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STUDIES OF THE SANDS OF A PART OF
THE THAR DESERT IN DISTRICT JAISALMER
RAJASTHAN

ABSTRACT

The Thar desert in India occupies about 155,000 sq.km
of western Rajasthan. During recent times it has attracted
investigators with varied types of problems including those
of defence, traction and geomorphology. However, geological
and geotechnical aspects have received scant attention. The

present study is an attempt to f£ill this gap.

In this investigation an exhaustive and systematic
sedimentological study of desert areas around Sam, Dhanana,
lunar and Murar in Jaisalmer district has been made. Various
bedforms, namely, ripples, barchans, transverse dunes,
longitudinal dunes and sand Piles have been described and

their probable origin is discussed.

Samples collected from the various bedforms and sand
flats have been analysed for (i) textural attributes of sand
grains, (ii) minerological composition and (iii) engineering

properties of the desert sands.

Grain size distribution, roundness and sphericity
of the desert sands have been investigated in detail. For
statistical analysis of grain size data, graphical moments
for central tendency, dispersion, symmetry and peakedness
of the distributions have been calculated with the help of

a digital computer, using various formulae given by different



workers. The intermediate bercentile values used in these
formulae were calculated by interpolating between the eXpe-
rimental points using normal distribution. Plots of the
statistical parameters have been made and their correlations
discussed and interpreted in terms of grain size populations
and modes of transport., In addition, spatial variabilidy of
grain size parameters in the area, and also within the

barchans, has been studied.,

Fields of the various environments have been delineated
on plots between different grain size parameters by different
investigators. Grain size barameters from the area under
investigation have been plotted on some of these diagrams
such as C-M diagrams, skewness~mean size diagram, mean size
standard deviation diagram, Md vs. QDg diagram, QDa vs, Ska
diagram etc., with a view to evaluate their efficacy as

accurate environment indicators.

Heavy and light minerals of the desert sands have
been identified and detailed Petrographic modal analyses
made. Variations of constituent modes with grain size and
in space have been studied with a view to determine the

provenance of the sands.

Determination of the various engineering Properties

of the sands is an eéssential step for any engineering project

in dcserts. Reprcoentative Samples from diffcrent localities of
the area have been subjcetcd to shecar strength and compaction

tests, Also maximum dry density and optimum moisturc contcnt woerc
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determincd. Further, to investigatc the mortar propecrtics of the
descert sands, samplcs werc mixed with coment and watcr for castin
cubes in ratios prescribed by the Indian Standards Code.

These sand cement cubes were then autoclaved and tested for
compressive strength by Universal Testing Machine. The dats

80 obtained were then analysed and correlated with the grain
size parameters. Permeability of a few typical samples has

been determined. The soil groups of desert sands of the area

have also been determined.

In brief, emphasis throughout the study is on a closer
understanding of the énergy-cnvironment relationship which
manifests in grain giszec parameters, bedforms, grain attributes

and petrography of the area.
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The Thar desert of India has remained neglected
perhaps due to difficult terrain and hostile climatie
conditions. Consequently, scant information is available
regarding the nature and behaviour of sands. Lately,
the problems posed by this vast destitute of sand have
come to prominence due to its strategic location near the
international border, particularly from defence and traction

View points.

The area ig almost virgin and there is g great poten=
tial for its future development, Keeping these points into
consideration coupled with the authors interest in the
vast expanse of sands typifying aeolian environment,
where winds have free play in shaping and modifying the
desert surface, the present type area was selected for

detailed investigations Presented in this dissertation.

It is hoped that the studies of bedforms and

their orientation and textural, bPetrographic ang geotech-

an insight into the brocesses responsible for the initia~
tion, growth and maintenance of +the deserts, aeolian
transport and deposition, and the Possibility of desert

contraction or eXpansion, if any. The study of engineering
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properties of the sands will be of use for future

engineering works that may be carried out in this area.

It is also hoped that this work may attract the
attention of more workers to brobe the mysteries of the

deserts for the betterment of mankind.

1.2 ARFA QF STUDY
The area under investigation covers a part of the
thar desert falling between latitudes 26°30' to 26%52
and longitudes 70°0' to 70°3%3', The village Sam lieg in
the northcast of the ares which extends to the southwest
right upto international Indo-Pakistan border including
remote border outposts like Murar, Dhanana and Lunar
(Fig, 1.1). In all, it occupies about 3,000 square
kilometers of the arid exXpanse in the district of
Jaisalmer (Lat. 26055'N, Long. 70056’E), Rajasthan. It
falls under the Survey of Indig sheet numbers 40 J/3,
40 J/2, 40 J/5, 40 J/6, 40 J/S and 40 J/10. The largest
city in the vieinity of the area is Jaisalmer which
supports a population of about 30,000 and is well connec-

ted with Jodhpur (Lat. 26°18'N, Long. 73%01' ).

The area is conveniently approachable from Jaisalmer
which is connected by a metalled road to Sam and Dhanana.
However, rest of the interior is accessible with the help

of a camel or a Power vehicle.
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1.3 CLILATE

The general characteristics of the Thar desert are
typical of a hot desert such as slight rainfall, large
variability of rainfall, large diurnal variation of temp-
eratures and high maximum temperatures during summers,
large evaporation, nonorigin of any permanent river,
scanty vegetation, practically no agriculture, dependence

of man on animals and a sparse and nomadic population

(Pramanik, 1552).

1.3.1 Rainfall

The annual rainfall in the Thar desert is less than
25 cm. The average rainfall of western Rajasthan is
24.83 cm with the highest rainfall from 77.5 cm to the
lowest rainfall 4.7 cm with a coefficient of variability
49 (Pramanik, 1952), Though the averagc rainfall is low, intensc
and sporadic falls may éccur pouring largc quantitics of -watcr
in a considcrably short duration of timc. Torrential reins have
been reported from descrts when the rainfall cquals to onc and
a half timcs or cven morc of the annual rainfall in a singlc day
(Pramanik, 1952),. According to Pramanik (1952) Jaisalmer
has more daily intensity of rainfall in monsoon as compared
to places like Calcutta and Bombay Which are situated in

rainy regions.

1.5.2 Lemperaturc

The temperaturcs in the Thar desert are of extreme
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nature. Winters arc quite cold with temperatures going
2°C to 59C below zero. Similarly summers are character-
ised by intensc heat with strong hot winds. Due to rocks
and sandy nature of the soils lacking sufficient vegeta-
tion cover and dry atmosphere with clear skies;, the varia-
tion of high day temperature to low night temperature is
considerable and with a sharp change. The mean maximum
temperature in May is 38°C to 46°C over most part of

Rajasthan with a mean minimum at 24°C to 27°C (Pramanik,1652).

1.3.3 Humidity

In winters the relative humidity is generally 507%. o
607. in the morning hours and 25Y. to 35%7. in the afternocon
hours., During sumiers huridity is in general 35%. to 607Y.
in the morning hours and 107. to 307. in the afterncon hours
except for the month of June which has higher mean value

AY

due to the advent of rainy scason near its end (Pramanik,1952)

1.4 VEGETATION

In general the area lacks vegetation.and therc is
near absence of trees. However, there are Sparse and
scanty patches of shrubs, thorny bushes and wild grasses.
It is a vast barren land showing a typical desert destitute
with thin population. There are some tiny scttlements
scattered in the desert and the ma jor occupation of the

inhabitants is cattle rearing (mainly cows). Some of the



villages have grown around tiny weclls dug in clﬁstcrs of

8 to 10 in numbcr which arc commonly called 'Beris'. Wator
tablc occurs at twenty to thirty metrcs depth and thosc
wells usually gct dricd up in summers. The inhabitants
move to other arcas with their herds during summcrs and

in timcs of drought, which arc fairly common.

1.5 EHYSIOGRAPHY

Regionally, the arca consists of low relicf with
scarps of ycllow limestoncs around the city of Jaisalmer.
lost of thc arca is of undulating topography consisting of
barrcn rock wastcs with occasional mounds of sands forming
diffcront types of duncs. The areca around the city of
Jaisalmer is dissceted by numcrous 'ngllss' anc gullics
giving risc to ophcmeral rivulcts like thec Mussurdi which
flows in northwestorn dircction. Similarly, the Kakni river
and its tributarics flow towards north., As onc moves towards

Furar (Fig.l.B), sand accumulations incrcasc stecadily with
a gencral tendency of the sand cover to thicken in thc
southwest until Dhanana whcre barchans and scifs practically
cover the ontirc arca and the truc sandy descrt starts.

The interdunc arcas arc comparatively firm and flat which

O0ccasionally gct a darker colour tone due to surface

accunulation of smgll ferruginous concrctions.,

In gencral, it may bce concluded that the various

physiographic features have largely beccen controllced by



climate typical of a wind governed terrain.

1.6 DKAINAGE
Drainagewise the arca can be divided into two najor
units controlled by the lithology i.e. (i) consisting of
compact rock wastes and (ii) wind blown sediments forming
dunes. The arca, for obvious reasons, is not drained by any
berennial river., The drainage is mostly internal. On the
barren rocky desert, as zround Jaisalmer, the drainage
pattern is dendritic. A number of small mallas’ and rivulets
start from rocky slopes and culminate into a local depression
forming small ponds which may rcmain dry through most of the
yecar. The chief water tanks around Jaisalmer arec Gadi sar,
Govind Sar, Gulab Sagar, Sudhs Sar, Kheta Sar, Gajroop Sagar,

Mobta Sar, Amar Sagar ctc.

On the hill slopes deep ravines have been cut by
mallas'which flow in the rainy scason. At places thesc
nallas'have cut deep channels in the wind deposited sands.
Elsowhcro, therc may be formation of alluvial cones adjoining
comparatively high scarps where the nallas' have reworked the

wind blown scdiments,

In the sandy desert there is no well established
drainage pattecrn and no 'nallas or gulley cuttings are
observed due to quick and casy mobility of sands by strong

sutmmer wind currcnts.



1.7 GEOLOGY OF THE AREA
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The regional geological setup is shown in Figure 1.2.
The oldest rocks exposed in the Jaisalmer district are
Malani suite of igneous rocks which consist of granites
and rhyolites. These are overlain unconformably by the

Vindhyans composed of dolomites with cherty layers.

The fossiliferous Badhaurs Formation, consisting of
yellow calcareous sandstones and brown clays, occur as
isolated patches overlying unconformably on the Vindhyans.
These are thought to be of Permo-Carboniferous age. Though
No exposures of Triassgic sediments are known, Permo-Triassic

Séquence has been recorded in the subsurface (Das Gupta, 1$75b).

The Jurassic Sequence is represented by the ILathi Beds
(L. Jurassic), Jaisalmer Beds (Callovian to Oxfordian),
Baisakhi Beds (Oxfordian to Kimmeridgian) and Badesar Beds
(Upper Jurassic). The Lathi Beds, which are 330 m thick,
consist chiefly of sandstones with some layers of limestone
in the upper parts. The Jaisalmer Beds are 160 m thick., These
are formed of buff to yellow ocolitic and shell limestones
and calcareous sandstones. The Baisakhi Beds are 600 m thick
and consist of gypseous shales and sandstones. A 110 to 300
meter thick horizon, consisting of ferruginous sandstones

and grits, constitutes the Badesar Beds.

The Parihar Sandstones which are 600 to 850 m thick
are thought to be of Lower Cretaceous age. These consist of

ferruginous and feldspathic sandstones and quartzites.



Fig 12.Regional Geclogical Setup Of
Western Rajasthan
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A comparatively thin formation of about 60 to 90 m

consisting of brown to yellow shell limestone with subordi-
nate bands of grit, clays and shales constitutes the Abur
Beds. Thesec belong to the Aptian age. The Bandah and Khuiala

4

Beds of Focenc age, abou

()

50 m thick, rcst unconformably
over thc Abur Beds. They consist of giliceous limestoncs

with Fuller's earth and clay.

The Shumar Beds, about 30 to 316 n thick, rest uncon-
formably over the Bandsh and Khuiala Beds. These consist of
ierricrusted,bouldory,aronacoous limestoncs, sandstones and
limestones. Thesc arc the youngest formation belonging to
the Sub-Rccent age. It has not been Possible to include
Shumar Beds in the gcological map (Fig.l.2) since the
published geological maps are of small scale and indistinct.
test of the arca is mainly covered by unconsolidatced, sandy
soils constituting the acolian scdiments. Thesc arc thought
to be of Recent age. Table 1.1 gives gencral stratigraphic
succcssion in the Jaisalmer district as determined by various
workers of Gecological Survey of India and 0il and Natural
Gas Commission (Narayanan,1964; Lukose,1972; Das Gupta,1S73;
lukose,1974; ILukosec and Misra,1574; Das Gupta ct al.1974;

Das Gupta,l1975a,by Parcck,1975; Verma,1975).

The Mesozoic and Tertiary rocks form a gentle arch
which plunges towards Mari in oindh, Pakistan,in the
northwest dircetion. The whole Sedimentary scquence

thickens in the west and northwest and attains a thickness
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Table 1.1~ General stratigraphic succession Of
Westeorn: Rajasthan. Modified after
Krishnan (1968, p.361).

Formation éThioknessi Lithology Age
Unconsolidated Aeolian Sediments Recent
Sediments

e I L P e el P T Unconfomity i i e e e S i s S e = e S S e
Shumar Beds 30-316 m Ferricrusted, bouldery ?Sub-Recent
arenaceous limestones,
sandstones and limestones
e e Tt LRGSR ONIT S
Bandah and - Siliceous limestones with
Khuiala Beds 20 m fuller's earth and clay Bocene
T T P B [t T L Sy L O -Unconformi ty e e
Abur Beds 60~-90 m Limestone, subordinate Low.Creta-
grits, clays and shales ceous (Aptien)
Parihar Sand- ?600-850 m Ferruginous and feldspa- Low .Creta-
stones thic sandstones and ceous(Neoco-
quartzites overlapped at mian)
places by Eocene beds
Badesar Beds 110-300 m Ferruginous sandstones Up. Jursgssic
and grits
Baisakhi Beds 600 m Sandstones and Shales Up. Jurassic
(gypseous ) (Oxfordian %o
Kimmeridgian)
Jaisalmer Beds 160 m Buff to yellow ocolitic Up dJurassic
and shell limestones and (Callovian %o
calcarcous sandstones Oxfordian)
Lathi Beds 350 m Sandstones and some Low,Jurassic
layers of limestones
in the upper part

—— e —meme—e- - Unconformity - - - - -
Badhaura Yellow, calcareous sand- Permo-Carbo-
Formation stones, brown clays nifecrous

e s o N L 1 e Y SR O (o] TR
Vindhyans Grey dolomite with chert Pre-Cambrian

layers and nodules

Malani Formation

Unconfornity ----
Rhyolites and granites

Pre-Cambrian
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of about 6,000 m. A large fault on the western side of the

arch is indicated by geophysical surveys (Krishnan,1S68,p.362).

1.8 PREVIOUS WORK

The arca under investigation has rcmaincd practically
neglected from the geological view point perhaps duc to its
remote location, lack of transport facilities and climatic
hazards, though some work has been initiated by the Central
Arid Zone Rescarch Institute (CAZRI), Jodhpur in some-other

parts of thc Thar desert.

Frere (1870) and Blanford (1876) arc the carly workers
who reported that most of the Thar desert is occupied by
Parallel longitudinal dunes. Blanford (1876) was the first
to establish the parallelism of the present wind dircction

and longitudinal dunecs.

The Planning Commission of India rcported in the Firgt
Five Ycar Plan (Anon.,1952) that the Thar desert had been
advancing outwards in a great convex arc at an alarming
rate of 0.8 km per year., This resulted in a symposium on
the Rajputana descrt i.ec. the Indian part of the Thar desert,
in March, 1952 organised by the National Institute of Sciences
(now Indian National Science Academy) in an effort to diécuss
suitable steps to arrcst its unchocked outward march. A
Symposium on the problems of the Thar desert and a workshop
on the desert geology had been organised by the UNESCO and

Geological Survey of India in 1964 and 1975 respectively.
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Hore recently Gupta and Prakash (1975) have compiled
environmental aspeccts of the Thar desert in the form of a
book. All these works arc referred to appropriately in the

Sext,

Host of the workers like Banerji (1952), Pramanik (1952),
Kendrew (1961) and Krishnan (1968) have suggested climatic
condltlons for the origin of the Thar desert. Roy and Pandey
(1570) and Ahmad (1975) advocatc an important role of tocto—
nism in its gencsis,., Bryson and Baerrcis (1S67) think that
afmosphcric dust caused by human activity may trigger an
extreme dry cycle. Wadia (1955,1%60) thought that the general

desiccation following the Pleistocene glaciation as the major

cause of the descrt.

Studies on gcomorphology and land-use planning in the
marginal areas of the desert have been mainly undertaken by
the CAZRI and the Geological Survey of India.Various dunec
forms and landforms of the Luni Basin have been described by
Pende et al.(1S64), Ghose et al.(1966), Singh(1965-70),
Verstappen et al.(196S), Singh et al.(1971) and Ghosh (1975),
Duncs and geomorphological land units of the Bikaner district
arc described by Singh et al.(1975). Bhattacharya (1956)
has discussed thc nature and origin of dunes on the western
side of Mount Abu, Land forms of the northern part of
Jaisalner have been described by Babu and Rao (1974).
Morphometric analyses of drainage basins of the descrt have

been made by Singh et 2l.(1969%-71), Pandey ct al.(1572),
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Singh and Ghose (1973) and Ramadurai and Gupta (1575).

Holland and Christie (1909) think that salt contents
of the salt lakes of the Thar desert have been byogght from
tpo Rann of Kutch by wind. Godbole (1952) postulates that :
salt basins arc relics of the extended area of the Arabian
sea. Pondey and Chatterji (1570) find that location of some
of the Ranns (salinc depressions) is controlled by faults.
Ghose (1964,1965) thinks that these Ranns are due to internal

drainage and galts are obtained by chemical weathering of

ad joining rocks,

Gupta (1S58) and Rao (1S$62) have described mineralogy
of the desert sands. Ghosh (1952) and Chakarabarti (1568)
have studied grain size distributions. Roy and Pandey (1970)

have reviewed the problem of cxpansion of the Thar desert.

In the present study, an exhaustive and systematic
sedimentological analysis and geotechnical investigations
of the desert sands in areas around Sam, Jhanana, Lunar
and Murar in Jeisalmer district have becn made. Various
bedforms like seifs, barchans, transverse dunes, ripples
and sand piles have been rccognised and all the geometric
dimensions necessary for defining their shape and any

special featurcs noted.

More than one hundred samples have been collected.

Locations of the samples arc shown in Figure 1.3 and
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descriptions regarding their position on the bedforms are
given in Appendix I. Locations of a few samples collected
from arcas near kamgarh (27°23: 70°30') and Ludharwa
(70°48' 30, 26025'0”) which do not fall in Figure 1.3 are
also given in Appendix I. The samnples have been analysod
for the following aspects:

(i) Toxtural attributes of sand grains, that is,
grain size, roundness and sphericity,

(ii) Mineralogical composition, and

(1ii) Engincering properties and behaviour.

All the findings regarding the above aspects have been
systematicallyﬁpresented in this work which consists of
seven chapters. Chapter 1 entitled "INTRODUCTION' describes
the location, accessibility, climate, vegetation, geomorphology s
drainage, geology of the area under investigation and a brief

review of the relevant previous work on the Thar desert.

Chapter 2 with the title 'REVIEW OF ORIGIN AND CHARAC-
TERISTICS OF DESLRT ENVIRONMENTS WITH SPECIAL REFZRENCE TO
THE THAR DLSLDRT' doscribes various vicws about the formation
of descrts of the World and the Thar desert in particuler.
The controversial problems of age of the Thar descrt and

its expansion and contraction are eritically reviewsd.

Chapter 3 titled as 'BEDFORMS' includes areal distribution »
bedforms, their geoumetry and orientation with rcspect to'the pre-

veiling wind dircction and grain gizc variation within the differer
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bedfiormns,

Chapter 4 cntitled 'TEXTURAL STUDIES! exhaustively
deals with grain size analysis and grain attributes such
as grain roundnecss and sphericity. Desert sand samples
were analysed for grain size distribution studies using
ASTM sicves. For statistical analysis, the graphical
noments were determined for central tendency, dispersion,
symmetry and peakedness of the distributions. Moment measurcs
using the various formulae are calculated with the help of o
computer and compared. The required percentile values used
in the calculation of moment Neasures arc determined by
interpolating betwecen the adjacent experimental points
using normal distribution. Modality of sand samples of the
area has been studied from the cunulative curves plotted on
arithmatic-probability paper. Plots of grain size statistical
parameters have been made and their correlations discussed
and interpreted in torms of grain size populations and proc-=
esses of transportation by wind. Regional variability of the
various statistical barameters in-the desert area is
probably being reported for the first time in the present
work. -Spatial variability oif the various grain size para-

neters within barchans is critically analysed.

Diagrams of plots between different grain size
paramecters have becn given by differcnt researchers and
fields for various environments have bocn delineated on

these plots. Grain size statistical parameters obtained
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from the desert sands of the arca under investigation have
been plotted on C-i diagram, QDa~Md diagram, QDa-SKa diagran
etc., with a view to develop grain size analysis -as an

accurate environmental indicator.

For grain roundness studies, slides of represcntative
samples are made and roundness of quartz grains in each
slide is determined by visual comparison method. Accuracy
and consistency of the visual comparison method are also
evaluated. Variation of roundness in the ares and with
grain size in individual samples has been analysed in the
study. Also sphericity of the aeolian sands has been studied
by measuring axial ratio of quartz grains from half phi

fractions of a few sand samples.

Chapter 5, which bears the title 'PETROGRAPHIC
SLTUDILS' deals with separation and detection of both light
and heavy minerals in the reprcsentative sand samples of the
area. Light and heavy mineral slides are made and petro-
graphical and modagl analysis is carried out. Mineralogical
data so collected igs then analysed to study their variability
in space and with grain size and also to establish provenance

of the sands.

Chapter 6 entitled 'ENGCINEERING PROPELTIES' constitutes
a very important applicd aspect of the present investigation.
Deternination of the various enginecring bproperties of sands
is an inevitable step preceding any construction project in

deserts. Representative éand samples from different
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localities of the area have becn subjected to shear strength
and compaction tests in order to evaluate their suitability
for foundations. To investigatc mortar making properties of
the desert sands, representative sand samples of the areca
were mixed with cement and water in the ratios prescribed

by Indian Standards Code and cubes casted. These sandcement
cubes were autoclaved and then tested for compressive streng-
th by Universal Testing liachine. Compressive strength data
80 Obtained were then analyzed and correlated with grain
size paramecters. The hydrologic potential of desert sand
samples was also evaluated by subjecting these to permeability

tests.

The final Chapter 7 is titled as 'SUMMARY AND CONCLU-
SIONS' which summarises the findings of Chapters 1 to 6.
The salient results of the investigations are brought out
and important conclusions are drawn. Finally suggestions
for further studies in scdimentology of the Indian desert

are outlined,

The present thesis thus embodies a systematic
study of the desert sands in the western part of Ra jasthan,
The cmphasig throughout the work is on a closer understanding
of the energy-environment relationships which manifest
variously in bedforms, grain size parameters, grain attri-
butes and petrography and cngineering properties of the

sands of the area,
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CHAPTER-2

REVIEW OF ORIGIN AND CHARACTERISTICS OF DESERT

ENVIRONLENTS WITH SPECIAL REFLRENCE
L0 _THE THAR DESERT

R

2.1 THEQRIES O DESERT FORINATION

e g 7o

Deserts are the reflcctions of climatic conditions
which are responsible for their creation, growth and sust-
c¢nance. Thus all those factors which influence climatic
conditions ultimately also affect the formation ang location
of the déserts. The atmospheric conditions have their
origin from the planetary system of high and low pressurc
belts. There is circulation of winds between the hot
equitorial regions and the cooler polar areas. The existence
of high pressure belts 30° north and south of equator causcs

clear skies which arc not favourable to rains.

The deserts of the world arc the result of one or
nany conditions like geographic location, topographic
barriers and their orientation with respect to the dirceot-
ion of moisture laden winds, the effect of Oceanic currentg,
low relief of the area or naturel winds with insufficient
moisture. Roy and Pandey (1970) suggest threc different
situations and conditions such as (i) the bPresence of
persistent anticyclonic conditions (North African desert),
fii3,) impinging of cold Occan currents on the coasts (Peru

desert, Namib desert) and (idd) topographic barriers which

shut out the moisture laden winds (Gobi desert).
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Host of the deserts of the world arc located in
regions where moist winds either originate Or. pass over
land areas under clear skies causing little or no rains.
Whenever they arec Obstructed by any land barrier such as a
mountain range the rain occurs whereas desiccating conditiong
remain prevalent in the leezone. Australian desert and the

Kalahari desert of Souty Africa are the eXanples,

2.2 THE THAR DESERT

A considerably large area (about 640 knm long and
160 kn wide) of the western and southwestcern- Rajasthan,
India, and Sind, Pakistan form the Great Indian Desert
which is called the Thar desert. The desert, in general, is
covered by a several meter thick sand which at places
thickens, thins or is absent to bare the rocky floor. The
sands are moved by the predominantly southwest winds to form
Various types of dunes and other characteristic desert
bedforms. The desert gradually grades into a semi-arid region

on its northern and eastern borders.

The whole region Starting from the western coast of north
Africa to the Thar desert in the east appears to be almost
meteorologically homogeneous (Sajnani, 1564) with nearly
identical physiographic and anthrogeographical conditions
(Roy end Pandey, 1970). Thus the Thar desert seemns to be
the eastern limit of a large desert tract which includes

the North African Sehara and Arabian deserts also,
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2+2.1 Origin of the Thar Desert

The chief causes which are thought to be responsible
for the origin of the Thar desert are:

(a) Geographical location in the deserst

belt of the world,

(b) Topographical factors,

(¢) Meteorological factors,

(d) Tectonism and

(e) Other factors.

