of 60-100 grains on each aliquot and concluded that the lowest 5-
12 % of the paleodoses arranged in ascending ofder gave the optimum estimate of the
true paleodose. He has successfully shown it by applying the technique on a 5 years old
flood sample.

Zhang et al. (2003) worked on the fluvial sand from the Yongdinghe alluvial fan
near Beijing city and suggested that the scatter in paleodose estimation due to
experimental error and varying luminescence properties should be similar to the scatter of
the first regenerated OSL as it is measured for a similar dose from each aliquot similar to
dose recovery test. This suggested to use the relative standard deviation (RSD) in the first
regenerated OSL as a surrogate for experimental error. The procedure given below
enables selection of the most bleached aliquots—

1. The RSD of the sensitivity corrected first regeneration OSL is calculated (say

RSD1).
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2. The aliquots are ranked in ascending order of their sensitivity corrected natural
OSL.

3. Beginning with the two aliquots with the lowest natural OSL, the RSD of the
natural OSL is calculated by increasing one aliquot each time till it reaches to
value when the value is equal to RSDI1. Thus the preceding aliquots are
considered as relatively well bleached.

4. Finally the average of these are taken as representative dose.

Summarizing, the determination of the most realistic paleodose from dose
distribution is still a matter of active research. The dose distribution curve has been
variously analyzed. For a narrow Gaussian distribution, the average can be the
representative paleodose, however, in case of positively skewed distribution, the lowest
values can be considered as true representative of the paleodose. The relative standard
deviation (RSD) of the data serves as an indicator of the heterogeneity in paleodoses as it

informs on the magnitude of deviation from the mean paleodose.

1.9 Luminescence dating and Himalaya

In India, Luminescence dating was initiated in the context of archaeological
samples and later applied to aeolian and fluvial samples from the Thar Desert, southern
Desert margin, Ganga plain and Himalaya. (Singhvi et al., 1982; Someshwar et al., 1997,
Jain et al., 1999; Kale et al., 2000; Srivastava et al., 2001; Juyal, et al., 2003; Srivastava
et al., 2003; Singh et al., 2003; Kar et al., 2004; Chamyal and Juyal, 2005). The mineral
grains in Ganga plain sediments travel a distance of a few hundreds of km before entering
into the Ganga plain from Himalaya. It can therefore, reasonably be assumed that such
sediment in Ganga plain were adequately bleached before their deposition in different
fluvial environment and this has been observed (Someshwar et al., 1997).

Himalaya provides a unique system that preserves the record of ancient to modern
seismic and climatic regimes. Few studies have been done using luminescence
techniques. Banerjee et al. (1999) dated fault gouges at Nainital, central Himalaya and
inferred that a major tectonic activity in the region at around 40 ka. They have further
suggested that geological luminescence in fault gouge was reset to zero by frictional

heating during faulting event. More recently using luminescence dating of relict lake
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sediments in Garbyang basin in the higher Himalaya for paleoclimatic and paleoseismic
studies (Juyal, 2004).

Himalayan comprises rocks of various lithologies, which on weathering provide
sediments that are transported primarily by glacial melt and rain water. These sediments
have Quartz grains of diverse luminescence properties. The high relief of the region
implies rapid transport, but higher altitude of the region enables higher energy component
in the daylight. Such a contrasting configuration of processes, one that favours rapid
bleaching and the other that impede, made it necessary to examine their relative effects

under various depositional settings. This is discussed further in the following section.

1.10 The objectives and scope of the thesis
Besides examining the prospects of dating on sediments from the Himalayan
region for paleoseismology and paleoclimatology this thesis also explored new

methodological avenues in the application of luminescence.