(a) Geographical location in he desert belt of the world —

llost of the deserts of the world lie in a belt between 30°
north and south of cquator. Generally, these arc low pressurc
areas characterised by clear skies which are not conducive

to rainfalls. The Thar area of India also falls in this region.
Therefore, the occurrence of desert here is not unexpected,

In fact, it hag bcen thought as an ecastern limit of a great

desert that includes even African Sahars (Sajnani, 1964 ).

(b) ibpggraphiqglmﬁgggggg — The main factors which influence
the climate of the Indian subcontinent as a whole and also
constitute one of the major causcs of origin of the Ther
desert are the location of the high Himalayas, the Kirtharg
and the Sulaiman mountain ranges and the Tibetan plateau

(Roy and Pandey, 1570). The cumulative effect of these
natural barriers is such that the western part of Rajasthan
gets very meagre rainfall, Similarly, whatever moisture is

left from the moigt winds passing over the Ganges plains



gets precipitated on thc castern flanks of the Aravallis,
whereas desiccating conditions prevail in the west beyond

(Glennie, 1970, p.5).

{e) leteorological factors — The chief climatic causcs
responsible for the origin of the Thar desert are the presence
of low pressurc over western part of India and central part
of Pakistan, dry northwost upper air and shallow southwest

monsoon currents (Loy and Pandey, 1970).

According to Banerji (1952) the mechanisn of ronsoon
in India is influenced by a pressure gradient sctup between
a low precssure over the Ther descrt and a relatively high
pressurc in the south Indian Ocean. The low pressure is
attributed to higher tenperatures resulting from the bare
desert rocks and sands that get quickly heated and to the
hydrodynanic consequence caused by the natural barrier to
the airflow by the Hinalayan, the Sulainan and the Kirthar

ranges in the forn of a 'corner! (Roy and Pandey, 1970).

loist air can causec precipitation only when it cocls
and condenses by ascending up. But according to Ramanathan
(1972) and Prananik (1952) there exists dry, warm, subsiding,
gnticyclonic air, over the Thar desert and its neighbourhood
which overlies +the naritine shellow surface winds drawn in
during the monsoons. Thus the ascending moist airs are
absorbed by these anticyclonic winds thereby dissipating

clouds, if any. Pramanik (1952) states that so long these



anticyclonic winds prevail over the Thar desert there is

little possibility of increase in the rainfall in this region.

The monsoon from the Arabian vea 1is strong only
south of The Gulf of Cambay and almost fades out in the north.
Hence a very feeble monsoon air basses over the Thar deserst.
Winds coming across the Arabian sea loose most of their
moisture by travelling over North Africa and Abyssinian
plateau. This makes it amply clear that due to either
complete denial or very weak monsoons desertic environment

thrives in the Thar region.

(d) _fecton

e -

igm — The Thar region experienced faulting and
regional domal upwarping in association With complementary
rising of the Aravallis in the Holocene times. Faulting
resulted in a horst in Rajasthan and a graben in Sind. As a
consequence to this the arm of the ses occupying the Thar
region was forced out. There resulted 2 massive course
shifting of rivers like the Indus, the Sutlej and the Beas
westward. this caused floods which destroyed Mohanjodaro
and Harappa civilizations. Headward erosion of the Jamuns
captured the river Drishadwati. The head-waters of the
SaraSWati were affected by the rising Himalayas which could
not succeed in cutting through the Siwalik barrier

(Ahmad, 1975).

thus massive course shifting of the life sustaining

rivers of the region coupled with total loss of rivers like



Urishadwati and Saraswati partly due to tectonism, rendered
the area a desert. Of course, general worldwide warming up
of the climate following the Pleistocene glaciation is alsgo

one of the contributory factors (Ahmad, 1575).

(e) Other factors —lassive deforestatiocn, unplanned

grazing of animals and unplanned cultivations are the other

Ll

reasons which add- - to. the aridity of the region. Bryson
and Baerries (1967) think that the dust cover raised by
excessive human activity is the cause for the spread of the

desert.

2.2.2 Age of the Thar Degert
Wadia (1956, 1559) thinks that the Asian deserts are
a product of thc Post-Pleistoccnc glaciation aridity phcnomenon,

and these may be asg young as 10,000 to 20,000 years in age.

Roy and Pandey (1970) argue that climatic condition
like scanty or no rainfall due +o very feeble monsoon over
the Rajasthan desert region is the ultimate cause which is
responsible for the foruation of the desert. Also the present
monsoon system was established in the Indian sub-continent
during Mid, Miocene period when the Himalayan ranges came
into existence, DUifferent lithologies deposited from the Foccne
to Pleistocene in this region are indicative of the period
of desert formation. Thus the Thar desert came into existence
during the Iid ,iliiocene, though its development was thwarted

temporarily by humid climates (Ahmad, 1969). The prevalence
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of aridity during the Mid. Miocene in the southwestern
desert of North America (Axelrod, 19¢50; Axelrod and Ting, 1S60)

is cited as a supporting evidence.,

Recent geophysical studies of the Indian ocean
(McKenzie and Sclater, 1S71; Tisher et al., 1971: Sclater
and Harrison, 1S71; Laughton et al., 1¢72) have made it
possible to trace the movement of the Indian Peninsula with
time. Paleogeographic reconstruction based on these studies
by Laughton et al. (1472, Fig. 4) suggest that the equotor
passed through areas around Madras during the Middle Miocene
indicating thereby that the part of Indian Peninsula now
occupied by the Thar desert was way down to the south and
probably lay in a humid, moigh region. Thus it seems that the
Thar desert per se could not be older than the time when the

Peninsula came to occupy more or less the present position,

The presence of the Pleistocene Bap Boulder Bed in
Rajasthan and Sub-Recent Shuusr Formation of alluvial origin
with a subsurface thickness of more than 300 m in the heart
of the desert sugrest that humid conditions prevailed in the

O

area, till obub-Recent times.

Historical evidence regarding the age of the desert }f“f
is rather unequivocal and has been reviewed by Gupta and |
Prakash (1S75). However, Singh et al. (1974) have reported
on the basis of pollen studies from the saline lake cores
that more than 10,000 years B.P, intense arid conditions

Prevailed and that between 10,000 and 3,000 veéears B.P.. climgto

AT



was rather humid. Since 3000 years B.P. climate has

become arid again.

Goudie et al. (1973) have suggestecd that in this
region stabilized dunes are formed whenever rainfall per
annum exceeds 25 cm and active ones if reinfall is less
than 25 cm. It will be shown later that the area has stabili-
zed as well as active dunes. It is suggested that the Thar
desert probably came into existence more than 10,C00 years
back and old dunes were formed, which were stabilized during
the humid period that followed. Fresh,active dunes have deve-
loped since the onset of the present aridity cycle starting

some 3000 years back.

2.2.3 Lxpansion or Contraction of the Thar Desert

It has long been feared that the Thar desert is
encroaching on the fertile lands in its in ediate neighbour-
hood. The Planning Commission reported in the First Five Year
Plan (Anon.,1952) that the Thar desert is advancing in a

great convex arch towards Uelhi and Aligarh at the rate of

about (.8 km per year.

Roy and Pandey (1970) argue againgt the expansion of
the desert. According to them if the rate of advancement is
taken as 0.8 ka per year, then the present boundary should
have been 40 km shead of what it is today. They further argue
that if the age of the desert is teken as 5,000 years, as
thought by many workers, and the rate of advance as 0.8 km

per year then by now the desert would have advanced to at



least the foothills of the Himalayas if not upto somewherec

in' central Asisa,

lleteorological data of the past 70 years suggest no
climatological change over the Thar desert and adjoining
areas which should be if the desert were advancing (Pramanik,
1¢52). kao (1S61) examines rainfall data of 80 years of the
thar desert and opines that there is no significant change

in the annual regional rainfall of arid najagthan.

the present study also suggests that the sands of
the Thar desert wore brought in by the rivers which shifted
their courses westwards, thus leaving the sediments behind for

the free play of winds. It appears that no significant

expansion of the desert is taking place.



5.1 INTRGDUCTION

Bedform is a regularly repeated surface feature
which develops invariably on the wind blown sand deposits.
These resemble with the pattern developed under water. Bed-
forms have been reported to develop on loess (Rozycki, 1S67),
in alluvium or even solid rock (Grove, 1060; Wilson, 1S71).

Cornish (1¢74) has reported them to develop on snow.

Different bedforms reported by various descrt vorkers
are wind formed dresas, dupes, ripples, megaripples, gravel
ridges, current lineations, sand ribbons, parallel ridges,
linguoid dunes, criss-cross lines, net works and oblique

echelon lines.

Some basic irregularity on the ground surface or some
local disturbance in the wind stream may initiate a particular
bedform. This pattern then grows in size and wigrates down-
wind from the site of its origin. Some of the irregularities
which may be the ultimate cause of origin of a particular
pattern may be listed as a rock outcrop, bush, man made
structure, lithology of the surface rock, g;me erosional
or topographical feature, a termite mound or even the older
bedforms. A local turbulence of the wind current or change
in grain size of the sands may result into a rarticular type ox

pattern. Similarly size, shape and orientation of these nuclei



C2
G

may trigger a mechanism which results in different bedforms.,
5.2 BEDFORIS OF THH AREA

In the area under investigation, mainly three types
of bedforms-ripples, dunes and sand piles, are observed.
£ brief description of these is attempted below.
5.2.1 Ripples

Ripples are present ubiquitously in the area. These
are asyumetrical in nature and may occur in long straight
ridges (Fig.3.la). Generally the ripples tend to occur as
parallel ridges with wavy crest lines (Flge . F.b, 3.2)
Another interesting sedimentary structure is sand shadow
observed in Figure 3.2 developed behind pebbles. Vavy ripples
may run continuously along their general strike for over 30m.
wometimes it has been observed that ripples branch out from
the crests (rigs.B.lc, 3+3). When they branch, it is the crest
that bifurcates. The branch of the ripple may join and merge
in the adjoining crestline. At times, branching is such that
a sort of island of low lying trough is enclosed (Flg.B.le),
Also ripple ereste Hay occur as crescentic ridges which may woe
called as arcuate ripples (Fig.3.1d). Well developed arcuate
ripples are observed in the dune field at Dhanana (Fig.3.4).
There is g general tendency of the arcuate ripples to
Straighten and atitain the shape of parallel ripples which

are transverse to the deriinant wind directions
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Fig. 3.2_ Sinuous asymmetrical ripples are
Observed in area A. Sand shadows
behind pebbles are observed in
region B. Location near Dhanana.






Fig33_-Two sets of ripples with crests
trending almost at right angles to

each other formed at the back of
a barchan. Crests of some ripples

are discontinuous and those of
others show bifurcation. Ripples
are truncated by sand avalanche.
Location near Dhanana.






Fig.3'4_Flat crested, arcuate, asymmetrical
ripples at the back of a barchan
in a dune field. Barchans can be
seen in the background. Location
near Dhanana.
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Crests Qf the ripples are composed of coarse grains
wiereas troughs are composed of comparatively finer grains.
As an exéﬁple, grain size analysis of samples 1 and 2 collece-
ted from the crest and trough of a ripple near Sam shows

mean size of 1.78 0 and 2.75 f respectively.

The ripples may show abrupt change in wave length
and amplitude in downwind direction. Similarly ripples with
contrasted morphology may occur in juxtaposition. In such a
case the boundariecs between these ripples are generally
denticulated (Fig.3.5). It is of intersst to note that at
both these places the s.mc wind regime prevrilsg., This morked
change in the ripple characteristics may be due to the
variation in the grain size. An ipcrease in grain size

corresponds to increase in wave length. Also, it has been

observed that the ripples are rather poorly developed in
Coarser sediments while the finer sands supnort skins which

are ornamented with well formed rioples.

In the area under investigation, the wave length A and

amplitude H of typical ripples from different locations

have been measured and ripple index A/H calculated. Figure 3.6
gives histograms showing distributions of Ay H and A/H.
Acolian rinples have mean wave length and amplitude of 12.1 cn
and 0.64 cm respectively and a mean ripple index of 20.1.

In comparison with the present study, Bagnold (1954) and

Sharp (1963) found that For aeolian ripples wave length

ranged from 25 cm to 20 m and amplitude varied from 2.5 cm to



Fig.3-5_Ripples of different wave lengths and
amplitudes are developed in areas A,
B and C. Boundary between areas B
and C is denticulated. Barchans are
observed in the background. Location

near point 43 in figure 13.
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Fig.3.6 _Histograms showing distributions ot wave length , amplitude
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(o)
C

60 cm. The ripple index wes found %o have a range of

10 Eo 19,

In order to find out as to whether any correlation
exists between \ ,H and MNH, thrcc plots of H versus i,
AH versus H and A/H versus A have been prepared

(Bigs., 3.7-3.%),

Figure 3.7 depicts the variation of H with A. It is
observed that in the range of N\ from 4.5 cm to 9.0 cm, the
ripple aumplitude increases steeply from (.2 cm to 0% cm,
Thercafter the increase in H is quite small with increase
in \. For example, corresponding to an increase in A fron
Q

2.0 cm to 17.0 cm, therc is only an increase in H from

U.5 e o 0.8 ome

the nature of variation of ripple index with amplitude
ig shown in Figure 3.8. The value of AH first decrecscs
rapidly with H znd then after a certain critical value of
H (4.0 cm to 4.8 cm), the ratio A/H starts increasing with

further increase in ).

Figure 5.9 shows the variation of A/H with A. The

ripple index \/H incresses wore or lessg linearly with H.

3.2.1.1 Mechanism of Ripnle Formation
The mechanism of ripple formation in fine sand was
best studied by Bagnolad (1941) in wind tunnel exXperiments

and his ideas are summarised here. Wind blown sand moves
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Fig 37_Plot of ripple amplitude H vs. wave lengtn A (Plot includes 46 observations,
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largely by saltation. The lengths of the jumps of a particular
grain size vary a little from the mean path length which is

a function of grain size and wind velocity. Once the saltetion
startis, any irregularity on the ground surface receives
greater bombardment of landing grains on its windward side.
Since it has greater angle of incidence with the grain paths,
this results in a second zone of denser bombardment down-

wind at a distance of the mean jump length. This cycle may
repeat 1tself several times downwind before fading out

under random processes.

Zones of high and low bombardment are obviously the
zones of high and low transport and also zones of erosion
and deposition. If such a system gets established once, it
would grow until the rate of sand transport at all points on
the windward'slogcs had increased due to increasing angle of
incidence with the sand flow. The angle of incidence will
increase till it attains a dynamic equilibrium. The ripples
thus formed will migrate downwind without changing their
shape. The wave length N of the ripples corresponds to mcon

Jump lcength.

5«2.2 lLuneg
lainly three types of dunes are encountered in
the arca, nawely, (i) Barchans, (ii) Transverse dunes, and

(iii) Longitudinal dunes or seifs.
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3«2.2.1 Barchans

It has been observed that barchans occur as marginal
types of dunes. They attain their zenith in comparatively
small areas bordering the region occupied mainly by longi-
tudinal dunes. It appears that crescentic dunes prefer to
form on comparatively firm ground or on shallow sands where
the bottom of firm ground is closeby. The relatively small
area covered by barchans together with their preferential
marginal occurrence on comparatively firm ground or thin sand
~cover may perhaps be due to insufficient sand supply. The
skins of barchans are ubiquitously rippled. Figure 3.10

shows leeward view of barchans near Dhanana.

Table 3.1 gives morphometric measurements of four
barchans of Sam areca. The windward sides of these dunes
meke angles of 15° to 20°and the leeward sides 26%to 32°.

At most places leeside does not attain angle of 32° which

is the cngle of repose of these sands. It has becen observed
that a narrow band (0.5 m to 1 nm wide) with a higher angle

of slope (about 320) invariably occurs at the foot of the
leeslope making a sharp contact line with the ground surface
(Fig. 3.11, points c,d ). Slope longths mensurcd from the
highest point on the crest to the beginning of the slope
near the ground surface on windward and leecward sides are

6 to 14 m and 3 to 10 m respectively. Height of dunes varies
from 2 to 10 m or even more in Dhanana dune field. Barchans

of Lunar area are quite grown up and attain heights upto 10 to



Fig. 310 _Leeward view of barchans.
Location near Dhanana.






(a)Crescentic barchan (b) Hat-shape barchan
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Fig 311 _Typical barchans of« the area 3
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12 m above the ground surface.

Table 3.1- Tlorphometric parameters of barchans

E -

Sample |

Location o T e o :
i i 3 Le v | e leight H ;
in Fig.1.3 .Length I iBre'mdth B  Height | slope 87 slope ©

ik o LIRS I el [ i s S el b e I

3 20.0 m 16.7 m 1.8 m 15° 269
5 6S.7 m 60.0 m 1.7 m 20° 320
7 0.0 m 73.3 w 6.7 m 20° 3710
8 8%.3 n 73.3 m 5.0 m 20 %20
Length L - the distance measured pParallel to the

wind direction between the tip of horn
and the beginning of windward slope,

Breadth B —~ the distance betwcen tips of horns measured
at right angles to the wind direction.

Height H — the maximum height of the crest above
general ground surface,

Slopes el and 92 ~ Measurements parallel to the wind direc—
tion from the highest point on the crest.

A barchan may get stabilized due to the cohesion
imparted by the moisture and compaction. In such a case
it may get partially or completely buried under the
consignments of gands of the subsequent scasons. Thus two
families of barchans may be recognised in the areg — first,
that may be called as active dunes, which are loose enough
to respond to the shepherding action of the winds, and the

second, stabilized dunes which arc apparently belonging
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to the previous years.

It is difficult to study the internal structure of
active dunes since pitting leads to sliding of loose
sediment. In the stabilized dunes, wind has scooped pits
and trenches at places to expose internal lamination
(Fig.3.12), which is more or less conformable to the slip
face. The internal structure of a dune gets more distinct

on a surface which has been reworked by the wind.

Chiefly two types of active barchans are recognised,
each with its characteristic shape. The first type is more or
less pericct crescent in shape (Fig.3.lla). The second
variety, ?ot reported earlier, has a shape which can be
compared to a hat with curved flanks. A narrow trench,
g-to Sh &own the crest line traverses the windward slope
with the deepest point at C (Fig.3.11b). The depth of this
trench varies from 0.5 to 1.5 m,from dune to dune. The
trench opens up on flanks of the dune. Such hat shape
dunes are well developed near Sam but were not found either

in Dhanana or Lunar dune fields. The difference in the

morphology of these barchans may be summarised as below:

Lrescentic Barchans Hat=shape Barchans
(1) Perfect crescent (1) Appears like a hat, the domal

convexity of which faces the
wind direction.

(ii) Flanks are arcuate (ii) Ilanks are concave on the
with convex side sides,
facing the wind
direction



Fig.312_Foresets of cross-bedding exposed
in a cut made by wind in a barchan.

The foresets dip at about 30 in a
northerly direction. Location near

Dhanana.
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(iii) Windward slope contin- (iii) Windward slope
uous without any trench has a narrow trench
some distance down fron
the crest.
(iv) Slope angle of windward (iv) A high angle windward
side is gentler than face starts dipping

the lee slope. till it terminates in
the trench.

5.2.2.2 Mechanism of Formation of Barchans

Mechanism of formation of barchans is a complex process
which is influenced by the sand and wind characteristics.
However, formation of barchans may be visualized in the

following three stages.

(1) Intiation or nucleation stage — Any irregularity
of the ground surface or a chance turbulence in the wind
current may triggcr off a process which may initiate a sandy
patch hardly resembling its future crescentic form., This may
be called as the embryonic stage. The size, shape and orient-
ation of the nucleus may determine the type of future barchan.
With the subsecquent onslaught of fresh consignments of sand
thc patch grows into a tiny mound with a round elevated

head and tapering but downwind Swopt arms. Here a resecmblance

to a barchan appears.

(i1) Youth Stage — Addition of fresh consignments
continue to pile up as wind alters its velocity after reach-
ing raised surface of the sand mound. A gentler windward
slope dcvelops with a steeper slip face in the leeward
side which steepens to angle of repose with the continued

bPilecemeal consignuents of sediments across the crest line



from the windward side. The barchan is well established.

This is a stage when the barchan attains a dynamic equili-
brium with the orevalent environmental conditions. Main

wind current, in assistance with the lee and windward eddies,
gives finishing touches to the morphology of the dune which
may start migrating., Their typical crescentic shape may be
ascribed to the differential rate of migration of the

central part and the horns,

(111) 0ld Stage — In this stage barchans may attain a
relative stabilization due to cohesion imparted by wmoisture
and compaction of deeper parts. A barchan may get distorted
if wind direction changes or it is subjected to winds from

different directions,

3.2.2.3 Wind Eddies and Barchans
Existence of wind eddies in the strong to moderate winds
blowing over barchans are well recogniscd and arc attributed
to sudden break in slope at the crest of the dunes (Cornish,
1857, 1914, Hoyt, 1S66). Occurrcnce of lee eddics and wind-
ward eddies has also been observed in the present area., A
schematic representation is shown in Figures 3.13a and o -
Pollowing evidences may be cited in favour of the existence

of lee eddies:

(a) When dust was dropped it followed the trend of eddy as

shown in Figures %.13%a and Fed3b.

(b) Modification of leeslope near its foot.
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(c) Well swept ground of the shadow zone,

(d) Existence of sharp contact line of leeslope with

the ground surface,

It appears that a windward eddy also occurs (Fig.13.%b)
which scoopes a shallow trench and modifies the morphology

of the windwarad slope on a hat shaped barchan.

3.2.2.4 lransversc Dunes

These arc huge dunes rcsembling ripples with wavy
¢rest lines which are transverse to the dominant wind
direction. These develop on sand piles where the thickness
df sand is considerable. The length of a single crest line
may excecd 50 m, Well developed transverse dunes are found
near Sam. Transverse dunes may be sinuous with their crest
lines broken at places (Fig.3.14). The total percentage of
transverse dunes is very wmeagre in the arca. There is abso-
lutely no difference in the morphology of transverse dune s
of Sau and Dabri arcas. Here too, windward slope is gentler
as compared to the leeslope which is slightly less than
the angle of Tcpose. Transverse dunes too, like other types
of dunes, Support a rippled skin. Barchans and transversc
dunes may occur together where the former may form on flat
ground surface while the latter may extend from the ground
surface up thc sand piles but always striking more or less

at right angles to the dominant wind direction,



Fig.314_Wavy, parallel ripples on transverse
dunes having sinuous crests.
Location near Sam.
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342.2.5 QOrigin of Transverse Dunes

Observations in the area under study indicate that
two adjacent barchans may join laterally at the horns making
a deop re-entrant angle in~between. With further deposition
of sands the re-entrant may get buried and ultimately may
disappear altogether. Consequently crest lines of two
ad joining crescents may become one to form a wavy summit

line thus developing a huge transverse dune, but it does not

preclude their independent development.

5.2.2.6 Longitudinal Dunes

The area southwest and north of Dhanana is occupied by
longitudinal dunes. These dunes usuvally attain heights of
about 10 m or more and have a mean length of 8.8 km as
measured between two farthest ends, Figure 3.1%5 depicts a
histogram showing distribution of lengths of longitudinal
dunes in Dhanana arca as lieasured from tupographic maps.
These dunes trend approximately SW-NE. These form 'YV! shaped
bifurcations and invariably 'Y' opens in the southwest
direction that is facing the wind direction. Flat interdune
arcas have widths ranging from 0.1 to 0.2 km and may be
occupied by barchans. Seif dunes under consideration are
stabilized and these may be eroded by wind at places
exposing internal lamination. Figures 3.16 and 3.17 show
horizontal internal laminations of these dunes in trenches

cut by wind. Direcctions of the trenches are approximately
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Fig.3.15_Histograms showing distribution of lengths of

longitudinal dunes,



Fig.316_Horizontal, parallel laminations exposed
in a cut made by wind in a longitudingl
dune. The cut is roughly parallel to the
crest of the dune. Location near Murar.
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Fig.317_Horizontal, parallel kaminations exposed
in a cut made by wind in a longitudinal
dune. The lower half of the face contains
a small scale, solitary crossbed. The
cut is roughly parallel to the dune
axis. Location near Murar.
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parallel to the dune axes.

3.2.2.7 Origin of Longitudinal Dunes

Frere (1870) felt that longitudinal dunes were produced
when the predominant winds furrow the sand and deposit then

on the ridges in between.

Blanford (1876) thought the longitudinal dunes of the
Thar desert to be erosional features. Enquest (1932)
suggested that longitudinal dunes are formed on thick sands
with deep water table. lMelton (1940) suggested the term
twindrift dunes' since wind excavated blowouts in thick

sands to build long parallel ridges.

Bagnold (1953) gave the idea of helicoidal air flow
to explain the mechanism of formation of longitudinal dunes.
According to him if moving wind is heated, convection will
form pairecd roller-vortices in the lower atmosphere with
their axes horizontrl and trending in the wind direction.
Such a movement will tend to sweep the sand from troughs
and pile them on the intervening dunes. This process involves
partly erosion and partly deposition. Folk (1971 a,b) also
thought that similar mechanism was responsible for the
formation of longitudinal dunes aﬂd obtained experimental
evidence for the bifurcation angle of these dunes. Glennie
(1970) considers that other conditions being equal, barchans
dcvelop at slow to moderate winds while seifs are formed at

higher wind velocities. Stronger winds during the Plecistcecne
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glaciation resulted in agbundant seif formation.

Certain aspects about the relationship of longitudinal
dunes and the wind directions are discusscd further in

Beotion 3.5.-

3.2.3 Sand Piles

Large irregular sand accumulations are designated
as sand piles. Many such sand bodies are found in the area
which may be a couple of hundred meters in maximum length
and a few metcrs high above the general ground surface.
sandpiles are essentially stabilized sand accumulations.
At places, these have been reworked and sand has been
piled into transverse and barchan dunes which may be associ-
ated with them. These are especially abundant in Lunar and
Dabri areas and are associated with recgular barchans and

transverse dunes.

Origin of sand piles is not clear. Their general
stabilized nature, prcdominant SW-NE trend which has been
recorded in the topographic maps as linear sand accumulations
coupled with the occurrecnce of well established dongitudinal
dunes in the near vicinity suggcst that these sand piles are
probably low longitudinal dunes which are rather difficult to

recognize in the field because of their relatively low hcights

Some of the sand piles are, of course, definitely

buried and stabilized barchans as obgerved in the field.
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343 RELATTONSHIP BETWELN WIND DIRECTION
AND DUNE ORIENTATION

Blanford (1876) was the first to establish parallelism
of longitudinal dunes and the present wind direction in the
Thar desert. Similar relationship between the wind direction
and the longitudinal dunes have been reported from Egyptian
and Libyan deserts by Ball (1927) , Bagnold (1$31,1933),
Kadar (1934) and 0thers,and from the Australian desert by
Madigan (1530, 1936, in Folk 197ls). Melton (1940) and
Glennie (1970) thought that strong winds of constant direction
were necessary for the windrift dunes, Other workers like
liadigan (1930, 1938,1946, in Folk, 1971a), Wingate (1934),
King (1956, 1560), Veevers and Wells (1961) and Folk (1S71a)
have also emphasized the parallelism of seifs with one
predominant wind direction, bﬁt also stressed the importance
of secondary cross winds in producing crestal asymmetry and
in the shepherding effect of transporting sands from troughs

onto dunes.

host workers think that a strong constant wind from
one principal direction is necessary for the formation of
barchans (Verlaque, 1¢58; Finkal, 1959; Long and Sharyp,

1564; Hastenrata, 15967: Clos~-Arceduc, 1S67).

Bagnold (1941) proposed that two or more wind patterns
at an angle were necessary for the formation of longitudinal
dunes which become aligned with the resultant wind direction.

later workers like Cooper (1958), Durand de Cabiac (1¢58) and
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McKee and Tibbitts (1564) seem to confirm this view by
studies in different deserts. Striem (1954) found Israelite

seifs to be parallel to the yearly resultant wind direction.

More recently Wilson (1¢72,1573) questioned earlier
explanations of aeolian bedforms. He believed that patterns
in aeolian bedforms result from the threc dimensional
geometry of fluid flow in which there were flow transverse
(wave like) and flow parallel (helical, vortex) types of
secondary motion. Combination of these yield flow transverse,
flow parallel, sinistral  and dextral flow oblique bedform
elements. Thus seifs may be at an angle to a dominant

flow which is determined by the geometry of secondary flow.

Warren (1¢76) thought that the friction at the
earth's surface induces deflection of ground wind fron
geostrophic direction and the progressive change with height
is known as the 'Ekman Spiral'. Dﬁne fields with rougher
surfaces and higher altitudes than the neighbouring areas

may show such deflections from the wind direction.

Figure 3,18 shows the sand body elongations in the
area under study as obtained from 1:50,000 scale topcgraphic
sheets of the Survey of India. Thus net sediment transport
direction of N BOE to N BOOE can be seen. It may be emphasgized
that both the stabilised and active dunes give similar
sediment transport direction indicating thercby that
the same wind reginc has been prevailing since the format-

ion of stabilized dune system.,



Fig 318 _ Orientation of sand

accumulationsin the
study.
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Figures 3,19 to 3.21 show normal percentage frequen-
cies of wind direction in the form of rose diagranms at Jodhpur
(26°18' : 73°01'), Barmer (25°45' 71°23') and Bikaner
(28°00' : 73°18') using the Climatological Tables of the
Meteorological Office, Bombay (Anon,.,1953). The percentages
of number of days under eight compass directions have been

taken into consideration.

The main wind speed for each month is given in
Taeble 3.2. The data are obtained from the Climatological

Tables of Meteorological Office, Bombay.

Table 3.2 — lMean wind speed (km/hr).

S . e T e e e e - r—

Station fJan Feb harqurll lay ! ' Fune ! JUlyrAugmbopt OctTNov Doc
PR —— e s——— e .—.h._‘-._..-—.‘\ - ..,_.«-..L

Jodhpur 1F TDH 20 10 16 20 = g0 v S 8 8 9
Barmer 8 8 % 9. e 12 £ 4 S - 6 6
Bikaner 5 6 i 8 10 12 4x-' 19 9 6 4 4

e et - s i et e Syt g S st o e e e et e 0. i e e s T8 s

The resultant wind directions at Jodhpur and Barmer
in the months of lay, dJunc, July and August are S 43 W,
S 47T W, S 47T W, S 47 W and S 38 W, S 4S W, B 45 W, S 46 W
and s 45 W respectively (Pramanik, 1¢52). At Jodhpur 12, 21
and 18 percent of the total days of May, June and July
respectively havc the wind speed range of 20.92 - 61.15 km/hr.
At Barmer 15, 15 and 6 per cent of the total number of days
of May, dJune and July have similar range of wind speed

(Pandey ct al. 1964). During winter months, northwesterly
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64

Morning Evening Morning Evening
ol of s
Feb. _K; Q Aug. ﬁ
March %9 f? Sept /_\f?
JoR ORI O O
o B b
/
N
NW | NE
W 6 ) 3
20 40 60 €0 100°%
SW S SE

6_ Frequency per cent of caim winds

Fig 320~ Normal percentage frequencies of wind direction at Barmer



6o

N
NW\J{NE
I g a
20 40 60 80 100%
SW SE
S

Morning Evening Morning Evening

@ & - ﬁ

Feb. ﬁ Aug. ﬁ)

Q Mcm:h%ib Sept.ﬁ

@ Abnl% ﬁ Oct. %}

;@ Y 79 o
W

6 — Frequency per cent of calm winds

Fig.321 —Normal percentage frequencies of wind direction at Bikaner



and northeasterly winds predominate which cannot shift
sands since they are considerably weak. Similar conditions

prevail at Bikaner also.

Thus,it can be concluded that summer winds commonly
from S 43°w 5 8 4T direction are important factors that
control the formation of bedforms. This study shows that
longitudinal dunes and barchans give net sediment transport
direction which is consistently 15° north of the resultant
of dominant summer winds. This deflection is probably due

to 'Ekman Spiral' effect described by Warren (1976).



CHAPTER-4

TEXTURAL STUDIES

4.1 INTRODUCTION
Each environmental setup with its complex set of
physical and chemical variables leaves a distinct imprint
on the sediments deposited in it. The Present chapter attempts
to evaluate textural attributes of the desert sediments so
that these might be used for recognizing similar environ-
ments in the stratigraphic column. Chiefly grain size, round-
ness and sphericity have been studied and are described below.

4.2 GRAIN SIZE ANALYSIS

4.2.1 Purpose

Sediments of alluvial, beach and shallow marine
environments have been studied in fair detail for their
grain size distributions using modern statistical parameters.
However, there is a great paucity of systematic analyses of
sediments of inland desert dunes. A few limited studies have
been made of these sediments. Alimen (1¢57) and Chavaillon
(1S64) have studied Saharan desert samples for mean size and
sorting. Moiola and Weiser (1968) studied thirty sand samples
from several deserts and showed the relationship between
different parameters. Wait (1969, in Folk, 1971a) and Folk

(1971a) studied variation of grain size prarameters of dunes
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west of Texas (U.S.A.) and Simpson desert respectively.

Folk (1966, 1968a) and Skocek and Saadallah (1972) emphasize
widespread occurrence of bimodal sediments in deserts. Skocek
and Saadallah (1972) find that statistical grain size parame-
ters of aeclian sands of Iraq show a larger variation than
previously thought. Baillieul (1975) concludes that cover
sands - in different parts of Botswana are largely derived
locally on the basis of study of mineralogy and grain size

distribution.

The present study attempts a detailed analysis of
areal distribution and interrelationship of the various
grain size parameters and their possible use in distingui-
shing desert sediments from sediments of other environments.
It also investigates grain size distribution in different

parts of barchans.

4+2.2 Collection of Samples

Sand samples were collected from different locations
in the aren "which are shown in Figure 1.3 and their
details are given in* Appendix I. Samples were collected from
the various descrt bedforms i.e. barchans, transverse dunes,
ripples and sand pilesand flat interdune areas. Generally
thin top laycr was removed and 0.5 kg of sand, from surface
to 8 cm depth,was taken. Fairly large number of samples were

collected from the gifforent parts of -barchans,
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4.2.3 Sample Preparation and Sieving

Field samples were split to obtain 30 to 80 gm of
representative sub-sample. A mechanical splitter was designed
and fabricated to obtain the sub-sample of required size
(Fig.4.1). The sample is poured at the top hopper and in
passing through the splitter, it gets halved five times to
give 1/32 of the original sample in one container and the
rest in the other, The splitter is fitted with a 50 cycle
electrical vibrator: having a variable amplitude device to

hasten the splitting process.

ASTH sieves with 1/20 interval werc used to analyse the
samples. The samples werc shaken for ten minutes on a rotap.

Another device which may be called a transfer-funnel (Fig.4.2)

was designed and fabricated for transferring the various
sample fractions rctained on different sieves into weighing
containers. The transfer-funnel is a big metallic funnel
mounted on a stand with the funnel angle morc than 45°, Thig
is also fitted with a 50 cycle clectrical vibrator to

quicken the transfcr of material from a 8ieve, which is put
up sidc down on the funnel fitting in the spring clips, to

the weighing containers. This device kceps losscs of sediments
duc to clogging of sieves to a minimum.

Various samplc fractions were accurately weighed upto

1

one hundredth: of a gn and the data are given in Appendix II.



Fig.4.1_ A photograph of the sample splitter.
1/32 of the sample poured at the top is
collected on the left side and the rest
in the front.






Fig-4.2_A photograph of the transfer funnel
The funnel is fitted with a vibrator.
The sieve to be emptied is put at
the top in up side down position.
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4.2.4 hnalysis and Prescntation of IData

Grain size data were analysed using an IBM 1620 computer.
Cumulative per cent frequencies were calculated and plotted
on arithmetic probability papers as given in Figures 4.7 -
4,30. Purther analysis of grain size data could be carricd
out by two approaches. First method is to coﬁputc monent
measures using all the grain size fractions. The second
method is that of graphical computations. In the latter
tecchnique, a Cumﬁiétive percentile curve is plottcd and the

various percecniile values are read from it to compute the

different moment statistics.

In the prescnt study, the second method has becen pre-
ferred beccause as pointed out by McBride (1S71,p.118-119)
computational tcchnique cannot handlec 'open ended' distribut-
ions woll.'Soconle the assumption, that all the grains within
a size class arc assumed to bc distributed as if they have
a grain size equal to the middle point of that size grade,
is not strietly true. Also, rcsults obtained from the graphi-
cal computation can be compared well with those published

in literaturec, as this method is most popular with geologists.

Graphical grain size measures wcre calculated by using
a computer. A cumulative per cent frequency curve was
obtained by fitting normal curves between adjacent obscrvation
points and then the various percentile values necded for
calculations of diffcrent graphical measures. were obtained

which are listed in Appendix III. A number of graphical
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measures have been suggested by different authors and are
listed in Tablo 4.1 along with their efficiencies (McCammon,
1962) in estimating the different grain size parameters.
Calculated valucs of these measures arc given in Appendiccs
IV-VII,

Table 4.1 — Formulae for computing graphical grain
Size parametors after different workers

e e O o — S s o et —rn e TR —

Efficiency
per gent
lican
Trask (1930) o Mzl = g 59 64
{ ™I i

0tt0:(1935), Inman (1952) Mz2 = (f 16+¢ 84)/2 14
Folk and Ward (1957) M, “Mz3 = (§ 16+4 50+¢ 84)/3 88
MeCammon (1962) My vMz4 = (f 10+8 30+6 50 -

+@ T0+¢ S0)/5

McCammon (1562) Mz = (@ 5+8 15+0 25...
«e. +0 85+ S5)/10 9T
Sorting
" xrumbein (2934)(028) oy = (g 75-8 25)/1.35 37
Otto (1939), Inman (1952) o2 = (f 84-¢ 16)/2 54
— Ea)

| ¥olk and Ward (1957) %3 = (8 84-8 16)/4
R (<1) +(@ 95-0 5)/6.6 7¢

] McCammon (1562) o4 = (0 85+8 S5-¢ 5
- 0 15)/5.4 79

ircCammon (1662) o = (@ T0+@ 80+ S0+8 S7

T -ﬁ 3—Q5 lO—Qs 20_¢ 30)/

: o 9.1 87
1958 (Lt

Boapnr v
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Skewness [CH "VM
Krumbein and Pettijohn Skl = [§ 2548 T5-2 g 50]/2
(1938) i
Inman (1952) f?(x‘ Sk2 =,Q_l6%¢82f521250
Inman (1952) (A2 ¥ )sk3 = g 5+¢ 95-2 @ 50

9 84-7 16

- ¥ 84+f 16-2 @ 50

Folk and Ward (1957) Sk = (3 6i-7 6T
ey e
Skl g S5+4 5-2 ¢
{ T 555 5
. Kurtosis
“Krumbein and Pottijohn gur = 27@2§%:-¢125
(1838) / V‘ e ) - p
L i \
Inman (1952) f fa | Ku2 = (¢ 95—g g%Eé¢124-¢ 16)

Q

: . ” g _95-8 5
Folk and Ward (1957) ((_&{'\} Ka = 2.44(0 15-9 25)

4.2.5 Comparison of Graphical Grain Size Parameters

T e o——t

Middleton (1$62) suggestcd that individual grain size
parametcrs from a particular cnvironment can be considercd
to constitute a homogencous population. Sahu (1964) also
assumed normal distribution for individual grain size para-
meters in deteruining discriminatory functions for different
environments, Following this line of reasoning, different
barameters are considercd to constitute samples from normal
populations. Histograms depicting distributions of these

barameters are shown in Figures 4.31-4.34, Grand means and
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standard deviations for the various bparameters after different

authors and 't' values calculated for different pairs of

grain size measures are listed in Tables 4.2-4.5.

Table 4.2 — Comparison of graphical measures for
ngan size.

e -
e | Mean _wlp§3?i2£gni_le‘"iﬁﬂMEfE* Yaﬁggiqnl‘Mz4~_:
Mzl 2.868¢ 0.330

Mz2 340460 0.246 1.381

iz7% 2.<87¢ 0.232 0.543 0.557

Mz 4 2.974¢ 0.246 0.822 0.661 0.123

Mz 2.568¢ 0.290 0.726 0.655 0.182 0.050

—- - - ca s

Table 4.3~ Comparison of grephical measurcs for
standard deviation

R R < T E7d
DRI i~ s oo o Tl M 2 TS
oy 0.27148 0.184
o, 0.338¢0 0.141 0.5923
o 0.365¢ 0.235 1.006 0.315
o, 0.375¢ 0.268 1.022  0.350 0.090
o 0.3668 0.385 G.f11 0.218 0,007 Q06

e e T T T — T e A g g m—emy
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Table 4.4 —- Comparison of fraphical measures
for skewnocss

"“'“”’""“*‘”T“”‘“’T”§¥éndard MTW.“":tﬁlif_Yélﬁﬁﬁjt::;:?::
PSS Miews AR & e e k2 | Bk3
Skl 0.066 L P %
Sk2 0.464 0.277 4,205
Sk3 0.9¢8 0. 957 2.956" 1.648
X -

X Significant at 5%, level of significance.

Table 4.5 — Comparison of graphical measurcs
for kurtosis

~'””"_”*'"“"““"“fffﬁ “""F§¥§KEQEH“"'"“"“'T¥f"€5id55"“i:
___,m___ummm__¢.,ffi?_hw___-quzagzyqa,___LjQéL..ﬁi”_Eaé__
Kul 0.162 0.09¢
Ku2 1.082 YL DEE 2LEETE
Ku 1.800 0.865 5.897" 1.60

X Significant at 5Y. level of significancec.

'$' values bring out that Skl and Kul values differ
respectively from other feasures of skewness and kurtosis
significantly (at 5% 1level of significance) and they arc
consistently lower than other measures. However, there arc
no gignificont diffcrences between different graphic measurcs
estimating all the four barameters viz., mean size, standard
deviation, skecwness and kurtosis (at 57 significance level)
provided Skl and Kul are not considered. Since formulae for

Skl and Kul take into account very limitcd portions of the



distributions,these should not be used for estimating
skewness and kurtosisg, Though any of the graphic mecasurcs
Other than Skl and Kul could be used, yet the most efficient
measurcs designated as Mz, o, 8k, and Ku are used in

further discussions.

4.2.6 Variation of Grain Size Paramet ers

This section describes variation in grain size para-
meters of samples ahalysed in the present study and comparcs

them with similar studies made elsewhere.,

To give an idea of dispersion, a term S-range of the
barameter is used in the following pages. S-range is the
calculated + one standard deuiation of the paramcter and not

the counted onec, as i$ done by Folk (1¢71a).

4e2.6.1 Hean Sizc

£11 the samples average about 2.578 (0.13 mm, fine
sand) with S-range from 2.78 to 3.26(. Thus, thesc samples
lic within typical dunc size range as given by Udden (189¢8),
Alimen (1557), and Chavaillon (1T64), However, the Thar
desert sands lie on the finer side of the dune range and
nany samples arc even finer than generally described dune
range.

Udden (1898) pointed out that dune crest sands

tended to evolve towards fine sand size (2-3@) as thig
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vas the favoured material for saltation load irrespective

of the source from which'material was available. The
comparative finer nature of the sands of the Thar descrt
could be due to the lower velocitics of the brevailing winds
which are able to pPick up finer materisl as saltation load.
Also finer dust carried by the wind as suspension load may
have got deposited and infiltrated to give overall finer

nature to these sediments,

4+2.6.2 Sorting

All samples give an overall mean standard deviation of
0.37¢ and S-range of 0.00 to 0.768, and are classified as
well to moderately well sorted. Thus, it ig obvious that
inland desert dunes are more poorly sorted than the average
beach dunesg, However, the range of standard deviation is
approximately the Same, or slightly Smaller;, than that for

beach duncsg (Friedman, 1€61; Moiola and Weiser, 1968).

A study of the photomicrographs and cumulative freq-
uency curves of typical sanples of the arecsa (Figs. 4.35-
4.38) shows that Sorting seems to be g function of the ratios

in which two or more sub-populations are mixed,

4.2.6.3v§kewn§§§

e

skewness range ig from 0.05 to 0.7.



Fig. 435 _Photomicrograph (A) and cumulative

frequency curve (B) for sample 63.
The sample is from a sand pile. t has
a mean size of 280 ¢ and shows good
sorting (0°=0:170 Q).
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Fig.436 _Photomicrograph (A) and cumulative
frequency curves (B) of sample 103.
The sample is from a barchan having
a mean size of 300 Q. It shows

good sorting (0=025 Q).



Cumulative per cent

POF
98.0t

95.0p
90.0f

800

700
60.0
500
400
300t

T

00T

10 Of
50¢

2.0F
1O}
0.5}
0.2

0.1
0.05

0.01

(A) Reflected light (X 140)

i 1 1 l N i A i 1 'y
05 10 15 20 25 30 35 40 4550 ¢

(B)

112



Fig.4.37_Photomicrograph (A) and cumulative
frequency curve(B) of sample 77 The
sample 1s from windward side of a
barchan. It has a mean size of 312 ¢
and shows moderate sorting (c=0.45 ¢).
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Fig.4-38_Photomicrograph (A) and cumulative
frequency curve (B) of sample 2
collected from the trough of a ripple.
It has a mean size of 278 and shows

poor sorting (0=0710).
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The strong positive skewness of desert dunes is probably
produced by the abundance of fines derived from alluvial source,
Also it has been emphasized by Friedman (1967) and Folk (1¢71a)
that skewness is g function of the depositing current. In the
deposits, where fluid remains in contact with the bed, for
eXample beach Sands, the sediments tend to be symmetrical or
even negatively skewed. But in those deposits where the
cﬁrrent leaves the bed such as leeside of dunes in streams
or deserts, the sediments tend to be positively skewed since
they receive fines from suspension which get buried by the

advancing avalanche face,

Moiola and Weiser (1968) found that inland dunes had
slight negative to positive skewness (-0.3 to +0.35) whereas
beach dunes were ncar symmetrical. Differences of desert sands
from beach dune sands can be explained by the fact that the
latter are derived from beach sources which are deficient
in fine material, a fact consequently reflected in their
grain size distribution. On the other hand, inland dunes are
usually derived from alluvial éediments which have abundant
fine material in the form of levee, flood plain and lake

deposits.

4.2.6.4 Rurtosis

The kurtosis values range from 0 +to 3.6. There are
two groups of samples. One group has values from 1.7 to 2.45

i.e. of very leptokurtic nature Sugsesting the presence of



coarse and fine tails. The other group has values from 0.
to 31 8 iormlng Platykurtic distributions. These reflect
probably bimodal distributions with two equal and widely
Separated modes, Usually sand piles are Platykurtic and
duﬁés are leptokurtic, though there ig a fair overlap of

kurtosis values of the two bedférma.

In comparison to the present studies, sands of seifs
of Australian Simpson desert were mesokurtic with an average
kurtosis of 1.04 (Folk, 1¢71a). okocek and Saadallah (1972)
found Iragian desert sands to have kurtosis from 0.58 to 1.62
with a maximum concentration of values between 25 %o 1.1,
Kurtosis values of inland dunes of Moiola and Weiser (1568)
were uniformly distributed between 0.8 and 1.45 whereas their

coastal dunes had nuch smeller range i.e. from 0. 9-%p .25,

4.2.7 Parametri g In

,__terrelatioqggips

Processes leading to variation of grain size statistical
bParameters can be best analysed by studying their inter-
relationships. For this purpose, five Scatter plots between
the four paramciers have been prepared (Figs. 4.3%-4, 43) and

discussed below.

4.2.1.1 Mean Size Versus Sorting

—~———

The plot of Mean size versus sorting (Fig.4.39) shows
a strong correlation between the two barameters. With the

decrease of grain size, sorting gets worse. Points lie aroundg
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a line that makes an angle of about 45° with the mean size
axis suggesting that grain size distributions are mixtures

of two populations in different proportions (Folk, 1971a).

Folk (1971a) found that there is no significant rela-
tionship between the mean size and sorting in seif sands of
Simpson desert. A similar sorting versus mean size trend has
been found for acolian sandstones in Iraq by Philip et al. (1968)

and acolian sands by Skocek and Saadallah (19%2, Fig.5).

Folk and Ward (1¢57) found a sinusoidal trend in
fluvial sediments in plots of mean size versus sorting and
concluded that sands were mixtures of threc populations with
mean sizes in pebbles, fine sand and clay fractions. In the
mean size range observed in the bresent investigation,

Folk and Ward (1957) did find a similar relationship between

mean size versus sorting.,

4.2.7.2 Mean Size Versus Skewness

Covariate plot between mean size and skewness (Fig.4.40)
brings out clearly a distinet overail trend in the plotted
samples i.e. with a decrease in grain size the samples become
more positively skewed thereby suggesting that samples arc
simply mixtures of two populations. With the addition of finer

tail, samples become positively skewed as bProposed earlier.

Folk (1971a) found that finest Samples were negatively
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skewed (Skav-(.15 at Mg = 3.1 @) and coarsest being most
positively skewed ( about +0.30 at Mz = 2.4 §), Samples

with mean size of about 2,98 have skewness close to zero.
Thus, there are two major differences between the two studies.
General trend of incrcase of skewness value with increasec

in grain size in Folk's (op.cit.) samples is opposite to

that observed in the bresent investigstion. Also, within

the observed mean Size range of most of the samples (2.6¢ to
3.2¢), we have comionly positive skewness rather than negative

Or near symmetricsal distribution s observed by Folk (1971n).

4+2.7.3 Skewness Versus Kurtosis

Bvidently there ig no trend in the scatter diagram
of skewness versus kurtosis (Fig.4.4l), but for the fact
that for skewness values between 0.5 and 1.2, kurtosis wvalues
show a very wide range i.e. from 0.5 to 2.5 and for skewnessg
values larger than 1.2, kurtosis values have a small range of

1.8 'tO 205.

4.2.7.4 lean Sizg Versus Kurtosis

There is a distinct relationship between kurtosis and
ean size valueg (Fig.4.42). Kurtosis values tend to
decrease with decrease in grain éize. Samples with mean
sizes, between 3.0¢ and 3.058, are mesokurtic, Grain size
distributions with mean size coarser than 3.00, tend to be

more leptokurtic with increase in mean Size, though there igs
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a wide scatter of points around the main trend. oamples
with mean size finer than 3.050 tend to become distinctly

more platykurtic with decreasc in mean size.

4+247.5 Sorting Versus Skewness

4 definite relationship between standard deviation
and skewness in Figure 4.43 is probably a reflection of
the fact that both these variables are strongly correlated
with mean grain size and values of these parameters increcase
with decrease in mean grain .size.
t

iation of uraln Oize in Differen

forms 9nd Sand Hlats

bumnary statistics i.e. mean and standard deviation
of the grain size parameters for the different bedforms and
sand flats arc listed in Table 4.6. Bar diagrams showing dist-
ributions of grain size parameters in relation to bedforms
and sand flats are shown in Figures 4.44 and 4.45. lost of
the samples are from sand piles and dunes. Number of samples
fron sand flats and ripples are limitcd (only 7) for compa-
rison purposes. Comparison of the average values of grain
size parameters for different bedforms and sand flats, in
conjunction with analysis of their distributions in bar
diagrams (Figc.4.44,4.45), bringc out aonc, intercoting reoults
wipples are the coarsgest grained, worst sorted and have
near syminetrical distribution. Sand piles tend to have more

i1

often finer size than duncs (Fig.4.44), though the average



07k 5
o Cune , A Sand flat ,
e Sand pile | o Ripple ®
0-6F
5 o5k A
T
b OZ.I_ 0 s
D2
=
03}
021
o)
01
O | | | | | | | | | _ .
01 0-2 03 04 05 06 07 08 09 10
Sk

FIG.4-43_VARIATION OF O~ WITH Sk.