1.10.1 Methodological aspects

In Optical dating, the single aliquot.regeneration method has been the preferred
analysis protocol (Murray and Wintle, 2000). The natural signal is plotted on laboratory
generated Luminescence-Dose growth curve. The luminescence generated growth curve
is plotted such that any sensitivity change due to laboratory illumination and preheat is

corrected for. In the thesis we examined two aspects related to the use of this method—

(i) Sensitivity changes during the read out of natural OSL— Stokes and Singhvi,
(under preparation) suggested that the conventional SAR protocol did not take into
account, the sensitivity changes during the read out of natural OSL. This could imply
systematic offsets in age estimation. In this thesis that suggestion was examined for a
variety of sediments and comparison on sensitivity corrected paleodoses and uncorrected
paleodoses were made. In this, it was first demonstrated that the 110°C TL peak was
correlated with BGSL signal and then this peak was used as a surrogate for the OSL
sensitivity. Results indicate a significant sensitivity changes that can effect the ages

significantly, if ignored.
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(ii) Optimization of data throughput in SAR-In the dating of a partially bleached
samples, a large number (typically 60-100) of aliquots are needed to construct a
statistically valid dose distribution. Given that a typical SAR sequence requires 2-3 hours
of machine time per aliquot. Analysis of a sample may take up to ~200 hrs (i.e. 7-8 days)
of TL/OSL reader time. This limits the data throughput to 3-4 samples/month. To
overcome this slow throughput somewhat, Roberts and Duller, (2004) suggested use of
the Standard Growth Curve (SGC). In this approach, a fixed number of SAR growth
curves of a sample are constructed. These are then merged to form a standard growth
curve onto which the natural OSL of numerous aliquots are interpolated, thereby
avoiding the need for constructing growth curve for each aliquot. The applicability and
limitation of the method was tested further on samples from the above-discussed
sequences and a criterion for its applicability was suggested and tested on samples of

diverse depositional environment.

1.10.2 Feasibility of sediment dating from Himalayan terrain and their implications

to Paleoseismology and Paleoclimatology

Various sedimentary archives in the Himalaya have preserved the signatures of
paleoseismic and paleoclimatic events. However, their chronometry has been a problem
due to difficulties in reliable application of the radiocarbon method. The applicability of
luminescence dating for the sediments of different depositional environment was
examined in detail. A brief survey of the geological archives and their bleaching aspects

are as under—

(i) Sediment bleaching during flash flood—Flash floods in Himalaya are associated with
breaching of landslide induced temporary reservoirs. These last for few hours to few
days. Such floods can occur under poor light (overcast sky) condition with high sediment
to water ratio. In the present study an attempt was made to investigate the extent of
bleaching experienced by the flash flood sediments during 1970’s Alaknanda flood as a
function of distance from the origin and grain size. Both peak flood sediments (assorted

sand) and winnowing phase of flood sediment (flood plain fine, silty-sand) were collected
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at 5 localities from Gohna Lake to Rishikesh (~250 km down stream) and analyzed using
the standard SAR protocol.

(ii) Slack water deposits—Slack water deposit is found in the tributary streams away
from the trunk channel during high floods. Flood water when enters the tributary stream
looses its energy. This facilitates the sequential deposition of sand, silt and clay.
Alternately it can be suggested that sediment remain in suspension for long time
particularly the silt and clay hence well bleached. This aspect was examined in the slack

water deposit at Raiwala, near Haridwar in the state of Uttaranchal.

(iii) High sediment load alluvial fan deposit—Alluvial fan is a characteristic feature of
mountain fronts where a sudden drop in topographic relief occurs. A stream emanating
from the mountain abruptly loses its energy and deposits its load as a fan shaped body.
Dimension of alluvial fans varies from few km to hundreds of km in extent. Thus, in
order to create such a large sedimentary body it is important to have, (a) high sediment
supply and (b) hydraulic energy for transporting the sediment. Large volume of
sediments can be generated either by climate (glacial grinding, or physical weathering)
or by tectonics (physical break down of rocks). Sediment transport generally is
facilitated during the transitional climatic condition (arid to humid). Thus chronology of
fan sequences can provide information about past climate and/or tectonic history.
However, in view of their transportation under high sediment water ratio, bleaching of
sediment was expected to be partial.

In the present study, Yamuna-Ganga (mega fan) and piedmont fan sequences
were investigated for luminescence characteristic and chronology using SAR protocol on

Quartz mineral extract.

(iv)Tectonically uplifted fluvial terraces—Seismicity in Himalaya is associated with
major boundary thrusts. Episodic activity along these thrusts is manifested in the
development of various geomorphic features. Fluvial terraces are one such feature that
responds to the seismicity by way of their vertical offsets and development of unpaired

terrace sequences. Unlike seismities that can be generated by the activity along distal

25



Chapter—I: Introduction

thrusts (far field effect), incised terraces are related to the proximal thrusts. In view of
this, dating of the incised terraces provides information about the palaeoseismic activity
along the thrust.