RS
L2
cn

LITIITIT i I
euzE
i I
!I
T +t NN
N . SN, . B [ 5SS T ¢
¥ UL K E822 23 25 260 27 28 29, 30 31 39 44
Mz
H Dune
LITIETIT L—_- E __.:
1 Sand pile
i
== | Sand flat
— e AN
LA Ripples

N

11 = I
O LT TTIITOTRSSSN. . D . _ S

1
i I
01 02 03 04 05 06 07 08 s 52 AR 062

WE
Fig.4.44_ Bar diagrams showing distributions of mean size Mz and standard
deviation o~ in different bedforms and sand flats.



—— .r
T ] AR NN
[ I : (U v g 5SS i 1 RSN
“07° -06-03 -02-01 0 01 02 03 0.4 05 06 07 08 0.9 10
Sk
| Dune
I = 1
l_Ll vrems 3 Sand pile
=T = T
— — W sand flat
== HEH—— N
e pH —— >>3 Ripples
-
r=— n*r__:l‘..h n
& e Bl 0 i 0
| o i B i
T @
. HHH T i NN NN 11400141 NN

ORISR T8 15 2.0 W26 “N0N 05 40 B0 8460 6.0
Ku

Fig.4 45.Bar diagrams showing distributions of skewness Sk and kurtosis Ku
in different bedforms and sand flats.



=
D2
L AN

mean size of sand piles is only slighatly finer than that of
dunes. Also sand piles tend to have larger standard deviation
and skewness values than dunes. Kurtosis values for sand piles
are distinctly smaller than those for dunes, though these are
leptokurtic in nature for both the bedforms.

Table 4.6 — Variation of grain size parameters
in the various bedforms and sand flats

i U ——

______ J g . et i "”"'"”Beaforms 3
ospnd Tlats - cpnmeai.. D€ T it o

L ST ST b sl an i Ripples  ~ Sand Piles D Dunes _

No. of obser- " !

; H ' s 66
S e R R S Lt L IS
Grain size T = f R i ‘ :

! Meand g.d. ¢ Mean i s.d lMean | s.d.| Mean ,s.c.
parameter s . et MR it ap B N

o — A" g b

Mean size Mz 2.945¢ 0.255 1.871f 0.874 3.0608 0.0S6 2.577¢ 6.2053

Standard

€ 3 e a 1
Deviation o ©+2928 0.813 0.4¢SF 0.400 0.331¢ 0.065 0.2¢5¢ 0.274

okewness Sk 0.316 0.734 0.0°8 0.761 0.521 0,187 0,515 0.174

Kurtosis Ku 2.026 2.209% 3.501 2.315 1.528 0.815 1,507 0.735

o - e e — T T e e -, e a0 wmin a4 a

S.d.= Standard deviation.

4-2-9.Yazlaiignﬂqﬁnﬁﬁa;@_§i§e.Paxamgtgxﬁ‘ﬂ,thlgmﬁarqpmn-gggqa

Variation of grain size within barchan dunes has been
studied by collecting six or seven samples from each of four
representative dunes at Sam and Dhanana. In Figures 4.46-4.49,
the various grain size parameters have becen plotted against the
normalised heights of dunes taking the maximum heights of
duncs as units. With the increase in height, there is an

increase in mean grain size (Fig.4.46), Also sorting improvesg
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with height (Fig.4.47). Sediments are more positively skewed
at the foot of the dunes and they get progressively less
skewed as one moves towards the crest where they become
almost symmetrical (Fig.4.48). Sands show no simple linear
relationship between kurtosis and the height of dune (Fig.4.49).
Also it has not been possibie to detect any significant differ

ence between samples from windward and leeward sides of dunes.

Dunes with crests coarser than the substrata have been
described by Alimen (195%), Simonett (1960) and Skocek and
Saadallah (1972). However, Richardson (1903, in Foik, 1971a)
recorded coarsest size at the toe of leeward side of the dunecs
as the coarser grains rolled over the finer grains. Wait (1969,
in Folk, 1971a) found no difference in mean size of dune crests
and interdune flats, but crests were better sorted with positive
skewness and morc normal kurtosis. Mohan and Puri (1S76) nave
reported that dunes are better sorted than interdune flat areas

and also have positive skewness as compared to negatively skewed

nature of the flat areas.

4.2.10 Spatial Variation of Grain Size Parameters

Taking the maximum values of grain size parameters of all
the samples from barchans and sand piles, the area under invegti-
gation was contoured for the different grain size parameters.

It may be emphasized that there is a fairly wide variation of

grein size parameters within individual bedform and the ideal
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procedurc for a study of spatial variation of grain size
parameters would be to take samples from the same bedform
and at similar location on the bedform, However, a particular
bedform may not be present in all the areas of interest. To
ovércome this difficulﬁy, two closely related bedforms i.e.
barchans and sand piles were used for study of spatial

variation of grain size parameters,

Variation in mean size shows that there are two highs —
one near Sam and the other near Lunar (Fig.4.50). The shape
of the high near Lunar is circular, whercas, that of one near
vam is elongated in NE-SW direction, which is also the preva-

iling wind direction.

Sorting and skewness show systematic changes closely
related to mean size (Figs.4.50 and 4.52). Standard deviation

and skewness increase in value with decrcase in grain size.

Kurtosis values dccrease from 2.8 from a point near
Lunar outwards to a value of 2.0, and there is a probable
increase from 0.8 %o 1.6 in a contour trough, elongated in
the NE-5W direction in the area around Dhanana-Sam road

Rigi4.5%7,

No similer studies of spatial variation of grain size
parameters in deserts are available for comparison, except
that a limited study of areal variation of grain size
parameters of cover sands of Botswana was made by Baillieul

(1LS75) by taking a few traverses. According to him variation of
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grain size parameters refleccts the nature of local sources

of sediments,

vystematic veriations of mean size, sorting and skewness
are the result of nixing in different proportions,of saltation
and suspension populations of grain sizes carried by the
wind as explained in section 4.2.12.However, the presence
of highs in mean size near Lunar and Sam are not clearly
understood. At Sam, dunes form a large field in a flat area.
The presence of the maximum size in the centre probably
suggests that recycling of sedinents by acolian transportation
has been carried to the highest degree and these have been
winnowed out of suspended sediment. In Lunar area, systematic
areal variation in grain size parameters, is probably a
reflection of areal grain size distribution of the older

deposits which have becn moulded by the wind into different

bedforus.
4-2-11.Ezalquiqa.wagxaquﬁize.Eazéagtaﬂﬁﬂigm_zﬁu

Hecognition of Desert Invironmonig

In recent years, wany workers have tried to use grain
size parameters for characterizing the various depositional
environments (Passega, 1557, 1S564; Sahu, 1964; Moiola and
Weiser, 1968; Fricdnan, 1961, 1967; Buller and McManus, 1972).
In the present study, an attenpt is nade to evaluate the
uscfulness of some of these diagrams in charecterizing

acolian sediments.,
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4.2.11.1 Metric Based System of Buller -and MeManus (1572)

Metric based analysis has been suggested by Buller
and McManus (1972) for distinction of aeolian, fluviatile,
beach and quiet water deposits. Median-Md (mm) and Trask's
quartitle skewness 'Skg! were plotted against Trask's quartile
deviation 'QDa' on double log bapers for the four environmentg
(Figs.4.54-4.56). On each plot, the curves indicate a linear
trend. The Position and slope of the individual curves are
different fopr different envirodments. Gradient of each curve
was thought to reflect Some environmental charactoristic
relating size to gorting i.e, Viscosity and current strength,
Vi thé plot of 'QDa' versus Md(mm), there ig g decrease of
gradient of curves in the Sequence aeolian, fluviatile, beach
and quiet vater depostis and in the plot Sks versus lid (mm),
there is g decrease of gradients of the curves in the reverse

sequence,

Md, QDa and Ska in mm were determined using the cumulative

frequency curves and the values are listed in Appendix VIIT.

Flots of sampleg of the Thar desert in QDa~Md diagram
fora a very thin almost Vertical band (Fig.4.54) indicating
that median size range is very narrow in the samples under
study, whereas Sorting varies fairly widely. Also fairly large
number of samples fall outside the aeolian fielg of Buller
and McManus (1972). Plotg of Samplces in Ska-QDg diagram
(Fig.4.56) brings out clearly that most of the samples fall

out side the aeolian field of Buller ang licManus. Gradient of
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the field of samples under investigation is similar to
that of Buller and McManus with the difference that we
have consistently lower QDa values. Thus the type aeolian

field should be widened to accommodate the present samples.

In conclusion, usefulness of the QDa-Md diagran
is doubtful, but Ska-QDa diagram may prove quite helpful

with minor modification in destinction of aeolian sedinents.

Rl ISR L Pulhare,

Passega (1957, 1964) uscd two parameters obtained
from grain sizé distribution curves i.e. C-coarsest onc
bercentile and M - the median grain size. He obtained
patterns for deposits of tractive currents, q@%t water,
beaches and turbidity currents (Fig. 4.572). These parame-
ters were selected because the coarest fraction of a sedi-
ment is supposed to be more representative of the deposi-~
tional agent provided that a full range of grain sizes

was available for transportation.

It is realized that samples of the Thar desert are
not strictly comparable to those studied by Passega (Op.cit)
as his samples are from water borne sedinments. However,
the pattern of these sediments night give some insight into
the process of deposition of the present sediments. Plots
of samples of the Thar desert are concentrated in a vertical
band with a madian dianeter ranging from 110 to 190 u and

C aranging from 130 to 800 B suggesting that sand sanples
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consist mainly of one population with medians in a very
smpll range and perhaps minor additions of coarse material
give the observed grain size characteristics and C-M

Pattcrn,

4.2.11.3 lican Size Versus Ptandard Deviation Diagran

e ——— o —r—

of Friedmen (1961)

Friedman (1961) delineated fields of river and
inland dunes by plotting samples on mean size versus Stan—
sard deviation (Fig. 4.58). Moiola and Weiser (1868) plottea

their samples on this diagram and found that these two
textural parameters were not very effective in differentia=
ting between river and inland dune sands. Plots of the
samples under study fall in this diagram in a narrow area

well inside the aeolian field of Friedman {(1961).

4.2.,1T.4 Skewness Versus Mean Diameter Diagrams of Friedman
1061) and Hoiola and Weigser (1968),

Friedman (1961) plotted skewness veraus mean size
and separated out amreas of beach and inland dune sediments
using sieves at 1/4 p interval (Fig. 4.59). However, Moiola
and Weiser (1968) had to shift the boundary between the two
types of sediments slightly to accommodate their samnples.
The present samples are comparatively finer and more positi-
vely skewed than inland dunes of Moiola and Weiser (1968)
and they fall far to one corner of the inland dune scdiment

Finlkd .
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Also,the present samples lie well inside the inland
dune sediment field when these are compared with coastal
dunes on skewness-mean size plot (Fig. 4.60) of Moiola and

Weiser (1968).

s
| 6@ S (ku)

L #1235 ~ Fergug ——— S(52) plot of Sahu (1964)

Sahu (1964) carried out discriminant analysis of
grain size data from different environments. From his study,
it became apparant that the standard deviation of the
discriminant functions were brogressively increasing in the
order: aeolian, beach aﬁd shallow marine sediments, which
suggested that standard deviations of sample statistics
night prove helpful in this regard and best results were
obtained by plottingﬁf?é against S(Ku)’/s(Mz)‘ s 2 y on
log -log paper (Fig. 4.61) . The general direction of decrea—
sing energy and fluidity for the different environments are
also shown in the figure. The lines of demarcation between
the processes and environments of deposition have been drawn

visuvally.

The plot of samples under study comes in the right
hand corner in thé area of low energy (Fig. 4.61). But
exclusion of a single sample of ripples with poor sorting
shifts the plot to the lower part of the left hand side
well inside the aeolian field. Thus, this diagram is very

sensitive to slight changes in standard deviation of
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sorting. Inclusgion of larger number of samples from sand
flats and qépples night impair its usefulness for distin-

guishing aeolian sediments.

4.2.12 Grain Size Populations in_Aeolian Sediments

In the present study, an attempt has bgen made to
recognize basic genetic populations on the basis of cumula-
tive curves according to the method suggested by Spencer
(1963). In dunes and sand piles, commonly three populations
A, B and C can be distinguished. Population A forms usually
less than 17. of the samples ,ftis coarser than 2.5 @ and
is poorly sorted. Population B forms the major portion of
the sands, commonly constituting 607. to 907. of the
samples and lying Hainly between 2.5 @ and 3.25 g. Its sorting
is excellent. Population C forms 107. to 40Y. of the sampleg
and is finer then 3.25 ¢. Its sorting is excellent to good.
Distributionsof amounts of A and C populations in dunes and
sand piles are shown in the form of histograms in Figure
4.62a. Histograms bring out the fact that amounts of
population A are approximately log-normally distributed,
whereas percentages of population C are approximately normally

distributed.

In the case of sand flats, population A constitutes 2 to
10/. of samples and its mixing with population B is cxtremely
poor. Population B forms 30-60°. of the samples and its mixing

with population C ig good. Except that population A may contain



19y

Dunes Sand - piles

0001 001 01 10 100 000t 001 01 10 100
Per cent of  population A

Dunes Sand piles

—

0O 10 20 30 40 50 O 10 20 30 40 50
Percent of population C

Fig.462 (a)_Histograms showing distributicns of amounts of populations A

and C in d'unes and sand piles



4

S

P T

particles of quite coarse size, the size limits of tho
different populations are similar to those of dunes and

sand piles.Sand flats differ from dunes and sand piles essen-—
tially in PosSessing less amounts of population B and

correspondingly higher amounts of Populations A and C.

Ripples have population A in the range 1.0«1.5 @

and distinction between populations B and C is difficult.

Bagnold (1937, 1941) ana Sharp (1963) recognized
three basic genetic types of populations i.e. (a) surface
creep, (b) saltation population and (c) suspension popula-
tions in aeolian sedinents. Populations A,B and C of the
bresent study can obviously be taken as surface creep,
saltation and suspension populations, though their maximun
and minimum limits have a smaller range than hitherto

reported,

Folk (1971a) dissected +the frequency curves of grain
size distributions of samples from Simpson desert, Australis
He found that dune sediments consisted mainly of saltation
bopulation with mean sizo range of 1.5 @ to 4.0 @#. Also
the sediments had different quanta or sul~populations with
& standard deviation of 0.25-0.50 # . Bach quantun is
carried by a separate puff of wind and deposited in a
Particular microlocelity as a laminae or a patch of

grains.
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Using an analysis similar to that of (Folk,1971 a)
for sand piles and dunes, it can be seen that these sedi-
ments consist nainly of two populations in different pro-
portions i.e. and saltation population with a mean size
of 2.75 ¢ and staﬁéérd deviation of about 0.2 @ and
another suspension population with a mean size e o Ll
and a standard deviation of about 0.25 § . When these
sedinents consist mainly of saltation population with minor
additions from Suspension, sediment is well sorted. with nenrly
symnetrical distribution and leptokurtic. With larger additions
of suspension population to saltation population so that
the two populstions become subequal, composite frequency
curve for the sample becomes poorly sorted, positively
skewed and platykurtic (Big. 4.62 b). Thig explains the
observed interrelationship of the grain size barameters,

their variation within dunes and their spatial variation.

Essential bimodal nature of the sand piles and dunes
is obvious from the above discussion, Skocek and Saadallah

(1971) suumarized the various suggested causes of bimoda—

lity as follows:

(a) Repeated reworking of a unimodal sand and thus
transportation by saltation and SuSpension may
produce binodality of the aeolian sediments.
This process is called'rectification' by Wood

(1970).
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Lack of grains in the range 3.0 $ to 3.5 § in
the source sediments could produce bimodality

of the sediments under study.

Decomposition of unstable grains due to weather-
ing may destroy certain grain size fractions of

the source material.

Deposition of different 'quanta' of sediment
sizes in various distinct layers with changing
velocity of wind (Stokes, 1964; McKee and
Tibbitts, 1964; Folk, 1971 &) may also explain

bimodality of acolian sands.

A large amount of fine material during slacke-

ning of dust storm mey infiltrate down the sand.

Skocek and Saadallah (1971) favoured the infiltra-

tion hypothesis as mentioned above. In the present area

such an explanation seens to be plausible., Fine

dircection.

Also fine

plenty of

naterials, in the form of dust storms, could be transpor-~

ted from the flood plaing of the Indus River in the upwind

There are plenty of fine materials along levees,

flood bagin and abandoned channels of the Indus rivers.

sediment could be derived locally from the parent

matorials which were essentially fluvial sediments with

fines and deposited By tributaries of the Indus,

as mentioned elesewhere.
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Differences in grain size distributions of sand
Piles and dunes can be explained by the fact that piles
are essentially stationary bedforms and fines, deposited
by slackening dust storms, infiltrate down and with time
their amount increases. However, barchan dunes travel
under the influence of wind which transporis sand.grains
along the stosc side on to. the crest and aeross with
Occasional avalanching of the sand along the slip face.
This process is repeated continuously, whereby, fines.may
be picked up by the strong wind and removed fron the
dunes leaving dune sedinents better sorted than sand

biles,

4.3 STUDY OF ROUNDNESS

4.3.1 Procedure

Wadell (1932) first described a quatitative proce-
dure for determination of roundness of particles and
defined the 'degree of curvature'! as the ratio of average
radius of curvature of the different corners or edges to
the radius of curvature of the haxirun inscribed sphere

or to the nominal radius of the fragment.

Using Wadell's scale of roundness, Russel and Taylor
(1937) set up five roundness classcs with irregular inter-
valg., Pettijohn (1949) redﬁ}ned the class limits in such
a manner that the middle points of classes fom a geometric

pattern, Folk (1955) defined six roundness classes such
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that the ratio of upper class limit to the lower limit of

each class is 0.7 and called his scale as P (rho) scalec.

It is tedius and cumbersone to determine the radius
of curvature of corners énd radius of the largest inscri-
bed circle of a fragnent and calculate the roundness
value. In the present study, roundness values of indivi-
dual grains were obtained by comparison with Folk's (1955)
roundness images that are convenient to use because of
the logarithmic naturce of the secale. All the 1/2 § size
fractions of eleven sanples were examined for their round-
ness using grain-mount slides and by studying one hundred

clear quartz grains from cach slide.

4.3.2 OQOperator Experiment

An operator experinment was performed to determine
two factors (i) operator consistency and (ii) operator
error resulting from variation fron berson to person. Four
slides were selected randonly from the whole lot. These
slides were analysed by two operators by the above descri-
bed method. The experiment was repeated after two days by
the same operators. The results are shown in Bablg 447

Table 4.7 - Values of Xp for different slides
and operators

R e S

it Operator No.L | Operator No.2
slide No. Tirst . Second i First ! Second
attempt ;| attenpt .attempt  attenpt
90/45 2.91 Z.8% 275 2l
i & 2.04 Pt 1.94 2550
55/45 2.54 2.48 2.61 2.76

10/230 2.36 2.0 ge3l 25
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A Two VWay Analysis of Veriance model with replicea-
tion (Miller end Kahn, 1962, p. 171) has been usod to
analyse the data., The caleculations arc done assuning thet
slides and opcrators arc randon sanples from larger popu-
lations of thin scetions and operators respectively,
Results of ANOVA arc given in Table 4.8.

Table 4.8 = Operator experinent data subjected to
Analyeis of Variance,

source of : Degrecs of; Sun of  Mean [Variance
Variation frecedom = squarcs squares Ratio F
Variation between 1 0.0076 0.0076 1.90 NS
operators

Variation between 3 1.0459  0.3486 87.15%
slides

Interaction 4 0.1422 0.0355
" Replication 1 0.0280 0.0040

Total 5 1.2237

NS - Not significant at o« =0.,05

X - Significant at a=0,05

Analysis of Variance (Table 4.8) brings out the
following inportent featurcs:

(1) Replication crror is very small (mean

'~ square = 0.004).

(ii) Operator error duec to personal biag of
operators is not significant statistically.
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(iii) Differences between nean roundness of slides
are signilicent,

It is observed that differcnces between roundness
values of different slides arc snmall, but these can be
detected by the present method.

Thus, it scems that the present method of deterni-

ning roundness is quite satisfactory.

4.3.3. Results of Roundness Study

Mean and standard deviation of roundness for diffe-
rent slides arc listed in Table 4.9. Mean roundness for
different slides has a Vvery limited range of 2.02 %o
2.91P suggesting thereby, that different sized quartz
grains are mainly subangular in nature. otandard deviation
of roundness of the different slides also has a linited
range of 0.30 to 0.67P indicating that all the grains in
a certain size fraction are rounded approximately to the

sane degree.

Variation of roundness with grain size is shown
in Figure 4.63. It scens that therc is extremely small,
but distinct decrease in roundnoss value with decreasec
in grain size. Alsc, Figurc 4.63 brings out the fact that
quartz grains smallcr than 120 nesh (0,125 mm) have
roughly the same roundness value, whereas particles
larger than 120 nesh show higher roundness values, there~

by suggecsting that wind is an effective rounding agent
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for particles carriecd in saltation and traction.

Table 4.9 = Mean and standard deviation of round-
ness values of quartz grains of the
various fractions of different sanples

~ Sanple No. f 17 g 24 § 32
. N T b e e
Size Frac- | | g TR ’ s
i | TRl 1 P ! g =
+45 Mesh 2,43 0.42
. +80 Mesh  2.62 0.43 5T 0.55
+120 Mesh 2,50 0435 251 0.4 2 0.47
+17O Mesh 2.36 0046 2.39 0048 204-1 0037
+230 Mesh 2,39  0.45 2,42 0.50 2.39 0.42
~230 Mesh 2,56 0,45 243 0.%7 2.9 0.46
Sanple No. ! 33 f 38 | 42
+45 Mesh 2.68 0.52
+80 Mesh 2.44 0442 2.52 0,34 2.59 0.51
+120 Mesh 2.47  0.40 2,42 0.30 2442 0.41
+170 Mesh 2,37 0445 2.38 0.48 2.48 0.44
+230 Mesh 2434 0.48 2,29 0.48 2.45 0.33
-230 Mesh 2.31 051 2,13 0,58
Sample No. | 46 f 62 ? 57
+45 Mesh 2.54 0.41
+80 Mesh 2,53  0.52 2.57 0.50
+120 Mesh 2.40 0.43 2,28 0.52 5. 8a 0.45
+170 Mesh 2.24 0,49 2,22 0.48 2.33 0.51
+230 Mesh 2404 06T 230 0.5 2.30 0.47

—230 MCSh 2.02 0059 1079 0056 2033 0045




Sample No.| e O ,'r 5
+45 Mesh 2e B 0,54 2.50 0.51
+80 Mesh 2.4T 0445 2447 0.50
+120 Mesh 2:40  0.45 2.20 0.54 2451 0.44
+170 Mesh 2432 0449 2.30 0.42 2.56 0.41
+230 Mesh 2.32 0.42 2.32 0,38 2436 0.53
=230 Mesh 2¢29  0.46 2,27 0.42 2443 0.51

4.4 STUDY OF SPHERICITY OF QUARTZ GRAINS

4.4.1 Introduction

Russel and Teylor (1937) observed that both experi-
nental angd petrographic studies of natural sands suggested
that sphericity of Quartz sand grains was not significantly
nodified by abrasion, but was inherited fron the rarent
rock. Krynine (1940) found that clastic quartz of netaror-
phic origin tended +o be nore elongated than that of
igneous rocks., Pettijohn (l957,p,66,119) also enphasized
that the end shape of a gand grain depends upon its original
shape. Thus there could be sone quantitative distinction

between quartz grains of different origing.,

Sphericity (¥ ) of quarts grains has been connonly
gtudied by Hneasuring axial ratio i,e. short axis/long axis
after Bokman (1952) who clained that there existed signifi-~

cant differences in axial ratios of quartz grains fron
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schistose and granitic sources. Numerous observations of
axial ratios of quartz grains in thin sections show that
the average axial ratio of quartz grains ranges only from
0.61 to 0,73 (Griffiths, 1967, p.123). Bokman (1957) tco

endorsed it sﬁbsequently.

Mukherjea (1S75) has restudied data of Bokman
(1952) and clains that a najor inflection point exists
at clongation quotient (inverse of axial ratio) at 1.2
and a ninor one around 2.0. He found that the various
transfornations do not help in normalisation of data.
Also he suggests a triangular diagran for possible iden-

tification of schistose and plutonic sources.

Sahu and Patro (1970) indicated that log (§/1 - 1)
transfornation nornalized the sphericity distributions.
Sahu (1973) attenpted to relate sphericity distributions
with environnents,

In the present study, sphericity of quartz grains
has been studied with a view to deternine their possible
ultinate source and the effect of aecolian action on the

nean sphericity and type of distribution.

4.4.2 Procedure of Study

Five sand sanples studied for roundness fron widely
separated localitiecs were selected, Slide mounts of all the

1/2 P size fractions were examined for axial ratios of
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quartz grains. The maximum number of grains available in
the slide or grains observed in four fields of view

(100 grains) were studied.

Distributions of Sphericity values of quartz grains
are depicted in the form of cumulative frequency curves on
arithmatic-probability paper in Figures 4.64 - 4,68, Mean
and standard deviation for sphericity of each slide are

calculated and are listed in Yhle 4.30.

Nature of distribution of sphericity values has been
eXamined by studying the shape of cumulative frequency
curves in Figures 4.64 - 4.62. These curves can be grouped
into polymodal, normal, posiZtively skewed and negatively
skewed classes. All the curves except that for slide 5/230
lend themselves to this type of visual examination. The curve
for slide 5/2%0 ig positively skewed in the lower part and
negatively skewed in the upper part and as such has been
grouped in polymodal class. This analysis gives the following
results for different curves- normal - 11, polymodal - 6,
positively skewed - 4 and negatively skewed - 4. Thus it
seems that there is no need for any transformation of the
Sphericity data. Deviations from normality probably reflect
the degree of abgésion, distance from the source and mixing

of sediments from different sources.
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4o.4.4 Mean and Standerd Deviation of Sphericity Values

Mcan value of sphericity for the different slides
ranges from 0.56 *to 0.81 ¥ However, for nost of slides
it lies betwcen 0.6 and 0.78 V¥ (Table 4.10). Also, there
scenis to be little evidence of change of mean sphericity
with grain size (Figa 469). é}} fractions of sanple no. 38

show consistently low sphericity values.

Standard deviation of sphericity values for the
four sanples with nunmbers 5,24,33 and 77 ranges fron 0.1l
to 0.20 W but fo: the sanple nunber 38 from Ramgarh area,
it varies fron 0,39 to 0.54¥ and these are much higher than
those reported fron other areas (Griffiths, 1967, p.123).
In the vicinity of Rangarh, there are exposures of Jurassic
and Eocene sandstones and limestones. It scens probable
that quartz grains of all size fractions under consideration -
with lower sphericity value are contributed fron these
rocks rcsulting in slightly lower nean and high standard

deviation for gphericity valucs.

Release of low sphericity quartz grains fron the
Jurassic and Eoccnec sedinents suggests that perhaps these
sediments are also first cycle ones which did not suffer

nuch transport before deposition.

Synthcesis of the present observations and thosec

of others (Griffiths, 1967, p.1l23) suggests that slight
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abrasion gives nean sphericity valucs of 0.6 to 0.8 W, {e}
that away fron the scurce, axial ratios can hardly be of
any significance regarding their provenancc. However, if
the sedinents have not travelled far fron a netanorphie
source, the provenance nay be reflected in slightly
lower sphericity and higher variance than as conmonly

observed.
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CHAPTER - 5

PETROGRAPHIC STUDIES

2+l INTRODUCTION

A prelininary study of the petrography of the
aeolian sends has becn nade to deternine variation in
light and heavy ninerals with grain gize, regional varia-
tion in petrographic conposition and to find out provenan-

ce of these sands,

5.2 LIGHT NINERALS

5.2.1 Method of Study

Light ninerals have been studied under a polarizing
nicroscope by mounting grains on slides with Canada balgan,
Maxirmun nunber of grains available or about 170 grains
are counted. A1l the half phi size fractions of three
sanples with nunber 5,24 and 77 have becn analysed for
light nineral conposition. Modal conposition data for
different fractions of thesec sanples are utilized to re-
calculate nodal composition 0of the whole sanples. In addi-
tion, +120 nesh fractions of five other sanples have been
analysed for light ninecral conpogition. Modal analysis
data are listed in Table 5.1 and histograns depicting
distributions of the different nodes of the various slides

are shown in Figures 5.1 - 5,2.
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Mainly six modes i.e. quartz, chert, K-feldspar,
blagioclase, calcite and aragonite are recognized. Heavy

minecrals and cpaques are grouped in 'others' category.

9.2.2 Description of Light Mineral Constituents
A brief description of light mineral modes and their

significance is given below.

5.2.2.1 Quarts

The percentage of quartz varies from 45 to 71 for
different slides, though its amount ranges from 51.4 to 5597,
for complete sand samples. Its shape varies considerably —
from angular to rounded. Many grains are pitted and exhibit
grounded surfaces. Striations on grain surfaces are not
uncommon. Inclusions of tourmaline crystals are observed in
a few grains. Tourmaline inclusions are sharp, well'defined
prismatic needles randomly distributed in the grain. Some
grains have tiny inclusions of iron oxide, which are distri-
buted randomyly or arranged in straight lines. Quartz grains
show often straight or uneven fractures. Many grains are
stained by iron exide which often bPenetrates the fractures
of the grains. Quartz grains are distinguished from feldspar

by low relief and fresh appearance.
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The use of undulosity in detrital nonocrystalline
quartz for provenance interpretation declined signifi-
cantly since Blatt and Christic (1963) suggested that
broad overlap in character of undulosity of plutonic and
netanorphic quartz nakes deternination of undulosity of
quarté of little valuc in source identification. Also
these workers observed that flat stage nicroscopic
neasurencents of undulosity lack validity because they
bear no sinmple relation to the true values which are
neasurable on a universal stage. However, Blatt,
Middleton and Murrey (1972, p. 272 = 274) observed that
nunber of crystal units in sand sized grains of polycrys—
talline quartz varies depending on the source rock of

quartz.

More recently Basu et al. (1975) suggested that the
distinetion anong quartz grains fronm different sources
renains valid even when a flat stage nicroscope is used
for deternination of undulosity. Also determination of
undulosity of monocrystalline quartz, percentage of poly-
crystallince quartz and nunber of crystal units per grain
leads to a striking discrinination of source rocks such
as plutonic, and low, nmediun and high rank netanorphic
rocks.

Following Basu et al. (1S75), four types of
detrital quartz werec recognized e Bars

(1) quartz with single crystal unit, having‘gSO
undulosity, called as nonocrystalline, non-
undulatory quartz,



(ii) quartz with a single crystal unit, having = 5°
undulosity naned nonocrystalline undulatory

quartz,

(iii) polycrystallinc quartz with 2-3 crystal units

Per grain and

(iv) polycrystalline quartz with nore than 3 crystal

units per grain.,

Percentages of different types of quartz are also
listed in Table 5.1. Different slides and the whole sand
sanples are represented in the diagran of Basu et al,
(1975) (Fig. 5.3). A1l slides and senples fall in tho
low %o high rank netanorphic provenance zones of the
diagran,
5+242.2 Chert

Chert grains constitute 3 to 25/ of different
slides and 8.0 to 11.7/ of whole sand sanples. These
grains show turbid appearance with low relief. Sone grains

show a slight fibrous naturc and exhibit anonalous optical

properties. These also show surficial fracturcs.

5¢2¢243 K=feldspars

The K-feldspars constitute upto 12.57 of detrital
grains of different slides, but forn 8 to 11.7/ of whole

sand sanples. Many grains show twinning according to
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Polycrystalline  quartz

(23 crystal units/grain, = 75% of totql polycrystalline quartz)

e Complete sand samples

o +120Mesh fractions

PfUTOmc

Nonundulatory
quartz

Undulatory
quartz

Polycrystalline quartz
(73 crystal units/grain, >25% of total polycrystalline quartz)

FIG.53_ PLOT OF DIFFERENT +120 MESH FRACTIONS AND

SAMPLES IN THE DIAMOND DIAGRAM OF BASU
ET AL. (1975) FOR PROVENANCE DE TERMINATION.
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carlebad law or croas—~hatched twinning typical of micro-
cline. The feldgpar graing arc angular to rounded in
chape. On the wholc, they show higher degree of roundncss
then quartz graine. Often feldspar grains arc weathered
along clcavage or twin Plancs which arc altered to clay
mineralg imparting them cloudincss — gz fact which helps
in their diagnecsis. Feldapars show 211 dcgrees of altor-
ation from complctely unaltered to almogt fully altered
naturc. Inclusiong of quartz and iron oxide are secen in

a fow grains.

Iy ed Elagiocl@chIoldSQa:Q

The percentage of plagioclase feldspars shows a
fair degrec of variation i.o. 3 to 287. for different
glides., Compositian&lly they are albite to oligoclasc
in nature. These arc recognised by their well marked
cleavage and albite layw twin lamellae. They also show
higher roundness as compared to quartz grains. A fow very
angular grains arc also obscrved. Thesc fcldspars show
higherc degree of weathering than K-feldspars. Most of the
grains show rigourcs of wenthering and some are rendered
almost cpaque duo.gb alteration to clay minerals. Alteration
of feldspars is often along the twin lamecllae, cleavage or
fracturcs., A fow unweathered grains are observed from =230

mesh fractions,oconsionally contrining inclusions of

iron oxide.
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502.2.5 CE’,lCth

Calcite forms upto T/ grains of different slides. It
occurs as well rounded grains showing pitted appearance
often resulting in general grounding of the grain surface
which nasks its typical sheen. A fow grains show clear
sparry calcitic nature. Colourcd spectrum bands are geen
even under polarized light with characteristic sheen in

SOome grains.

5¢2.2.6 Aragonite

A few aragonite chips with woody appearance arc seen.
These show parallel striations. Ornanmentations on same of these
fragnents suggest the possibility of their being chips of

gonie shells.

5+:2.3 Variation of Modal Composition with Grain Size

An exenination of Table 5«1 reveals significant
trends in variation of amount of different nodes with
grain size. The bercentages of quartz and K-feldspar tend
to decreasc with decrease in grain sizc, whereas plagioclase
feldspars and dﬂgcite tend to occur in higher proportions

in smaller sizes, The anount of chert varies irrecgularly

with grain size.

5¢2.4 Arcal Varintion of Constituent Modes

The sanples selccted for petrographic study are fron

widely separated localities. These sanples can thus be



analyzed to sec the homogéneity of conposition of sands
in the area under investigation..For this purpose +120
nesh fractions ofall the sanples have been conpared using
’X?(ohi) test. Five modal classes i.e. quartz, chert,
K-fcldspar and plégioclase and 'others'! are recognized for
this purposce. The necan of all tho sanples ig taken as the
expected value for cach of the modal classes. The statig-

tic }E is then calculated as

n (0.-E, 2
- S 1 S e
L
izl
where Oi and Ei are observed and expected frequencies of
& particular modal class i, and n is the total nunber of

nodal classes. For details of X?—test, Dizxon and Massey

(1957, p.221) nay be referred.

p.3 valucs for different samples (Table 5.2) indicate
that four sanples differ from the average nodal composition
significantly and the other four sanples seen to cone fron
& population with the average nodal conposition at 95/,

confidence level. Also an exanination of the contribu-
tion of the various nmodes to total Xg for individuel

sanples (Table 5.2) shows that the ninirun variation is
shown by quartz amount and the naxinun variation is shown

by plagioclase anount.

& valuablc property of YE is that the sum of n sample

valucs is itself distinguished as chi square with n
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Table 5.2~ Coupariscn of light nineral constituents in
+120 mesh prctluns todeterulne whether they
are all from the same population.

e e e . s S =S e g . e . | il et v a1

S1id No 1 L&bnt llnCT l_Qggsﬁltuents i
L ; Qu°rtél Chert ;L felds~ | Plagio- 'Othersi
|

. SOl e B e par i elase

(a) 9@%%5?qﬂqﬁrqg@qaqiqs

5/120 62.65 12.05 1.45 13 .50 105
24/120 57.64  18.51 = 27~ 3247
53/120 88385 - 17.7 s 7y T3 14.26
38/120 55.56 C.66 3.86 19.81 0k n W
42/120 70.81 4457 Bl 14.265 6.83
57/120 58455 2.25 3.53% 27453 TSl
67/120 60.98 9.76 3.66 1% .07 8.54
77/120 68475 5462 12.50 5ebR 1 w50
Total 454417  80.53 8.1  10B.42 - 1862
lMean/ BlaT? 10,07 4a 17 13555 S8
Expected

e

(b) Contrlbutloﬂq to Crltorlon (O E ) /"" e

e e - o —.—-—-..... ,— vy

Total X°

5/120 0.01 0.3¢ 2551 000 0,02 2,758
24/120 0.28 7.07 2.09 7.5 0.86 18.25x%
33/120 0.05 5.80 1.96 2.76 2.02 12,59
38/120 ¢.10 0.02 0.17 2489 017 3.35x
42/120 0.15 2.58 0.58 0. 04 0.92 4,27NS
57/120 0450 6.07 0.15 14,44 0.64 21.80x
57/120 0.01 0.01 0.26 0.91 0.17 1.36NS
17/120 0.11 1.57 12,53 4464 0.55 19.80x
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NS- Not significant at «
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X- Dignificent at « 0.05%
12 y 0.€5 = 5.49
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X =

9, 0.55
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degrees of freedon (Snedoéor, 1956, p.213). Thus'XE

e

values of different senples can be added and tested for
'honogencity!, Cumulativo'xg for all the sanples is also
significant at 5/ significance level, suggesting that the

sanples belong to a 'heterogencous' population,

Large scale transport of sand by wind over long
distances should ténd to result in a certain amount of
unifornity of nineral conposition of the sedinments espe~-
cially in the saltation loads. However, highly significant
differences in the conposition of saltation load of sedi-
nents (+120 nesh fraction) fron different localitics
suggesf that the wind is reworking the local sedinents and
cumulative sedinent transport by wind is very amall. of
coursc, it is realized thet slight changes in conposition
of sedinents could be introduced due to abrasion effects
of wind. Incidentally, it should be interesting to determinc
the distances over which wind is able to bring about
unifornity of sedinent composition and thus to deternine

the distance of secdinent transport.

50245 Clagsification of Sands

Folk's (1968b, in Blatt ot al. ITi2, pe¥LL) triangle
for classifying sandstones (Fig. 5.4) on the basgis of
detrital nmodes with slight nodification is used here for
categorizing the sands under study. The three cend-nenbers

& F and L representing the three ends of the triangle
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FIG.54_ PLOT OF SAMPLES ON FOLKS (1968DTRIANGULAR DIAGRAM FOR CLASSIFYING SANDSTONES.
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are Q-nonocrystallinc quartz, F-feldspars and I-rock
fragnents, chert and polycrystalline quartz. Following
Diclkinson (1970), chert and polycrystalline quartz are
inecluded with rock fragnents iﬁstead of conbining with Q

as suggested by Folk (1968p)sc as to enphasize the aspects
of provenance, According to this classification nost of the
whole sand sanmples and +120 nesh fractions fall in felds~
pathic~litharenite class suggesting the iuportancé“of

plutonic and netanorphic rocks with Preponderance of the

latter as provenance of these sands.

5.3 HEAVY MINERLLS

5¢3¢1 Mcthod of Study

Since sands are coated with ferruginous naterial, the
desircd grain size fraction of the sands are first boiled
with dilute hydrochloric acid. Then heavy nineral fraction
is separated using bronoform in a separating funnel. The
heavy ninerels are nounted on slides with Canada balsam and
about 200 grains arc counted to deternine the relative
abundance of different ninerals by studying all the ninerals

in four or five fields of vView.

Four fractions i.e. +120, +170, +230 nesh and pan
fractions of two sanples with nunbers 24 and 77 and +230
nesh fractions of other gix with nunbers 32, 33, 38, 42,

46 and 57, are studied in the manner described above., The
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data arc given in Table 5.3 and arc represented in the

fora of histograms in Figurcs 5.5 - 5.6.

5.3.2 Description of Heavy Mineralsg

Hornblende, zircon, staurolite, kyanite, sphenc,
sillinanite and andalugite are the ma jor nonopaque
heavy ninerals. Monazite is observed only in sanple 24, A

bricf description of these minerals is attenpted below.

5¢3+.2.1 Hornblende

Hornblende is the most abundant heavy nineral and
its perccntage varies fron 22.8 to 43+T« Most of the graing
are subrounded but sone elongated fragnents are also
noticed. Many grains show developnent of schiller structurc.

Some grains arc pittoed and have fractures.

The body colour of hornblende is green, but sone
sanples contain a few brcwn hornblende grains. Also green
hornblende grains show uneven colour distribution, decpest
in the centre beconing paler towards the peripheries.
Green hoxnblende is strongly pleochroic, from bottle green
to pale yellow colour. Brown hornblende is also strongly
pleochroie and the colour varics fron golden yellow to

brown.

Bxtinction angles, when neasured with crystal
boundaries (cloavage boing'indistinct) for green hornblen-
de range fron 5O to 150. Brown hornblende shows higher

extinetion angles of 20° to 2907,
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lany grains show alteration to iron oxides especia=
1ly along cleavage plancs or fractures. Some grains show
sharp cdges probably due to splitting. Inclusions of

iron oxides and apatite arc not UNCOIon,

503.2.2 Kyanlt_g

Kyanite grains show uneven surface due to flgking.
It has a very high refractive index. Extinction angle 1is
low and varies fron 5° 4o 8°, One grain shows inclusions
of rutile. Graing show partings which are at right

angles to the grain elongation.

5e3.2¢3 Staurolite

Anmount of staurolite varics fron Ixl 0 15.6F .
Staurolite shows considerable variation in form and
habit. Most of the grains are short and stunpy and
others exhibit irregular platy forns with distinct
cleavage and fractures. It has pleochroic colours fron

pale yellow to golden yellow.

5¢3.2.4 Sphenc

4L fow grains of sphene are always present in all
the slides. It occurs as irregular or slightly rounded
grains, whereas a few cuhedral, dianond shaped grains
are also noticed in sonie slides showing brown to brow-
nish yellow colour with very high index of refraction

under cross nicols. It never shows conplete extinction
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due to high dispersion. Sone grains are narked by a net-

work of fractures which criss-cross the grain.

5.3.2.5 Rutile

Rutile occurs as eithor cuhedral, slightly rounded
Or cven anhedral prismatic grains with characteristic
foxy red or reddish brown colour. It shows strong pleo-
chroisn from weak brown to reddish brown colour. Grains
are often fracturcd. In case of nany prismatic grains,
parallel striations which run nore or less obliquely to

the prisn boundary are observed.

5634246 Other Minerals

Grains Of.nonopaque ninerals such as actinolite,
sillinenite, andalusite and tournaline are also noticed.
These occur in very subordinate anounts, Also a fairly

large anount of opaque ninerals are recorded.

Similar heavy nineral assenblage has been reported

fron the aeolian sands of Barmer district by Rao (1962).

5+3.3 Arcal Variation of Heavy Mineral Fregquencies

Heavy nineral frequenciecs of +230 mesh fractions
of different sanples are conpared with the values for
the nean of all these sanples, using 13 test as descri-

bed earlier. Seven classes i.e. hornblende, staurolite,
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kyanite, S8illinenite, zircon, rutile, sphene and 'others' are
reccognized for this purposc. Calculations are shown in

Table 5.4.

The znalysis brings out the fact that the naxinun
variation is shown by staurolite, Sphene and rutle frequen-
cies. live sanples are not different from the average value
whereas other threce are considerably different fron the averagc
value at 5% significance level sugeesting that there is
probably higher unifornity in heavy nineral frequencies of
sanples than light nineral frequencics., These sanples belong
to a "heterogencoug" population as indicated by sun of"Xf
for all the slides, Unly sanple 33 shows strong deviations
from average valucs for both light and heavy nminerals. Othcr
slides showing Significant difference fron the average heavy
nineral frequencies arc 24/230 and 57/230, but these sanples
show sinilar light nineral conposition as the average of
+120 nesh fractionsof all the senples analysed . Significance

of this observstion is not obvious at thisg stage.

5+4 PROVENANCE OF THE ABOLIAN SANDS

The prescnce of heavy ninerals 1lile spherical and
elongated haornblendes and zircons and staurolite, 8illinani te,
kyanite, andalusite and monazite suggest o dominont low to high
rank nctanorphic rocks and a ninor plutonic rock source for
these sands. Light nineral corposition and relative abundance

of different types of quartz give a ginilar Provenance.
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The presence of chert, however; points to sone contribution

fron sedinentary roclks also.

Comparison of light ninerals of +120 nesh fractions
and heavy nincrals of +230 nesh fractions of samples fron
different areas using’xg test suggest that salples have
gsignificantly diffcrent conposition fron each other and they
belong to a 'heterogencous! population. Thus it scerms that
prcbably the older deposits with areally varying conposition
are being reworked by the wind and as such are not transportecd
over long distences. Legarding the desert expansion, it nay
be snid. here that it occurs either due to alteration of

o

clinatic conditions, massive transport of sedinents engulfing
the bordering fertile lands or due to reworking of older
deposits undcr the influence of excessive deforestation and
land use. Since there is no apprc ciable change in the climatic

conditions of the Thar dcsort and its bordering recgions, nor thore

=

s large scale sediment tronsport, there should not be any causc
of alarr .f desert €xpansion particularly sc when the conscr-

vation of forests and proper land use nethods are adopted.

Gupta (1958) considers that sands of the Thar desert
are probably derived froi: the beaches of Pre-existing seas
in the area. Wadia (1966, p.53) EEdefinds that these sands
arc indistinguishable from sands of the seashore and remarks
that these have been derived mbstly froz the Rann of Rutch
and partly fron the basin of the lowcr Indus. Ghosh's (1964)

investigations reveal that nost of the desert sands have
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roundness sinilar to that of the sands of old flood Plains
having nore rounded quartz grains than the Picdnont apron
scdinents. He neintains that the origin of the sands of the
Western Rajasthan ig nainly due to reworking by aeolian cycle

of carlicer alluvial deposits.

Usually the shorelinc sedinents arc poor in fines,
wherecas the flood plaing of rivers contain plenty of then
along levees, in the flood basin and in ox-bow lales., The
presence of high percentage of fines in the Thar descrt
sedinents as nentioned in section 4.,2.12 and significant
changes in their composition from place to bPlace suggest their
derivation fronm ecarlicr alluvial deposits after reworking by
the wind. In fact, sedinents of nost of the large deserts in
the world have been considered to be derived fron the loose
alluvial deposits of the Pleistocene tines (ledigan, 19463

Holn, 1560; Alinen, 1565; Smith, 1965).
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HAPTER-6

ENGINEERIN

- B B

ROPERTIES

6.1 INTRODUCTION

The use of s0il as an enginecering naterial and its
behaviour towards various civil enginecring structures forms
an intercsting fiecld of study which denmands a detailed
investigation of its various engineering properties such ag
shear strength, perneability, counpaction and nortar neking

pProperty.

The area of the Thar desert under study is a virgin
arca and has rmch potential for future developnent, parti-
cularly fron defence ang traction points of view due to its
strategic location near the international border. Thercfore,
the inportance of such geotechnical investigations is sclf-
evident. Alsqjthere is a need to classify.the gosert soils

according to their engincering properties.

These studies nay be of use in the following civil
cngineering construction works:
(i) Foundation design of various structures like
buildings, bridges, tunnels, canals etc,

(ii) Flexible or rigid paverient design and the suitability
of the soil as construction naterial for building highways,

airports, railways, earthfills or cuts etcand

{iii) Phe design of subterranian and carth retaining
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structures such as underground

buildings,drainage structurcs,

Pipe lines, anchored bulk-head, coffer dans etec.

6.2 LABORATORY INVESTIGATIONS

The sands of the areca

investigations to deternine the following

ties:
(1)
(i1) Compaction,
(iii) Shear Strength and
(iv) Perneability.

6.2.1 Mortar Conpressive Strength

‘.X.;_ “hdh-s. BTl 5

The compressive strength of

have been subjected to laboratory

engincering proper-

lMortar Compresgsive Strength,

sand cement mortar is one

of the nost inportant properties to deternine the suitability

of sand for use

as one of the constituents in the structural

concrete - both reinforced and pPlain. Six representative sand

saLples from Sam (sanple 20), Dhanans (sanples?25 and 525,

hurar (sample 34), Raugarh (sanple 38) and Lunar (saiiple 77)

are used to deternine
ordinary ACC Portland
Table 6.1,

The cenent sand
in the proportions of

kept as 0.4, Five cubes of 2.54

the rortar conpressive strength using

Cement with the properties given in

cubes were prepared by nixing the two
1:3. The water cenent ratio has been

Cli size were prepared fron

each sand sanple. The cube noulds are filled with nortar in



two layers and cach layer was conpacted thoroughly by hand.

Table 6.1- Properties of ACC Portland Cenent

e o e et A . 5 s g~ . o e o e S . g B, e 0 g o e i AR e e i i S ek . gy

Normal consistecncy-water i Values specificd
in per cent of cenent by i by Indian Standard
weight. | (4non., 1967) R
I 26Y.
7 5 | | i

Setting tinme in nts Initial } 90 | 4: 30

Final 1300 j> 600
Conpressive strength in ; .
kg/cnl of 1:3 cenent a% 3 Gagsie00 4:115
Ssand mortar (with single
sized sand) at 7 days|300 <t?75

These noulds were then Yept in the constant tenperature
and hunidity chanber for 24 hours. The tenperature of the
chanber was controlled at (27 + 2) °¢ ana relative hunidity
at (S0 + 5)/.. The curing of concrete products can be accele-
rated casily by Placing then in a chanber at elevated tenpers-
tures. It is, however, essential that the atnosphere should
be daup to prevent drying of the product. Therefore, stean
heating is a convenient way of curing. High pressure stean
curing has an additional advantage of giving very high strength

in a considerably short tine.

The cubes were demoulded and kept in the autoclave
(Fig.6.1) for high pressure stean curing. The autoclave
A terperature was raised to beiling point. After teeping 1t
boiling for a few ninutes to allow for the escape of air, the

escape valve is closed and the bressure allowed to rise to



Fig. 6.1— Autoclave for high pressure
steam curing.
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8.44 kg/cuz (120 psi gauge) which was naintained for 12 hours.
This curing tine &ives strength corresponding to one year's
strength of nornal curing at sténdard conditions of tenperature
and hunidity. After this the contents were cooled slowly in
four hours and were taken out of the autoclave. These cubes
were then tested in the Universal Testing Machine of 5 tonne
capacity. The conpressive strength data so Obtained has been
correlated with grain size Paraneters Mz, 0, Sk and Ku as

shown in Figurc 6,2,

The compressive strength increases from S9 to
174 kg/cg2 ag Mz increcases fron 3.00 to 3.15¢ (Fig.6.,2a). Thisg
nay be due to increagse in the surface area of the particles.
Similarly the Variation in the sorting doeff;pient 0 also
has significant effect on the compressive strength. As isg
evident from the curve (Fig.6.2b),compressivo strength increca-
ses from ¢9 +to 168 kg/cm2 with the increase of ¢ fron

0.25 to 0.444.