In the lower Tista valley 5 incised terraces are developed in between the South
Kalijhora Thrust (SKT) and Andherijhora Thrust (AT). The terrace sequence is
differentiated by distinct vertical offsets ranging from 20 m to 2 m suggesting varying
activity in the associated thrusts (Mukul, 2000). Present work deals with the
luminescence dating of sediments from these terraces and then applied to infer about the

seismic activity of the region.

1.11 Chapter wise details
Chapter-1: Introduction— This chapter describes various dating methods for quaternary

sediments and the merits of Luminescence dating. Basic principles and methodology of
Luminescence dating is discussed in some detail. Various measurement protocols such as
the Single aliquot methods, multiple aliquot methods, are briefed. Applicability of the
method to fluvial sediments is reviewed. The chapter describes the various

geomorphologic archives studied in the thesis.

Chapter-2: Experimental procedures— This chapter describes the various experimental
methods and protocols used in the measurement of OSL and age calculation. These
include the sample preparation, measurement protocol, analysis and the instruments used.
New analysis that includes assessment of spatial heterogeneity of the beta dose from a
beta source, the use of Linearly Modulated-OSL (LM-OSL) partial bleach method and
the extent of bioturbation and its effect on Luminescence dating in sediments, is

described.

Chapter-3: Changes in natural OSL sensitivity and its implications to dating—
Stokes and Singhvi (under preparation) recently suggested that the conventional SAR
protocol does not take into account the change in Luminescence sensitivity during
measurement of natural OSL. This effect occurs during preheat and luminescence

readout. In the conventional SAR, the sensitivity is corrected using test dose
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measurement only after the natural OSL measurement. This implies that the sensitivity
change during the read out of natural OSL is not accounted for and can lead to gross
systematic errors. In this thesis, this aspect is examined in detail. In order fo do so, the
SAR protocol has been modified by, (i) demonstrating correlation of 110°C TL peak with
the OSL peak and (ii) using the 110°C peak as a surrogate for sensitivity. Results on
samples are discussed which indicate systematic offset. Most of the samples have shown
sensitivity changes up to 20-30%, however, a few of them have shown up to 50%. This
chapter describes the sensitivity changes and its possible repercussions on the samples

collected in the Himalaya.

Chapter-4: Limit and applicability of standard growth curve— This chapter describes
a methodological advance in the application of the SAR protocol, by suggesting the
criteria for applicability of the Standard Growth Curve (SGC) for SAR. Single Aliquot
Regeneration (SAR) is a widely used protocol in luminescence dating. However, a
practical handicap is that it consumes considerable machine time implying a low data
throughput. A practical solution towards increasing the data throughput has been
suggested recently by Roberts and Duller (2004). In this merging a fixed number of
laboratory generated growth curves generates a Standard Growth Curve (SGC) and the
natural signal is read onto that curve to get the paleodose. This chapter describes the

applicability of SGC on samples of different depositional environment in Himalayan.

Chapter-5: Fluvial sediments in diverse depositional settings and applicability of
luminescence dating— In this section, experimental data on the dose distribution of
various samples collected from four geological settings in Himalayan terrain are
presented and discussed with reference to their depositional environment. Various
parameter that provide an estimate on the extent of bleaching is discussed and general
inference on the extent of bleaching in various depositional domains within the fluvial

regimes are discussed.

Chapter-6: Luminescence chronology of fluvial archives and its applications to

paleoclimatology and paleoseismology—~ This chapter deals with geological
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interpretation of the ages obtained on various sediments as discussed above. It includes
three sections -(i) Chronology and its implications in reconstructing paleocliamte of
Yamuna-Ganga alluvial fan are discussed in detail; (i) Chronology and paleo-flood
record near Raiwala at Hardwar was described. It helped in computing the recurrence
interval of a flood in the area; (iii) Chronology of uplifted river terraces in Tista valley

with its application on Himalayan evolution in relation to Critical Wedge Taper model.
Chapter-7: Conclusion and Future Outlook- This chapter outlines results obtained

from the present study and also describes the future prospect of the work presented in the

thesis.
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