The effect of Veriation in skewness on compressive
strength is sonewhat differcnt than that of Mz and o, It
can be noted fron Figure 6.2¢ that as skewness increases
fron 0.57 40 0.64 the conpressive strength also increases
fron 106 to 166 kg/cmg. With further increase in the
skewness fron 0.64 %o 0.71 the coLpressive strength decres-
ses gradually from 166 to 150 kg/cmz. Kurtesis too hag
sinilar effect on the conpressive strength as seen in

Figure 6.2d. The conpressive strength increases from 118
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FIG62 _VARIATON OF COMPRESSIVE STRENGTH WITH GRAIN SIZE
PARAMETERS.
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to 160 kg/cm2 with the increase of kurtosis from 0.8 to 2.0.
ihereafter, any increase in Ku causes g decrease in the conpr-
essive strength. As evident fron the curve there is 2 fall
; A T
1n coupressive strength from 160 +o 110 kg/cm” with

an increase in XKu fron 2l To 2.5,

With a view to coripare these results with the findings
of other investigators, the nortar strength literature has
been surveyed, Unfortunately, it appears that no worker has
correlated nortar strength with grain size paraneters enployed

in this study. Therefore, no conparison could be nade.

6.2.2 Conpaction

o . e

The compaction of soil can be defined as the process
of packing soil particles closely together by mechanical
treatnent thereby increasing the dry density of soil. In the
present investigation the standard Proctor test has been used
to study the conpaction which isg meaé;;éd quantitatively in
terns of dry density to which a soil sanple can be conpacted.
The dry density Ya for the conpacted soil is calculated fro:.

the following equation,

W

‘Yd - 'm)—— L3R I (601)

where W is the weight of wet conipacted specinen, w the water

content and V the volunie of the mould.

The test is repeated on so0il sanples with increasing

water contents (12Y,, X3V 18Ys wnd 8170 end corresponding
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dry densities Yq obtained. 4L conpaction curve is plotted
between the watcr contont as abscissa and dry density as

ordinate.

The standard Proctor test has been carried out on
representative samnples collected fron 8ix localities of the
area nanely, labri (sanple L), San (sanple B), Murar (sample C),
Dhanana (sanple D), Lunar (sauple E) and Rangerh (sanple F).

The conpaction curves for the above sanples are discussed beler.

(i) Dabri - Near Dabri (Fig.6.3a),the naximun dry density
obtained is 1.64 gu/cuj at an optinun water content of ) M0 I
The dry density at 6.37. water content is 1.63 gn/cn’ while

at 157. the dry density decreases to g low value of 1.52 gifcn-,

(ii) Sam - In the San area (Fig.6.3b), the dry density
increases from 1.63 gn/cn” at 67/. water content +o

naxinun dry density of 1.67 gm/cm3 at the optimun water content
of 14.4Y.. With further increase in water content the

dry density rapidly declines to a value of 15 gm/cm3 at

water content of 20,257, .

(iii) Murar - At Murar (Fig.6.4a),the nexinun dry density
obtained is 1.61 gn/cn’ at 5.87. water content, which is
conparatively lower than those of above nentioncd arcas. The
dry density is 1.569 gm/cm3 at 5/. water content and it

decreases to 1.55 gm/cmj at 21/. water content.

(iv) Dhanans - At Dhanans (Fig.6.4b)3the dry density varies

from 1.58 gn/en” at 57. water content to a peak value of
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1.65 gn/en” at 127, water content. It declines to 1.52 gn/cn”

at 217, water content.

(v) Lunar - At Lunar (Fig.6.5a), the dry density is 1.62 gm/cia’at
57. water content and attains a2 naximum value of 1,64 gn/cn”
at 127. water content. iy decreases to 1.55 gm/cm9 at 197. of

water content.

(vi) Ramgarh - Figure 6.5b is a curve representing variation
of dry density near Ramgerh area. Here the dry density is
1 60 gm/cm3 at 57. water content and a?tains a maximum value
of 1.63 gn/cm> at 13%. water content which falls to a low

value of 1.52 gu/cm° at 22%. of water content.

Table 6.2 summarises the values of maximum dry density
(yd o ), the optimum moisture content (0MC) and the relevant
grain size paraneters. The variation of Yd Bk has béen correla-
ted with the grain size variations of the samples from the
Six localities in ligure 6.6. It may be noted from Figure 6.6s
that as liz decreases fron 2.89 to 3.1 # the value of Vil s
continuously decreases. Therefore, it is clearly indicated
that larger the grain size the smaller the Ya B Sinilarly,
Figure 6.6b shows the variation in Yg S with standard
deviation ¢ of grain size. It may be observed that as o value
increases from 0.24 to 0.36 @ the value of Y4 max, d€creases
trom 1.67 %o 1.6L gn/om’, Mis clearly indicstes hut poorer

the sorting, lesser is the Y4 max °

The range of Y4 nax oand OMC values of the sand samples



Table 6.2 - Bulk sample data

e N, e e L L i o S . +Y it s Nt g a2y e —— ~ e

ﬁgmple ? TR LA I Grain Size P§:%”?EE”*_ 'Oﬂﬁ%:tlon _ ? Perneqb1¢1ty K
" L e R 'u."_ff"’,f{’ef.m,ﬂ.
A Dabri 3.10 0.37 1.64 13.1 0.33x1077
B San 2,89 0.24 1.67 14.4 0.86x107°
C Murar 5,07 0.36 1.61 12,0 0.31x1077
D Dianana 3.05 0.32 1.65 12.0 0.55%x10"7
B Lunay 3,02 0.33 1.64 15,0 0,$2x1077
F lengerh .96 0.34 1.6% 12,5 0.76x1077
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investigated fall almost in SW and SP groups of soil according
to Unified Soil Classification Systen (Anon., 1962). To the
awareness of the author, no investigation hasg been reported

which correlates i and OMC with orain sige arameters
g8 max.

enployed in this study.

6.2.3 Shear Strength

The shear strength of the soil is its maximum resistance
to shearing stresses. It is taken to be equal to the shear
stress at failure on the failure surface. It consists of
(i) internal friction, or the resistance due to 1nterlock1n
of particles and friction between individual rarticles at
their contact boints, (ii) cchesion, or the resistance due
to interparticile forces which tend to hold the rarticles

together in a soil mass.

The shear Strength 1 of so0il can be represented by
Coulomb'g equation:

C + o, tan g; eee (6.2)

T

where On is the normal stress on the failure plane, C the

cohesion and ﬁi the angle of internal friction.,

The shear strength of the desert soil under
consideration wag determined by direct shear test in which

the plane of shear failure ig bredetermined.

£ graph ig plotted between the normal stress U, &
abscissa and shear strength 1 ag oridnate. The inclination

to the horizontal of the strength envelope so obtained is the
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angle of shearing resistance and the intercept on the

ordinate is taken as cohesion.

Sand samples from San (sanples 6 and 21), Dhanana
(sample 31) and Lunar (sample 78) have been tested for
shear strength. The results of thege tests, in the fornm
of # V8.0, plots, are shown in Figures 6.7 and 6.8. The
shear strength plot for sample 21 from Sam (Fig.6.7) shows
that it has zero cohesion therecby indicating that clay content
is almost absent. The equation of the plot comes out as

T = 0.606 Gno

The sample 78 from Lunar (Fig.6.7) exhibits g cohesion
of 0.145 kg/cm2 thereby, indicating the presence of fines
(-75p) in the sand sample. The equation of the 1 vs. oy

graph for Lunar sample cones out as 7 = 0.110 + 0.450 On e

The sanple 31 from Dhanana (Fig.6.8) again exhibits
almost cohesionless nature of the sand. The equation of

the greph is found ag 1 = 0.706 oy.

lhe curve of the sanmple 6 from Sam (Fig.6.8) has the
following relation:

T = 0.088 + 0,708 On

The tan ﬁivalues for the sand sanples agree well with the
range of values for SP and SW 801l groups of Unified Soil

Classification Systen (Anon., 1¢62).

Perneability is defined as the property of a porous
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naterial which pernits the seepage of water (or other fluids)

through its interconnecting voids. A naterial heving continuou:

voids is called permeable.

The study of Seepage of water through soil is important
for nmany engincering Problens, for example, determination of
rate of settlenent, calculation of Sseepage through the body of
earth dams and stability of slope, calculation of uplift
Pr'essure under the hydraulic structures and their safety
against piping, ground water flow towards wells angd drainage

of soils etc,

The coefricient of berieability can be determined by
constant head and Talling head permeability tests in the
laboratory, and by pumping-out and bunping-in tests in the
field. For the berneability investigations of the sand Sanples
of the present area falling head permeavility test has been
perforned. In this test the water is allowed to flow through
the soil sample ang the time '%' taken for the water level
to fall from a height hl to h2 is noted.

If A is the Cross-sectional area of the soil sanple,

'a' the cross-sectional area of the stand Pipe and 1L the
length of the soil sanpley, then the berneability of the soil

sanple is given by the expression.

£ h
E = 2_%20% 8.l log (_l) (A 7)
- T A.t lo 2 ) Ue )

For the perneability determination s TYepresentative

sand sanples were collected from five localities of the ares

(=]
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namely, Dabri (sample A4), Sam (sample B), Murar (sample C),
Dhanana (sample D) and Tunar (sample E). Table 6.2 also
includes the permeability results of these samples. The
variation of Permeability has been correlated with grain
size parameters like Mz and sorting coefficient o. It has
been found (Fig.6.9a) that permeability decreases from s
value of O.86XlO"3 to 0.33X10—3 cn/sec as Mz increases from
2+89 o 5.1, Thus, it is evident that larger grain size
supports larger interstitial spaces resulting in higher
permeability. From Figure 6.Sb it is clearly seen that
permeability is the function of sorting, as indicated by a
déérease in its value from 0.9x10 > to O.33XlO—3 cm/sec

with an increasc of o from 0.33 to 0.378.

The above trends of decrezsing bPermeability with
increasing iz and o agree with the findings of Krumbein
and Lonk (1943) and Hasch and Denny (1966). The values of
bermeability obtained correspond to the values of the soil

group SP of the Unified Soil Classification (4non., 1962).

A permeability traverse has also been prepared from
the permeability test data as shown in Figure 6.10. As one
proceeds from Sam to Dabri, the permeability decreases fron
0.86x10™2 to 0.33x10°° cm/sce while it again increases from
Dabri to Iunar from 0.33x10°° +o 0.923107° an/mec. Fron
Lunar to Dhanana,there is a continuous decrecase in permea-
bility from 0.92x1077 to 0.55x10™7 cm/sec. Further, towards
Murar the permeability decreases gradually from O.55X10_3 to

O.BleO"BCm/sec.
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CHAPTER-T7
SUMMARY AND CONCLUSIONS

7.1 SUMMARY

The Thar desert has remained neglected geologically
Perhaps due to the ighospitable terrain and the extreme
climatic conditions, But lately the desert has come to
Prominence due to itsg strategic location and future potential
for development, particularly with the advance of work on the
Rajasthan canal. Considering this, together with the author's
interest in the deserts, é type area, falling in latitudes
269301 to 269521 ang longitudes 70°0' 4o 70033', in district
Jaisalmer has been selected for investigations. The Present

study embodies ﬁurbexhaustive and systematic sedimentological

and geotechnical investigations of the sands of the area.

Climatically,ths Thar desert can be referred to as a
hot desert Characterised by an annual rainfall of 25 cm or
less and a mean diurnal range of temperature of 13.5°C or
more. The relative humidity ranges between 50 to 607. in
the morning hours and 25 %o 35Y% in the affernoon hours
whereas,summer relative humidity for the corresponding hours

rangesbetween 35 to 607 and 10 % 307 respectively.

Regarding physiography, in a general way, the various
features have largely been controlled by climate typical of
a wind governed terrain, The sand cover may be a few meters

thick, thin or absent altogether to bare the rocky



surface. There appecars to be a tendency of the sand cover
to thicken in the west and southwest of the area where it
is occupied by longitudinal dunes separated by more or less
flat and comparatively firm interdune areas. The marginal
fringe of the desert where the thickness of the sand is

less, barchan dunes Predominate.

A review of the literaturec indicates that mainly
climatic conditions are responsible for the initiation, growth
and maintenance of the world deserts. Arid conditions of the
Thar desert arc attributed to the location of the Himalayan,
the Kirthar and the Suleiman mountain ranges including
Tibetan plateau which induce low pressures over western India
and central part of Pakistan. Atmospheric dust, recent
tectonic movements resulting in change of river courses and
global climatic changes also might be additional causes of

aridity of the region.

Regarding the age of the Thar desert,it is suggested
that it came into existence about 10,000 years back, when
mainly longitudinal duncs and sand piles were formed. These
were stabilised during the relatively humid and warm reriod
of 10,000 to 3,000 years B.P. The area has been subjected to
wind action again since 3,000 years B.P. with the advent
of arid conditions to form active barchans, transverse
dunes and some sand piles. Thus the present scenario of the
area is a product of the Superposition of the present wind

regime over the fossil longitudinal dunes and sand piles.
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Three distinct types of bedforms are recognised in
the area, namely, ripples, dunes and sand piles. Ripples arc
mostly asymmetrical ;developed transverse to the dominant
wind direction, Usually they are straight and parallel but
at many places they show wavy strikes. Well developed bren-
ching of ripple is observed. When they branch, it is the
crest line that bifurcates. Arcuate ripples tend to straighbten
out until they become more or less transverse to the dominant
wind direction. Crests are composed of comparatively coarscr
grains than the troughs. Rarely, ripples of different wave-~
lengthsoccur in Juxtaposition, if the wodality of the sand
alters. Ripples arec well developed on finer sands than on

coarse ones.

Plots between the different ripple barameters show that
ripple amplitude is broportional to the wavelength, The
ripple index (N/H) varies from 5 +o 40 with a mean value
o T Ripple index is minimum for a critical range of
anplitude (0.45 4o 0.55 cm) and it starts increasing with
either increase or decrease of amplitude . Also,ripple index

increaszs with the wavelength,

Ihroe varieties of dunes, namely, barchans, transverse
dunes and seifs are found in the area. Two families comprisi-
-Ng active and stabilized barchans are noticed. Two mnorpho-
logically distinct active barchans have been recognised.
One, having a perfect crescentic shape and the other, which

is reported for the first time, rescmbles a hat-shape. Both of



>

2

I

7
"

thesc types have similar lee dlopes but they differ in
their windward slopes since .the latter has a narrow trench
which opens on both the flanks some distance down the crest

Eike .

liechanism of formation of barchans has been visualizod
to occur in three Stages such as initiation or nucleation

stage, youth stage and the vld stage.

The occurrence of narrow (0.5 to 1 m wide) high angle
band at the toe of the lee slope and the narrow trench on
the windward slope of hat-shape barchan is attributed to

lee.eddies and the newly reported windward eddies respectively,

Transverse duncs which are normal to the dominant
wind direction, seem to originate by the lateral conjugation
of two or more barchans, though their independent origin is

not ruled out.

Longitudinal dunes are long, parallel, linear structures
which are the dominant feature in the desert interior whero
sufficient sand Supply is available. Their mean length is
8.8 knm when neasured between extreme ends. Many of then
have 'Y' shaped bifurcations facing the wind direction.
Their origin is attributed to the conplex helicoidal wind

circulations.
vand pilcs nay be thought as low stabilized longitu~
dinal dunes which nay be difficult to recognize in the field

&s linear structures.
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Orientaticn of different bedforns indicates N 250E to
n BOOL direction of net sedinent transport. Both the
stabilised and active dunes give siuilar sediment transport
directicns suggesting thet the sane wind regime has been
Prevailing sinco‘the formation of stabilisged dune systemn.
The lSON divergence of net sediment transport direction fron
the resultant wind direction is attributed to the ' Ekiman
spiral' effect.

nore than one hundred samples have been collected from
the various bedforms and sand flats situated in different
parts of the area, Samples aré analysed using ASTM gieves =t
half phi intervals, Two instruments - sauple gsplitter and
transfer funnel-were designed and fabricated for quick anelysisg
of samples. Sieve datz are analyzed using IBM=1620 conputer.
Normal curves are fitted between the two adjacent points.
Urain size paraneters according to different workers are
caleculated.

& cowparison of grein size paraneters accordine to

T

diffcrent workers shows that foruulze of Krumbein and
Pettijohn (1938) for skewness and kurtosis give very diff-
erent results fror thouse of Others and these formulase

should not be used for these sediments. But other fornulae
for the different grain size parameters give sinilar results.
For detailed Giscussion, formulee of iicCammon (1¢62) for
dean and standsrd deviation and those of folk and Ward (1957)

for skewness and kkurtogis are taken intc consideration.
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The average mean size for all the samples is 2.57 ¢
(0.13 mm) with a S-range (+ one standard deviation) of 2.76
to 3.260. Thus the Thar desert sediments lie on the finer
side of dune sands reported earlier. The average standard
deviation of 2ll +the samples is 0.370 with a o~range of 0.00
to Q.76 £. A comparigon of photomicrographs and cumulative
frequency curves of typical samples brings out clearly that
sorting in the present samnples is & function of the ratio
of mainly +wo Populations.

liost of the samples studied are positively skewed

<+

with an average skewness of +0.50 and a S-range of 0.28 to
0.78. Samples can be roughly divided into two groups with
different kurtosis values. One group is very leptokurtic with
kurtosis values between 1.7 and 2.45, The other group has

Platykurtic character with kurtosis values lying mainly

between 0.0 and 085

Otudy of interrelationship of the different grain
Size parameters brings out some interesting features. There
is a significant Telationship between the mean size and stan-
dard deviation and points fall around & line making an angle
of about 45° witn each of the axes. Standard deviation incresz-
Ses with decrease in mean size. Sediments become more
positively skewed with decrease in mean size. These obser-
vations lead to g significant relationship between sorting
and skewness. Kurtogis values tend to decrease with decrease

in mean size but they seem to be independent of skewness.
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Comparison of the average size barameters between
the various bedforns indicates that ripples arecvdﬁ coarse
grained, Poorly sorted and nearly symmetrical in nature.
band piles and dunes are dis stinguished by small but distinct
differences in grain size parameters. The former are fine
grained, poorly sorted and more positively skewed than the
latter. Further, sand piles commonly tend to fagll in‘platym
kurtic group whereas dunes, in general, tend to have lepto-
kurtic nature.

Plots of normalized heights versus grain size parameters
indicate that there is an increase in grain size, improvement
in sorting and change from near symrmetrical nature to
highcr positive skewness from the foot to the crest of
the dune. No significgnt differences between samples from

windward and leeward sides of barchans are observed.

Using values of grain size parameters from sand pileg
and dunes, contours are drawn to study their spatial varia-
bility. There ig g Hhean grain size'high'in an ares southeast
of Lunar. The saue general area forms a 'low' for skewness
and standard deviation values and a 'high' for kurtosis
values., A'highjfor hean grain size and similar related
changes in other pParameters are seen near Sem. The variation
in grain size Parameters in the lLunar area is thought to
reflect areal grain size distribution of an older deposit
which has been reworked by the wind. Changes in grain size

bParameters near Sam are probably a result of repeated
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reworking of sand flats around Sam and piling of sediments

into large mounds covered with dunes.

Zvaluation of the various diagrams by different workers
for discrimination of desert deposits from other types of
deposits brings out that Qle~Md diagram of Buller and
Mclanus (1972) is not particularly useful, whereas desert
sediment field, delineated on Ska~WDa diagram of these
workers should be widened to include samples of the Thar
desert. Mean size versus standard deviation diagram of
Friedman (1961) for distinction between descrt and fluvial
sediments and skewness Versus mean size diagrams of
Friedman (1961)and Moiola and Veiser (1958) for discriminating
between beach, coastal dunes and inland dunes Seem to be
useful. Sahu's (1964) plot of;rzi vs.vSKﬂ ; S(GE) is very

liz
sensitive to the presence o cXtreme vaiues of standard
deviation and should be used with care for recognition of

desert Sediments.

The shape of cumulative curves, photomicrographs of
the typical samples from the area and interrelationships
of the grain size bParameters suggest that sediments of the
Thar desert consist nainly of two populations of grains
mixed in different proportions, namely, a saltation propulation
and a suspension population, The saltation population has g
mean size of about 2.75¢ and a standard deviation of 0,20¢
and the suspension population has a mean size of about 3.75¢

and a standard deviation of about 0.25¢. The saltation
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population constitutes 60-90%. and the suspension population
forms 10-40%. of the samples. A minor amount of a traction
population with grains coarser than 2.5¢ may constitute
less than 1%, of the samples, When the sediments consist
chiefly of the saltation population with minor additions of
the suspension Population, they are well sorted, nearly
Symmetrical and leptolkurtic. With larger additions
of the suspension population, the composite samples become
ore poorly sorted, Positively skewed and Platykurtic. Thig
also explainsg the Variation of grain Size parameters spatially
and within barchans.,

Strong winds transport saltation Ppopulation in large

amount and heap them in the form of various bedforms. Slack-

ening winds deposit Suspension populstion which bercolates

down with time. Consequently,the stabilized sands contain higher

Proportions of suspension population.

Roundness of desert sediments has Dbeen studied by
determining Toundness of one hundred quartz grsins from
each 1/2 ¢ fraction of five samples from different areas.
Roundness is determined Oy comparison with photographic
chart on p(rho) scale of Folk (1955). Operator experiment
has been run to find the accuracy and consistency of the
method, Different grain size fractions have a roundness of
1.79 to 2.91P. Quarts grains of the saltation population
(larger than 0.125 mnm) show small increase in roundness with

increase in grain size, but quartz grains of the Suspension
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population (sweller than 0.125 mm) are comparatively less
rounded than the saltation population grains and have similar

roundness irrespective of &rain size.

Sphericity of the aeclian sediments ig studied by
mounting graing from each of 1/2 ¢ fractions of samnples in
Canada,balsamon.glass slides and by Lleasuring axial ratios
of morec than 1G0quartz grains from each slide. About half of
the slides show normal distribution of sphercity values and
other slides are roughly equally distributed in positively
skewed, negatively skewed and polymodal groups indicating
that there iz no nced for transformation of sphericity valucs
for their normalization asg suggested by earlier workers. Mean
sphericity for different slides lies between 0.56 and 0.81.
One of the samples shows exceptionally low mean sphericity and
high standard deviation valiues, reflecting probably an ultimete
metamorphic source, Sphericity vValues axre independent of

grain size,

The aeolian sands have been studied for their light

as
as weltheavy mineral contents. Light minerals are studied
by wmounting grains of all the 1/2 ) fractions of three
samples and +120 mesh fractions of other five sampleg in
Canada balsam on &lass slides. Dominant light minerals are
quartz, K@feldspar, biagioclase, chert, calcite and aragonite.,
The whole sangd saimples fall in feldspathic litharenitic sana
class of Folk'g (1968b) classification of sandstones indicating

their mineralogically immature nature, Heavy minerals are
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Separated using gravity separation method mainly from +230
mesh fractions of samples, in which these are abundant. Major
non-opaque heavy minerals met with are hornblende, zireon,
staurolite, kyanite, sillimanite and andalusite. Comparison
of light minerals of +120 mesh fractions and heavy minerals
of +230 mesh fractions using;ﬁ? test suggests that the samples
differ from one another significantly and they belong to g

'heterogeneous! bPopulation.

The presence of Spherical aﬁd elongated zircon and
hornblende, staurolite, kyanite, sillimanite,and andalusite
and relative abundance of the different types of quartz indi-
catesmainly low +to high rank metamorphic provenance with a
minor contribution from pPlutonic source. Some contribution
from sedimentary source is indicated by chert. Spatial
inhomogeneities in light and heavy mineral composition of
sands suggest that probably older deposits are being reworked
by the wind and sediments are not transported over long
distances. Thus no significant expansion of the desert is

contemplated due to transportation of sand.

Considering the strategic location of the area and
the future development potential it holds, engineering
broperties of the sands of the area have been studied. Thesc
include mortar naking properties, compaction, shear strength

and permeability,

Mortar strength test of the autoclaved cement sand cubeg
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reveals that strength increases with incrcase of Mz and o,
Further, the strength increases with increase in Sk and Ku
and after critical valueg of Yk and Ku there is appreciable

Tall in strength.

Compaction test indicates that the maximum dry density

decreases with increase in Mz and o.

The determination of shear strength indicates that the

soil is almost noncohesive,

The correlation of permeability with grain size
Parameters indicates that K decreases with increzse in

Mz and o,

On the basis of these teats it can be concluded that
the sands of the area belong to SW and SP soil groups of the

Unified Soil Classification System (Anon., 1962).

7.2 CONCLUSIONS
Following are the salient conclusions:

i. The Thar descrt probably came into cxzistence
10,000 years B.P. The Present scenario is the
product of superposition of the prevailing wind
regime over the fossgil longitudinal dunes and
sand piles.

il. Three types of bedforms, namely, ripples,

duncs (barchans, transverse and longitudinal) and



e e P

3%,

Vi,

VL.

¥x.

) O N
283
sand piles arc recogniscd in the arca of study .

Ripples invariably ornament the skins of duncs
and sand pilcs. Barchans show a prcfcrentiszl tendency
to develop in the marginal arcas whercas longitudinal
duncs, in general, arc reostricted to the desert

interior.

Ripples of differcnt wavelengths and amplitudcs ma
occur in juxtaposition duc +o change in the modality
of sands. Ripple index veries from 5 to 40 with 2

mcan value of 20.1.

Hat-shape barchan dunes are reported for the first
time. A narrow %ronch Scooped on its windward slope

is attributed to the cXistence of a windward eddy.

Threc stage mechanism for the formation of barchans

is suggestcd.

Iransverse dunecs may originate due to lateral conju-

gation of twe or morc barchans.

The net sediment transport dircction, as indicated
r I r (2 17
by differcnt dunes, deviates 15%% from the resultant

wind direction. Thisg is attributed to 'Ekman spiral!

cffect.

The wind regime has remained essentially unchanged

sincec the fosgil bedforms formed around 10,000 years
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X. The Thar desert sediments lie on the finer side of
the dunc sands reported carlier.

xi. Sorting appecars to be a function of intermixing of
mainly two populations in differcnt proportions.

xii. liost of the sand samples arc pogitively skcwed.

xiii. Sand samples fall in ecither very leptokurtic or
platykurtic groups.

xiv. Correlations of grain size parameters indicate that
0 and Sk increcase with increase in Mz whereas Ku
decreases with increasec in Mz,

xv. . Ripples are coarse grained, poorly sorted and have
symmetrical grain size distribution, whereas sand
piles and dunes, in general, have platykurtic and
leptokurtic natures regspectively.

xvi. Mz, o and Sk dcerease as one moves from the foot

to the crest of the barchans.

xvii. Spatial variation as indicated in the contour maps
cf the varicus grain size parameters is thought to
reflect areal variability of the grain size
distribution of the original decposits being reworked

or the desree of reworking by wind.

xvili.The Thar deser+t sediments congsist chiefly of two

populations, namely,

jas}

saltation population

(60~S0Y. with liz = 2.75 & and ¢ = 0,20 $) and =
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suspension population (16-407%. with Mz = 575 @

and ¢ = 0,25 g), Interrclationships of the various
grain sizc parameters and their spatial variation
way bc explained in terms of intermixing of thesc

two populaticns in differcont proportions.

Roundness of quartz grains ranges from 1.7¢ to 2.¢1p,
Saltation pPopulation is more rounded and the roundness
increases with increase of grain size whcreas
suspension population is less rounded and roundness

ig independent of grain gize.

Sphericity of the quartz grains varies from 0.56 to

U.81 and is indevendent of gralyl 81zZe.

The present sands fall in the feldspathic litharinitic
class of Folk's (1965Dp) triangular diagram indicating
their mineralogical immaturity. Veriations of light

and hecavy minerals sugsest that samples belong to 2

&

&

'heterogncous! bopulation. This further indicates

that sands arc not being transported over long

distances and no Sigsnificant expansion of the desert

is teking place by transportation of sand.

The mineralogical ascemblage suggcsts low to high
rank metamorphic bProvenance with minor contributions

from the plutonic and sedimentary sourcces.

There is a significant effect of variation in
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the grain size parameters on the mortar strength of

cement sand cubes.,

xxiv. The maximum dry density and bermecability decrcase

with incrcase in Mz and T

xxv. Thce sand is almost noncochesive and falls in SW and
SP s0il groups of the Unificd Soil Clagsification

Rystem.

7.3 SUGGESTIONS TOR TURTHER STUDY

i. Dynamics of dune formation and ratc of their migration
in relation to the Prevailing wind regime may be
investigated in the field. It may provide clues for
controlling their migration.

ii. Ages of the stabilized dunes may be determined
accuratcly by analyzing their pollen contents and

by carbon dating method.

iii. Internal structurcs of the various bedforms may be

stvudied by trenching.

iv. Exhaustive gtudy of the variation of grain size
distribution within the various bedforms nceds

to be undertalcn,

V. Regional variation of the thickness of sand cover,
its permeability and detcetion of the buried
channels, faults ecte. in relation to the occurrcnce

of groundwater should be carried out.
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vi, Geotecchnieal investigations of the descrt
sands rcportcd in the dissertation necd to be

supplementedwilh furthor studics.
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Appendix II- Percentages of weight retained
on different sieves
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15 0,00 0,00 019 002 «10. TH:38 . Tu2é - T8.37 o 70
16 Uc00 0,00 o 13  0.00 « 10 TH. 97 6.77 ¥71.11 288
1% 00,00 0,00 209 0,00 edd PELAZ2 B,50 028 046
L 0s00 0,00 el3 0,00 o44 81le56 1063 15.74 046
if Co00 0,00 vk6 000 °oll 74032 6,86 18,05 o 4D
20 OcoO ). 00 203 002 048 73,72 be23 1B.82 268
M 0.00 2,00 «45 0,00 eZ23 THe8B 5.686 16,20 b 5
22 3024 0,00 3,86 004 sdl B6T76 8429 24,30 6042
2e3 6045 008 2,47 001 095 38051 42,68 8,19 a63
24 0,00 003 0,00 05 0000 80.79 5,02 13,69 038
23 0.0 201 006 0000 0,00 74,65 1680 16447 098
26 s02 0,00 ol7 0,00 009 6590 9,95 22,97 085
27 0,00 0,00 205 0,00 38 78493 5591 13,80 Yeol2
24 0.00 0,00 0«03 (0,00 st 67050 10s47 Z0.61 1.30
29 036 0,00 o42 0,00 029 63.68 8061 22035 4024
30 OuOU Je 00 016 0,00 o&42 43,69 6095 47,16 la59
31 oOO 200 200 200 004 72,96 8017 17045 1s 36
32 o 00 o 00 001 «00 s 7638 7,80 15.19 oS4
33 0c00 0000 00,00 0,00 0000 77448 6,39 15,33 o 76
34 o0 00 oll s Q9 o 5T 6953 6,97 1994 EeiE s
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Appendix II- continued

Sample Mesh Number

Number o TS T T T
36 o0l 0000 053 206 248 Tls44 5.10 17.1% 5119
iy 0o00 0600 005 0,00 024 64,56 8,39 25,18 15598
343 0,00 0,00 «08 0,00 237 T2209 6473 19,48 Eiales
e 0op0 0000 003 0600 002 65:79 8.93 23.68 1,52
40 OQOO OOOO - 05 OOOO 30 80014— 4065 13035 1040
41 0,00 0,00 «07 0,00 031 56046 9,55 30,97 20,62
42 0000 0,00 207 0000 0ol5 50,65 9,91 35,65 3,54
43 0.00 0,00 007 0,00 B2 T2.44 8,27 17.57 e 20
44 Vo000 0600 <08 0,00 025 66085 10085 20658 1l.36
45 0.00 0,00 037 0.00 23/ 59610 11.68 26.25 20,00
46 000 0,00 c07 0600 el THRITF U.29 185.08 Z2.08
47 0000 0s00 002 0,00 Q6 55,14 12.15 30.48 211
48 0000 0,00 0,00 0,00 VaD0 568,51 18.35 29,99 1312
49 U000 0,00 0.00 0,00 0,00 G038 €Ya21 3212 1,75
50 Vo000 0,00 0,00 0,00 005 58,65 14,58 24,96 e i
51 000 0600 0000 0,00 008 63,24 13,38 21,42 1,83
52 o0l 0,00 202 0000 0.0C 62,68 13,94 il oS XgTs
53 OOOO Oo0Cu 001 0 01 203 562 13,75 152 P 082
54 0000 0000 0000 0000 UeOf 73aT74 1lalDp. 2&aD2 1.11
S 099 2,00 034 o4 lol4 60,34 7.23 1808 11,45
5 o004 2000 0,00 002 2D BB TT7 12.5% 15,70 '2.8%
57 0,00 J.00 0.00 0,00 Va0Q 53,02 18,64 28.73 1.5B
58 000 00,00 0,00 00,00 402 59,68 185,81 20.26 4624
o8 0000 0,00 0,00 0,00 0,00 82028 7.36 9,68 065
60 0000 0,00 0,00 0,00 Uo00 72,56 9,47 16,05 1,88

"5l 1o94 0.00 06 .08 .01 65.53 8.56 9034 3,44
62 OOOO 0.0C 001 o 01 e bl 88,53 4048 5032 1,49
63 Oooo 000 001 000 000 9l .63 e 3032 1,29
64 JooO 000U 0,00 201 c16 80,89 6045 1180 067
65 0o00 0000 0,00 o 01 o2 Blo Ol BeB5 -By1% 1.23
66 OoOO Jo 00 001 0.00 o05 75,94 10,07 11:66 e T
67 000 0,00 002 0,00 010 8lo42 4,86 12,67 288
68 0000 0,00 ©01 0,00 0.00 83,59 5,25 10,20 092
&9 000 0000 0,00 0.0 000 79,56 5,05 13,33 2,02
5200) 000 0,00 «08 0,00 201 8190 4,22 10,36 3040

* Sample 61 contains coarse fractions for which additional sieves were used ag
given below:

Mesh Mo, 7 10 14 18
We,retained 1,00 3,50 6.20 ©, 30



AN
e
Qo

Appendix II~ continued

wample
Winicide aae 25 35 45 60 80 120 170 230 PF
71 Oooo 0.0C 0.00 0,00 0,00 85,37 4044 858 1,60
g 0,00 0,00 «01 007 20 TB.48 4,28 13,22 3.6%
P OOOO 0,00 0,00 0,00 001 58,90 1042 28070 1.94
T4 0s00 0,00 008 0000 2,00 84027 4415 133 8.33
i) o007 0,00 «20 0,00 02 B2.76 415 12.20 o]
16 oOl 000 002 0.00 0o00 77093 i s e | Paeo
Wi 0.00 0,00 2«20 0.00 sOLl 70.86 8503 1,76 1%9.10
78 Go00 0,00 al6 0,00 002 74570 5069 15045 3,94
79 Oooo Jde 00 «53 0.00 ) 76629 Fald 16 .15 1,25
80 OOOO 0,00 006 0.00 ol4 70,03 31 22,71 0o 712
83 o002 0,00 208 0,00 «30 V2312 5«63 19,91 1.90
82 OooO 0,00 001 0-,00 0,00 72065 6095 18649 Laai
83 0000 0,00 00,00 0,00 0,00 820,27 40,56 10,58 2,54
84 000 0,00 ©02 0000 0,00 82,35 5,77 10.89 o 94
85 Oooo 0,00 215 0,00 002 T T.67 lloOO e B3
86 0c00 0000 0000 0000 o0l 67053 Told4 23,64 1,64
87 0200 0e00 0,00 00,00 0,00 1748 6.39 15,33 o 16
88 Cop0 0,00 086 0.00 2,04 78,26 4,52 13.44 085
89 000 0,00 37 02 ol%d 85.61 3.89 T.35 7,58
90 000 000 1,37 sdd 1o37 TBo0DB 5457 17,79 91
25| 002 0000 «23 0,00 o2l 81,26 3.59 11.40 3,25
e 010 0,00 092 0,00 37 B8e32 da4b 22,55 B.26
93 0000 J600 02 0ou0 w0l BPe36 He52 12533 o 12
94 OOOO Jo 00 0-.00 000 004 74,02 s /3 16056 3% 13
5.5 000 0400 0,00 0,00 +02 74410 B.98 1%.78 3,11
98 O0.00 0,00 o13 s 01 003 BO0s44 4,68 12,84 1,83
S 0.00 0.00 001 0,00 alll TBe T4 4,58 148,01 2.8%
98 0000 0,00 005 0,00 &2 Toe32 el L7 061
99 0.00 0,00 0,00 0,00 o0 83,01 4:.32 L1.1% 1.48
100 0000 000 1,28 003 065 80681 3,78 11,90 1.51
101 0.00 0,00 o 04 001 603 71661 5,83 21,57 « 86
102 Uoap0 0,00 005 0,00 c04 B5.84 3513 9,99 a7l
103 OQOO Joe 00 203 0,00 o0l 80,64 40,24 14,30 o 15
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Appendix ITI- Interpolated percentile values
in phi units

sample Percentile
Number P-1 P-3 P=5 P=10 P-15 P-16 P=20 p=25

10 20560 20618 2,649 2,697 a2l - 2,735  2:75% oGy
LI 20338 2,542 2,574 2.623 20656 2,662 2,683 2,705
12 Latt®e 2583 24574 2.652 2¢T05" 24714 22747 24383
L2 10381 1490 24212 2.521 €edT0 2,579 2.610 2.643
14 20542 22606 2,640 20,692 28128 24734 2756 B.180
5 20556 20622 2,656 2,710 CalhG 25752 2714 2,759
16 2569 29638 2.666 2.719 20754 2,760 2.782 2,805
17 LaB347 2,589 2.:827 2,669 20698 2,703 2.721 2.741
18 Lo 3BT  2eHPE Fab26 2.679 2o 715 ZT21 22763 B.767
19 20563 20628 2,662 2,715 do?3l 2,757 2,780 2.80%
20 20534 20604 20,641 2,698 del36. Z+743 2,766 2,793
£1 LSy 2588 2.626 2.683 2ot2]l Zo¥E8T 2,751 2,777
2 2500 o200 10,266 2.547 2.615 20627 2,669 2,715
3 0500 10000 1,010 1,077 $+439 14173 1.225 L8
24 CoaTE 2881 - 2. 6BT 2,70 20788 24763 2.7B3 2.80%
25 20608 20666 -2:697 2,744 FeddT- 2=TRE Laliiz Bed>
26 20566 20636 2,674 2,731 20770 2776 2.801 2,827
21 LeD48 2,608 2.543 2,696 20131 2737  2.759 X.T784
28 20605 2.668 2,701 2,753 20788 20794 2,815 2,839
P 20350 20576 20,620 2,689 2el3%4 23742 2477 20802
30 20541 20634 2,684 2,760 20812 20,821 2.853 2,888
31 2:830 2,700 2.730 2,760 2,790 2,870 2:.810 2.830
32 eolB8 20188 2.211  2.259 2u2B8 2,26 24274 20287
33 29649 2,708 2,739 S.727 20820 20825 2.845 2,868
34 20519 2.594 2,633 2.694 2o 135 LaTh? 2.768 2,108

35 22243 2.538 2,579 2.642 20684 24691 - 2,718 2.747
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Appendix IITI- continued

Sample .
Numbexr g
36 2:4113
37 26565
33 25542
a9 20623
41 2a558
42 2.588
43 2,539
44 26559
45 20503
46 2,579
LA 2,618
48 2,690
49 2.686
SU 20630
51 2o Ty
S 2,636
>3 2,618
54 20053
) 1,001
56 2a614
e 2:999
58 20,815
L) 20651
6yY 2,636
6-1 - 1. 700
62 25575
63 2.619
64 25B0
&3 2 515
66 2:608
67 20583
68 2,66
69 & oy

20688
20650

Percentile

e ERLO 0% P-16 P20 P=s

-0:950 -0.550 2.500 2.520 2,560 2. 600

da Gl 2
LaGirs 2
2:649 2
Loddip 2
2640 2
2obif® 2
20707 2
2646 2
2obbl %
20634 2
2ab79 2
20724 2
il 2
e fio2, 2
ARNERE 2
2o 710 2
Z2o129 2
20713 &<
20733 2
2o8856 2
2,707 2
20999 2
20864 2
20724 2
2,720 2
2aGr BT 2
20689 2
2,690 2.
20614 2
20696 2
Zaoad 2
Ze @ 2
2o liBr 2

2.680 2



Sample Percentile

Number Pe=i = ey P=10 Bt F=16 P=-20 B2
7l 2oB3T 2aB85 2,730 2749 24775 24180 20796 24834
72 24352  2.815 Bs650  2:702 2,737 2:7%9 2.7689 26789
Ik 26654 26714 25746 24796 2,829 2.834 2oB55 ReR 8
T4 2,365 20924 20562 2,620 20.659 20,666 20690 25 (17
7.5 L0558 25616 2.646 2,695 2,729 Z2s734 2efB5H 20778
76 20623 2:.678 2,706 2,750 2,780 2,785 24804 20,824
i 20575 20640 20675 2,729 2765 20771 20794 20818
78 24578, 20640 24674 2,725 25759 2,765 22787 20810
7 20314 2.584 24622 2,679 2,718 2.725 2,749 20775
8u 20578 20644 20678 20732 20768 2774 20797 20822
81 2oa48 20817 24653 2709 2.747 2aT53 20777 2.803
82 ZafI5 4631 2d720 24765 2.796 Z801 Faf2D 20841
83 20633 20683 2,709 2,750 2,778 2,783 20800 20819
84 2e6Zh 20876 2,708 2,745 2,773 27718 2.79% 2,815
85 Z2aBTF 20637 2670 24719 2.753 2.759 2.779 20,802
86 2abhs 24700 24731 2.777 2.809 2,814 2.833 2.8685
87 £sRON ZeTB]l (2a¥2B ‘2769 2u79T 2.801 2819 20838
88 2:05 206502 20544 2,610 2,654 2,662 2,689 2,719
89 2aBog (2eB¥l 2528 24673 25707 2713 2uTide  Jeihd
90 Lo 20510 20552 2:.617 2:.660 2:668 2:695 2.725
91 220381 Ze601 20635 2468T 2.722 25728 2.780 1.71%
92 IotQ4 24968 2:601 2:668 2:713 2:721 2749 23780
93 2eblf A8 26696 25739 2:.758 2.7713 Z.793 20811
94 22068 Z2a&TD (2,708 227585 2.7B6  2.781 2.811 20832
25 ca63e 24686 ZaT1E 2,760 24790 2,798 F.835  Zy89%
g6 2¢0TTF 2:636 2.66T 2.716 20748 2:754 24714 2.796
F 2a028 246019 2oT07 24751 2.780 24785 24808 2.823
98 246058 2,663 2:694 2,742 2,774 2.7180 Z.800 20821
99 Tewad. 2D ZaF0R 2084 2aTFR 2&ATE  ZSTOh  IuEEE
100 LabbT ZaDB8Y 20568 2627 2670 28T . 2.762 2U50
101 2a604 24665 2o697 2.746 2.7B0 2.788 2.B06 2,879
102 £o38F 20641 2.670 2.T14% 2743 24748 2,167 24787
103 2aB)5 24668 Z2.697 260740 ZeTT0 260775 247194 3481a



Appendix III-

vample
Number P=30 Bl
1 1,330 - 1,360
2 2oy 2707
3 20782 20801
4 2075]_ 20769
) 2888 PoEDg
6 2775 2,793
7 20780 2,800
8 20757 2779
9 2aTT3 2o792
10 2o (9T " FwB815
11 20726 2744
12 20815 20845
123 20674 20702
14 20801 22821
19 20821 20841
Lo 2827 2-847
wd 20758 20775
18 20789 24809
iR 20826 2.846
29 2.8l 2,838
21 2,800 2.822
) 2a756 2.795
) Y3380 1378
24 20823 20840
&g 20844 2,862
2§ 20851 20873
27 2,805 2,826
28 20860 20880
29 2.830 2s856
24 20920 26949
31 24860 2.87C
32 20298 20309
) 20887 20906
34 20821 20845
35 20773 2.797

continued

P=45 R=50

- EERET R EEe

== mEEsrmssE s R E SR s o -

P=55 P=65 P=70 Pp=75
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Appendix III~ continued

Sample Percentile
Number P30  P-35 P-45 P=5Q0 P=55 P-65 P=70 P-75
) 24885 ZoBP9 2.B74  Z.806 Ji918 Z2e 962 2987 352353
=T £a85h 28877 2.918 2,938 2,958 3007 3,298 3,517
38 20824 20846 2,886 2,906 925 F966 2,988 F172
39 20871 20890 2,926 2,943 206961 20996 30223 3,502
40 2,801 20821 2,858 2,876 2,894 22931 24951} 2,913
41 20877 20901 25947  2:969 2.991 306423 30533 3,582
42 20904 20928 2.974 2,996 3,205 3936 F 581 3630
43 20822 20843 2.88¢4 20904 20923 2:964 20986 30,115
44 20845 20868 20909 2,929 2,949 20990 3,120 3,348
45 2859 2.877 24926 25951 2,975 35203 3.420 3u533
46 2,843 2,864 2:902 2.920 2,939 L£aF3TT 24997 3,225
47 20898 24919 2,960 2,979 2.999 3396 3,523 BuSlp
48 24214 2eB31 24984 2,979 2995 FJa2I8 3355 IJ,8p01
49 2941 2851 20998 3,105 3.221 3.459 3¢526 30567
59 dolt®1 2902 25949 2,988 Z2.986 B0 2085  BJ3E8 ~BUElT
51 2eBls 24894 2,932 2,950 2,968 3056 F235 . B ad28
5a 20883 20,902 26938 2,955 2,972 39T FoZhT BELI3
ST 20870 20889 2.926 2,943 2,961 2.997 3143 3.323
5 20864 20880 2,910 2,925 2,940 20970 2.986 3,048
Enl5) 20807 20838 20896 2,924 2,952 Tell?  FeHEL -FeGO2
56 20861 24880 2,915 2.932 2,949 2.985 3,040 3,227
57 2e999 2,999 2,999 2,099 3.056 3,357 30502 3,548
58 2eP8h 2,958 2,973 2,982 2,991 3,157 3313 3482
5 2844 20859 20887 25900 2:914 20942 20956 20972
60 20860  2:8T7 2:909 24925 2,940 249713 23980 Fa b1
61 2.650 2,680 2,700 2,800 2,810 2,870 2,9 2,970
&2 22791 20808 2,839 2,854 2,869 2900 20,917 2.935
6.3 20804 20818 20845 2,858 2,871 20897 2,912 2,927
64 2,850 2,850 28 2.690 2.910 2930 2.960 2. 980
&5 26776 R¢THE 2,833 2,851 ZoB869 907 a2 - 2o B9
66 2o84]1 2,859 2,892 2.908 2.904 D058 2RSS w999
& 20816 20834 2:867 2,883 2,900 2,933 20951 2,970
68 2,850 2,870 2.900 2.900 2,910 2.940 2.910 2,970
69 20844 20860 2,890 20,904 2,919 20949 2,965 2,982



Appendix III- continued

giggéi P~30  P-35 P=45 P=50 P=55 P—g5 P=70 P=75
71 20830 20845 2,873 2,887 2,900 20,928 2.943 2,959
72 20810 2083G 2,867 20885 2,903 2,940 2.960 2.981
73 2,898 26917 2,952 2,969 2.986 3,284 3.505 3.554
74 20741 20763 2,804 2,824 2,844 2,886 2.908 2.932
75 2:798 208171 2.852 2:870 2.887 25922 P.9&1 2e0el
76 20842 20859 26891 2,906 2,921 2,953 2.970 2.988
77 20:840 20861 20899 2,918 2,936 2,974 2.995 3.232
78 20831 20851 2.887 20905 20.923 20959 20979 30007
79 2.799 21821 2.862 2.882 2,902 2,943 5.965 3,859
80 20844 20864 26903 2,921 2.940 20978 ‘2.998 3.370
81 20826 20848 20888 2,907 20926 2,966 20988 3.210
82 20859 20877 2:909 2,925 2.940 2.972 2.990 3.157
83 20836 2.852 20881 2,895 2,909 2,938 2.954 2.971
84 20832 2,848 2,878 2,892 2,907 2,937 2.953 2.970
85 20823 20842 2,877 2,894 2,912 2,947 2.966 2.987
86 Z:8Th 25008 20925 24941 2,957 2.981 8,164 = 3.56%
87 22855 2,870 2o900 2,914 20928 2,958 2.973 2.990
88 20768 ZaTTL 2,818 2,840 2,663 2.910 2.935 2,587
89 2,778 20797 24833 2,850 2.867 20903 2.922 2.943
90 2,752 2,776 24823 2,845 2,867 2.91% 2,938 I.bes
91 2795 20815 20852 2,870 2,888 20925 2.945 2.9eg
92 2,808 20833 2,881 2,904 2,927 2,975 3.029 3.510
93 20828 20845 20875 2,890 2.905 2,935 2,952 2.965
94 20851 2,869 2.902 2,917 2.933 2,966 2.984 3.064
95 20854 20871 24904 2,919 20935 2,967 20984 3.05¢
96 2:816 24834 2,869 2,885 2,902 2,936 2.955 2,674
97 20841 20858 2,889 2904 2,919 2,950 2.967 2.98%
98 2.84) (2,859 24893 2,810 24926 2.9680 2,978 2.598
99 20830 20846 24876 2,890 20905 2.934 2,950 2.967
16y 20755 20778 24821 2,842 2.863 2,906 20929 2.954
101 2,850 2.869 20904 2921 20938 2,574 2.993 3.273
102 20805 20822 2,854 2,869 20884 2,915 2,932 2.951
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Appendix III- continued

P-80 P-84 =85 P=90 (20 P =57 Hiz=geg

10 2906 2.9596 3,024 3,471 2,629 3,716 3.88¢
11 20910 20930 20936 20970 3400 3,687 4,009
12 Faobs 3.5999 BehLl 2683 35789 3,858 34988
5 2989 2,988 2,988 33365 3610 3699 3.867
14 25998 352892 35879 H.561 3,688 34183 3.944
15 342885 3014 3¢D28 P60 32731 3.808 3.957
16 %342 30bZT1 ‘3541 32620 3B.750 3.831 3,984
7 el AnSBs 20941 Zs970 35061 32198 Sa44d
18 Ze388 50507 3Fo515 Z.891 BL.703 B.TT6 13915
19 o383 3528 3.841 B.8612 B.719 3.788B .3.918
20 30457 30542 3.555 30631 30744 30818 30,957
24, 306203 30509 3.523 30,600 3.716 30791 30932
232 30666 30741 30762 3:882 40008 4,024 44054
Z3 25850 | Za9k&E 2 93] 35269 | 36728 3s 031 BEgP7
24 26995 35297 3.400 3.564 3,679 3,753 3.893
& Fedeh 58920 FHP35 34623 Balb4t 3,838 3,998
26 30538 30584 30597 3,670 3,779 3,849 3,983
x| 30049 30383 30474 30594 30742 30837 40003
28 306523 30575 36590 30674 30800 30881 4,008
&5 30598 30668 3,687 36799 3.964 4.011 40043
30 36691 30F2F -BaT31 3795 3JaB8Bl 3937 4a01%4
31 3:92C 3,550 B600 ‘3.7 4,020 4230 4630
£ . 20404 26416 20419 20439 20467 20485 20741
33 3.587 30644 30,660 3,752 3,888 El s 4,029
34 36536 30601 35618 36721 3874 3.973 4,029



Appendix III- continued

Percentile
Sample P~80 P-84 P=85 P=90 P=95 P=97 P=99
Number
36 30546 30635 30659 3,801 40001 40017 40049
37 FeI7] 30621 3635 3,715 3,833 F.910 46014
33 30508 30562 30576 3,662 3,789 3,872 4,006
39 30558 30609 3,623 3,705 3,826 3,905 4,013
40 20997 30358 30472 3,602 30760 30863 4,010
41 30637 30688 30702 3.783 30903 3,980 40029
42 30685 30735 3,748 3,828 3,947 4,005 40038
43 30419 30539 3,554 3,644 3,777 3,863 4,005
44 20523 " 36577 3059F 3677 3.804  T.886 46010
45 30590 30642 30656 30739 30862 3,942 40021
46 30501 22564 30502 30683 3.833 3931 40022
47 30623 3,672 3,685 3,763 3,878 3,952 4,023
48 30553 3,600 3,613 3,689 30,802 3,875 4,003
49 30613 30656 30667 3,735 34835 3,900 44007
50 Be2 13 3cbZh Be638 3,720 B.842 34921 4L0LY
51 30541 30597 3,612 3,703 3,836 3,923 4,019
52 36941 30596 3,611 3,699 3,831 3,916 4,017
53 30506 30554 30567 30645 3,761 3,835 3,977
54 30260 30454 30502 3,600 30744 3,839 4.003
55 30728 30843 3,875 4,004 40027 4,042 4,070
56 30434 30549 3.570 30691 30871 3,988 4,032
57 36600 30646 30659 3,734 30846 3,918 4014
58 28573 34647 34667 3.786 5.962 4.011 4,043
59 25390 30101 34163 3,507 3:656 3.753 3.93¢
60 32379 30532 34551 3,656 3.813: 3.914 4.019
61 30350 3,700 3.760 3,580 3.85C &, 050 4o 400
62 20955 2.974 26979 30127 36614 30787 44012
63 20944 296U 2:964 20989 30,436 3,682 4.008
64 3,000 3,210 3,300 3,340 3.%00 3 770, 3040
&5 20975 20995 3017 50438 3.676 30,803 4006
66 30178 32380 3,436 3,606 3,803 3,93] b o 2%
67 20999 20999 20999 20,999 3,056 3,352 3.502
68 2,000 3,09 3.180  3.%%0 3.70C 3.8 &,000
69 30037 2.431 3,507 3,626 3,803 3,917 4,021



TR
267

Appendix III- continued

Sampl Percentile
i i P-80  P-=84 P=85 P=90 P=95 p-97 p-gg
T 2977 206993 2,968 34505 3718 3_.849 4.014
12 Fel2B8 3.521 3.546 . 3.8693 39911 4.006 4,039
73 36607 30656 3,670 3,748 22865 3,940 4,039
74 20959 24983 2,990 3,429 4017 4,032 4,061
fil 2:984 3,102 3,218 30531 30681 34765 30924
16 30127 30405 3,481 3,622 30812 3,935 4,025
T 3.743 4,006 4,009 40023 4,044 4,058 4,083
78 30443 30573 34596 3,734 306937 4,008 4,041
i 3288 35521 8,537 3.831 3771 30861 4,007
84U 30334 3578 B.590 3.86] 34767 3.835 3,965
81 30524 3.583 3,599 3,694 30834 3,925 4,020
82 32208 J5686 38687 3,680 30825 30920 4,019
83 2990 34175 G283 3e58% 3,81% 3,957 4,028
B4 22989 322137 33200 3.542 30698 3,799 3,991
85 Spl&3 24383 3,455 3.643 30688l 4,004 4,037
86 3560 3:612 3,626 3710 3.833 3,914 4+015
87 3:183 30501 3.516 30601 20028 .3.810 H.966
88 20992 30301 3,416 3,581 detll9 F.809 B2.978
() 20965 2,987 2,992 30491 3172 36950 44029
9U 20975 B8l A83 T3 30574 o T A 30810 30986
91 20990 34305 3,449 3,645 36874 465002 4,035
92 306580 30644 3,661 3,764 30916 4,002 4,035
93 20989 36164 3,273 3,559 30697 3,786 3,954
2 30435 30562 3,583 3,707 306891 45001 44,034
85 30412 355567 505/8 30703 3,888 40001 40034
96 20997 38350 2,453 30611 3,786 3,899 4,019
97 Bol27 3251% 3.536 3,663 34851 30973 4,030
98 306326 B3e522 36585 20613 _36728  3.803 30944
99 20288 3.107 3,225 3,574 Ba kST | BTV s ODE
190 22982 3«15] 3s281 30582 30754 35865 40013~
1¢1 3526 30573 3:.586 3,661 3773 30846 3.983
1u2 26971 20989 2,994 3,522 3,683 3,788 3,985
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Appendix IV~ Mean grain size values (phi units) as
estimated by different formulae

Sample W ‘ y
Rt Ao Mzl Mz2 Mz5 Mz4 Mz

1 1. #4100 2,13450 1. 9133 1. 7560 1. 7830
2 208450 3.0743 29978 27663 207859
3 208530 208530 2.8530 209045 209055
4 208179 208179 208179 208179 228655
5 208829 3.0285 229800 209838 2029780
6 208436 2.0436 208436 2.8769 2.898¢4
¥ 28572 2,6934 2,8813 2.9618 209406
8 20,8406 2.8406 20,8406 2-:9368 2.9036
9 208449 208449 208449 2.9069 2:8917
0 208657 2:8657 208657 209545 209228
11 207969 2,7969 27969 2.7969 2.8350
A2 20,9283 3,1567 3,0806 3,0753 3.0752
13 2.7798 2.7798 2,7798 20,8453 208062
14 S+ 8773 3,0135 2.9681 29784 209710
15 208980 3,1333 3,049 3.0028 3,0050
16 209024 3.1436 30,0632 3,0104 3,0127
17 20,8202 2.8202 2.8202 2, 8202 2.8251
18 208659 3.111% 3,0299 29737 209756
19 20,9032 3.143¢4 3,0633 3.0077 3.0118
20 208983 30,1425 3.,0611 3.0049 300119
21 208822 251187 3,0399 2.9861 2.9880
22 209010 31842 3,0898 Jel1l9V 209637
23 2450072 2.0442 21962 21795 - 10437
24 208895 3,0305 209835 2:9921 2:9857
25 209127 31517 3.0720 3.0214 30,0255
26 209339 31807 3,0984 3,0736 3.0820
27 208816 3,0605 3.0009 2.9872 209882
28 209352 31850 31017 3.0661 3,0803
29 209290 3,2055 30,1133 3,1085 3,1059
30 30411L‘ 31:?74‘{" 303201 303009 3027673
31 29200 3. 1750 3, 0900. 3, 0560 3. 0760
32 203394 2643394 203394 2.3394 2:339¢4
33 209571 302351 301424 321470 301428
34 209096 3.1720 30,0845 3.0290 3.0612
35 208637 3,0889 3,0138 2,9698 29726
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Appendix IV~ continued

§i§£é§ Mzl Mz2 Mz3 Mz4 Mz
36 208963 31796 30,0852 3.0329 300587
37 29388 30,2006 31133 Fs k081 el G2
38 209063 3.1565 3,0731 W0 o S 30358
39 209100 30,1800 30900 300520 30840
45) 2.8765 3.0464 20,9898 2,9850 20,9861
41 209696 302412 3.1507 301813 31769
42 229961 3.2784 30,1843 302164 382370
43 29042 301439 3.0640 33,0121 30250
44 209292 e | 30925 3.0596 30715
45 229510 3.2009 30,1176 301332 3a Ll 243
46 209207 3.1700 300869 30357 30594
47 209795 302486 301289 31889 301828
48 209796 302284 301454 241520 301549
49 30,1059 3,2656 Fe 2124 3.2288 32284
50 29680 302242 31388 31482 351469
Bl 209504 302014 Ze LEET 31053 301092
52 29555 3.2076 Fe F236 3.1132 Zal Ll
53 209436 31796 3,1009 3,0736 3.0788
54 209256 412317 3.0630 300305 300383
55 209243 T 225 341565 31677 301330
56 209328 3ol F32 3,0931 3.0568 300740
& 3,0000 33234 30,2156 3062475 302463
58 2626715 F e 24lB 301502 301526 301579
59 209008 29477 209320 209947 209739
60 29255 31673 3.0866 32,0397 30540
61 28000 3,1100 3., 0667 2.28 60 2. 5790
62 28546 208546 208546 208785 20,9108
63 2.8583 2.8583 208583 208583 208993
64 2.8900 2. 9900 2.,9570 2.98 €@ 2,978 0
65 28517 208517 2a09517 209320 209120
66 209088 30805 300233 30153 30164
67 2.8839 209963 209588 20,9883 209781
68 2, 9000 26 9300 2, 9200 3. 0020 2,978 0
69 209049 3+1107 300421 3,0197 300241

70 28856 20,9934 209574 3.0024 209972
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Appendix IV~ continued

fﬁigl— 1? Mzl Mz2 Mz 3 Mz 4 Mz,
71 28870 2.8870 208870 29832 209520
7.2 2.8854 3,1322 300499 30104 300157
AL 209695 32457 301536 Al 8T 301684
T4 2.,8000 209500 209000 24500 26760
15 28700 20,9186 229024 252714 209495
76 209064 3,0955 3.032¢4 30185 30219
T 208000 30000 209333 209660 209910
P! 209055 31695 30,0815 3.0352 300408
79 20,8826 Ze 1233 33,0430 209918 2096845
80 209216 £ [ 300916 3,0318 3,.0685
81 204100 204550 204400 205420 205340
82 29250 3.1837 360975 306442 30624
a3 208954 29792 209513 33,0069 2069960
84 20,8928 209526 209326 29931 209741
85 28949 B el 3,0126 30096 30130
86 209417 302133 301227 300936 61126
87 209144 31516 3.0725 30,0228 300256
88 28409 209819 209349 209429 209381
89 208502 ZaB5h? 208502 2069432 209198
S0 20,8454 29745 Za 3315 2o 9455 29377
91 2.8706 3 o G176 209682 20,9889 209906
g2 209048 33,1829 30902 B a6 30803
93 268904 209689 209427 209941 29778
94 P2 )75 321770 30906 3,0433 3.0538
95 269195 317865 3,0909 3.0444 30543
96 208856 3.0523 259867 209968 209980
97 209044 341499 3.0680 350255 30302
98 20230 T B i BileR 3.0708 30172 3,0194
99 2.8906 29422 249250 209980 209801
1035 203426 209140 208902 2:9479 20,9330
101 262207 351796 33,0936 3,0347 BaD6AT
102 208693 28693 20,8693 2.9689 209308
103 208955 3,0785 o N o] 30032 3,0060

104 1.4200 1. 9500 1.7733 1.6660 1. 7690
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Appendix V- Standard deviation values (phi units) as
estimated by different formulae

sample o1 62 o3 a4 o
Number

1 +«1333 - B850 « 830 4 .B 204 «74 40
2 06092 05580 06711 08777 07146

3 01342 01336 02134 02307 02280
4 01263 01258 01980 L e Ay 01894
5 01425 02875 03041 «3177 02721
6 01294 01288 02120 02301 02161

" 01471 21826 02621 23006 22833
8 01585 o5 T8 02426 02742 02776
9 01366 01360 22070 02224 02214
1v 01310 01304 02136 02359 02456
L} 01349 01343 2027 02047 02044
12 05352 04425 04053 39228 04016
i o 02014 02005 03121 03363 03961
14 01437 02793 02999 «3165 02686
15 01464 23811 .502.3 03438 03024
16 01429 «3835 03559 03464 03093
i B 21170 01165 01241 ol 25% 01334
18 oL ABT 03906 s 4585 03477 0 2740
19 01635 03854 03527 s 3418 03091
20 01945 02995 03669 23559 03298
2%} 01551 s 2 1.0 « 3606 03502 23003
22 06434 a B0 0694] 071201 8.4 263
23 01106 08702 c 4097 e 7415 D371
24 01262 02667 02845 s 3037 ol 510
a5 0ol1414 03691 03447 03362 02978
26 04511 24038 ¢ 3693 «3578 23538
27 01444 03226 03277 03409 02822
28 a3 2] 03907 03617 B oy 03392
29 g ! o 4627 04349 04251 o4 215
30 0D 656 04533 4080 3930 o4 255
a1 - Y o 3 TH0 <3820 «3B89 3500
>2 s 0776 00772 o U/T4 00772 00773
33 04860 04093 03787 03683 03776
34 03837 04291 04025 03932 03681
35 61727 03971 03784 03735 03173

——__.—_.._:-_...—--._...————_.:_._—:_::—___—:__——_:::::_—:—..—-:_:_:_—_—:_—::::::_



Appendix V- continued

Sample

Namber ol s a3 = g

36 03359 04554 » 4383 04318 03902
37 05086 4 e o 03860 03742 03809
38 2151 04056 03757 03654 03423
39 LR E 03700 +3805 ©3852 3571
40 01430 3122 03257 3452 02809
41 +5423 04471 04089 03961 4237
42 5576 04566 04161 04026 04297
43 02344 03955 03690 03599 23302
44 03900 04029 03736 03636 03528
45 05276 04410 04065 03948 04130
46 02986 03949 03723 03643 03401
47 65153 04233 03864 3741 04007
48 04483 63721 3417 03314 03426
49 04792 03904 03547 03428 03685
50 4795 « 4005 03690 03583 03714
% | 04268 23958 03685 03591 63583
52 4226 23885 03611 «3LT 3521
53 03509 0L T49 03461 03363 «3285
54 01497 3225 03145 03166 2762
55 06141 +5709 05084 04915 65007
56 02861 03763 s 3645 03598 03344
57 0 4066 03234 02899 02789 03029
58 h4T6 04058 03867 03797 03541
59 01069 01533 02179 02418 02297
690 02035 03656 23483 03420 23080
61 o 27%1 5900 1.0223 1e 1222 1.1692
62 01199 01194 02047 02233 02103
63 01023 : 10719 s 1641 X TT& 01713
64 - 1333 2200 22630 #2870 o 2505
65 e l442 01436 s 2327 s 2551 02625
66 01288 «3000 o 31TY « 3273 02902
67 01289 02408 02784 03026 02606
68 09630 < TT50 06920 06704 07319
69 o1148 03202 03248 03350 02690



=R i e el

ol 02 0% o4 o

01070 0066 02053 02269 02431
01428 03889 23855 03834 e 181
¢5005 ¢4108 03748 «3627 03887
o 333 o4000 o 1833 09167 09637
21356 21837 02485 02822 02612
e1212 03098 03224 03345 22835
02148 <3000 22879 03296 03495
01459 04038 83933 23889 03495
01581 03982 03732 03645 oS L8 T
0« 4060 04017 0 3657 N o 0T a3310
«LENL 01450 02210 03204 02637
02345 03824 a 2587 03504 o BEF2
01126 01958 02654 02982 02668
a 11917 o l744 02379 s 265) 02456
01364 03124 03397 03544 03050
04797 03989 03665 0 3556 03474
o L8N, 03498 03264 3184 0« 2664
01796 « 3199 e 3379 23586 c3043
01374 01368 02424 02655 22805
s LY 03062 03296 03477 = HOLS
ol427 22885 03319 03641 03020
05406 4613 04298 04189 03946
01174 01954 02492 02787 02482
P i 3| c385¢4 &3 18 03665 03332
01636 03804 o 3619 03630 03281
01321 « 2982 oS 185 a3 3% 02769
a kL F5 03644 03555 o Bkt e 29T
01306 e A i 03422 03324 a S
01142 «1653 02425 02793 8 &5 8
01661 02369 02980 03327 «3015
3288 GG b i 03598 03485 03250
o LS 01204 gk A7 02341 02511
«1204 03029 03062 03243 02539
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Appendix VI- Skewness values as estimated by
different formulae

Sample a o
Homber okl ok2 Sk 3 Sk
1 0000 .8 531 Ta 2316 .8 458
2 21882 02108 -03837 01226
3 00000 0.0000 19637 s2713
4 0-0000 0,L000 1.8911 02666
5 000000 05064 100245 05314
6 0-0000 0.0000 201256 02811
i 0-0000 01978 1. 7607 03840
8 00000 00,0000 1.7685 02583
9 -, 0000 -,0000 17181 s 2547
10 0-0000 0,0000 2,0988 02796
$q 000000 0,0000 1o4178 02307
12 02160 5169 05721 04663
13 0.0000 0,000 06565 00941
14 000000 4875 1.0462 05199
15 0.0000 06174 07765 05842
16 0-0000 06288 07983 05970
17 0.0000 0.,0000 2095 00562
18 00000 06296 o 7661 05926
19 00119 06230 0 1466 05839
20 00260 06112 "R b sSTET
21 0.0000 . 6048 s 7397 e -
22 02486 05083 ~o4734 = 1579
23 -o4689 —05240 —201913 "96754
24 000000 5287 10900 05558
25 00071 06472 8475 06196
26 21980 06109 07246 a3 702
27 0-0000 05544 09647 05606
28 01556 06391 «8082 2 HOT]
29 02336 05976 27860 05695
30 -s1411 -,3022 -02833 -0.2583
31 - 0550 .6800 " L6400 05260
32 00000 0,0000 0.0000 0.0000
33 02389 06789 08723 5502
34 01460 06115 28029 05834
35 00000 05669 «TT Tk 05437
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Appendix VI- continued

Sample
Miabpr Skl Sk Sk3 Sk
36 01100 06221 09004 06061
a7 02352 06215 07493 25831
38 0803 06167 07719 05828
39 00900 07297 142027 07098
40 000000 05440 1.0383 05616
41 02471 26075 07190 05665
42 02581 06181 07255 05763
43 20526 26059 0o 7771 05749
44 01561 06076 07611 05737
45 02264 05663 06740 05254
46 1027 06310 08506 06066
47 02432 06356 07596 05965
48 02189 06683 08311 06353
49 21382 04091 5208 03977
50 02257 06395 «71935 06052
51 21899 06342 28170 06043
52 +1927 06489 08363 06195
53 01427 06295 <7835 05953
54 00222 06392 09717 06293
55 02‘636 06100 06437 05547
56 21009 06388 09487 06261
5§73 02744 1.0000 1.3080 1.0000
58 02127 06750 09566 6576
59 000000 23058 18905 04639
60 00535 06618 09342 6436
61 ~0, 0150 »0o 2627 -2, 2881 - 0.0186
62 0-0000 0,0000 203544 02936
63 00000 0.0000 2:0110 02743
64 0, 0 000 045#5 =1 3864 .50&5
65 00000 0.0000 2.0421 22762
66 000000 05723 1.1373 05944
&7 00000 04668 1.2827 05297
68 0, ooco 2600 -B333 0o 5417
69 000000 06428 1a1072 06474
70 0.0000 o 4645 166947 05606
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Appendix VI- continued

Sample Q :

Nozber Skl ok ok3 Sk

i | 000000 0.0000 300499 «3241
Tl 00000 06343 10162 «6305
73 02466 66723 08.88 «6370
T4 «0250 03750 -0 18R =,0398
i 0-.0000 02650 15998 04166
G 0-0000 06104 1.1401 06246
T 20255 06111 1.9221 06632
78 o C037 26536 +9908 06435
79 000060 06044 01886 M e
80 01746 06348 0 7506 05944
81 00150 03103 2,0690 4613
82 00744 06766 09103 06532
B3 00000 04274 18751 25459
84 00000 «e3429 lo7656 24809
BS . 00000 0 L6552 102195 a3 T,
86 o 2375 06808 08542 06494
87 00000 06780 «8970 06527
88 OoOOOO 0 4407 09106 4683
89 00000 0,G000 25409 «3028
90 000000 04214 29455 04592
21 00000 05075 13320 05640
92 02406 06027 0 (673 e5706
93 00000 04014 lo5688 e5072
94 00302 06720 « 9909 06591
25 00267 06754 1.0045 o 6635
96 00000 05587 151449 05847
AT 00000 s 6735 1.0289 06646
=0 000000 06495 08124 «6165
99 00000 03120 2.0536 c4T77
160 00000 «3016 13462 04198
101 01300 «6553 0o 1972 «6191
102 00000 0,0000 20,5519 23033
103 000000 06042 106311 6079
104 4150 - 7794 1.125 0 o 7A 66
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Appendix VII- Kurtosis values as estimated
by different formulae

T =
;ﬁigii Kul Ku2 Ku
3 00435 - 508 5 5.9199
2 c1766& 13186 1:2896
3 01506 20()182 201872
4 02630 2.5456 201433
5 01105 08411 202549
6 01751 241801 202851
7 21103 2,0879 203269
8 01205 2.4230 2.,0692
9 01396 203725 2.0387
10 21133 207533 202688
11 02630 2.0722 18571
12 «3505 03729 «6891
13 01610 2.4860 241073
14 01109 08940 202344
15 21098 c4093 Zed272
16 01064 124 20,3004
17 02630 08640 1.1267
18 21075 03788 20,2508
19 s 1231 s 3704 1.9605
20 01406 +3807 |
21 oL i 23934 261316
22 03254 1.4610 1,2938
23 03420 6,4878 3,5621
24 01018 08697 2.3983
25 01086 4312 2,2676
26 03242 23682 0 7436
27 01084 s 7019 203090
28 s 2726 e 4053 . 8958
29 03241 ihB517 0 7650
30 03689 23205 06425
31 - 1405 <7200 1.8230
32 22630 06544 1.,0001
33 03401 4035 s LT
34 02522 04456 09814

35 ¢ L1 a4938 20,0854 <
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Appendix VII- continued

Sample %
Wrab Kul Ku2 Xu L
38 02012 05256 1.2559
T 03496 e3754 06914
3.8 01941 04060 L2585
39 01485 071432 s 1623
40 01061 07926 28767
41 03521 03683 06849
42 8 255G 03573 06750
43 01682 04290 lo4637
44 02766 04102 08844
45 03442 23914 o 7063
46 02120 «4610 E ol XA
47 s3541 03624 06795
48 03481 03798 « 6955
49 03590 03483 06669
50 03447 c3899 07049
Bl 03067 04u221 28008
52 23099 04172 07911
5 02688 03964 09058
54 01226 «5686 20,0508
55 03031 02889 o (274
56 02067 «5463 102348
B 03734 «3080 06318
58 03056 04942 a8226
59 20969 2,0390 206464
60 01542 24937 1.6289
61 20327 - 0678 03168
62 01895 3.0089 204234
63 02629 2.6655 202158
64 «1098 1.2955 2 2996
65 01261 206965 202345
66 «1007 08447 206079
67 21020 1.1647 204546
68 a0921 3.0417 20,8395
59 20892 «a6981 2o8T44

70 «0931 1.5806 209133
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Appendix VII- continued

Sample

e iad Kul Ku?2 Ku
Tl « 0956 37044 208438
72 00972 06212 20,6800
73 03547 03608 06781
T4 « 0584 3,8125 3.5064
ik, 01070 1.8157 203159
76 00938 0o 1846 207692
T 01330 05167 102860
78 20976 «5638 206265
79 01121 04429 202054
80 02949 03546 08137
81 00789 203793 26776
82 01729 o 4454 1.4309
83 20898 1,8223 209800
84 00974 1.8528 206245
85 00996 02388 26957
86 03473 « 38273 06977
o 00917 02297 26842
88 01248 o359 19844
89 01134 B0 1953 Zada]
90 01254 09026 156581
S 01005 1al%67 206351
92 03330 04245 a1 380
93 « 0967 1.5590 265845
94 01217 o 553 2,0888
95 = T 65414 il 167
96& 20996 « 8749 2o5087
97 20884 5690 209054
98 21012 05921 204016
99 00928 21807 2.8047

100 01176 1.5016 21654

101 02426 03674 9935

102 01010 33,2064 25428

103 0958 06859 205749

104 03140 o 49 26 - 8077



284

Appendix VITI- Metric values of median (Md), standard
deviation (QDa) and skewness (Ska) for .
use in diagrams of Buller and McManus (1972)

Sample Md (mm) QDa (mm) Skea,
Number
i 0,375 00079 0.057
2 00139 0.035 Sk 12
3 J0,138 0,009 0,000
4 00142 0,009 0,002
& 0,136 0,009 0,000
6 00139 0-009 0.001
7 0,138 0010 0.001
8 Uosl40 0.010 0,000
9 00139 00009 0.001
1o 00137 0,009 =0.001
| Uol43 0009 0,003
12 0,131 0,029 =0.015
i 15 Uol4b 0-014 0.005
14 0,136 0.010 0.005
15 0.134 0.010 0.001
16 0,134 0,009 0,000
L7 Js 142 0-.008 0,001
18 05137 0,010 0,001
19 00134 OoOlO ""00001
20 0134 0.012 =002
2k 00136 0,010 0,000
22 0,134 0.035 =0.016
23 0,177 0c134 0,102
24 00134 0.008 0,001
25 U0133 00009 "OOOO].
26 U0.131 0,025 =0y 01H
27 0.136 0,009 =0,000
28 U131 0.046 0.014
29 Uo 231 0,028 =0.016
30 0,094 0,028 00014
31 00132 0.,012 =0.004
3P 0,198 0.007 0000
33 0-128 0025 =0.017
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Appendix VIII- continued

ol e M4 (mm ) QDa (mm) Ska

245 0,137 0.012 0-001
36 00134 00020 —00008
=T 00130 0,027 ~0.016
38 Uol133 0,017 ~-0,006
39 00130 0.026 =0.017
4G 0,136 0,010 0,001
41 U.128 0,028 =007
42 00125 0.,028 =0,017
43 0al35 0,015 -0,005
4.4 00131 00022 —00012
45 0,129 0,028 -0,015
46 00,132 0-.018 =0.007
47 00127 0-026 =~0rel0 1T
48 o L7 0.023 ~00016
49 0,166 0,024 ~0,008
50 0,128 0.025 =0.016
el 0.129 0.023 =0,013
S 0.129 0.022 “0.014
o 0,130 0,020 =0'e 014
54 Ol 11372 0,009 =~0,002
L 0.132 0,032 =0.018
b Uol31 0,017 -0,008
57 00125 0,020 ""00020
58 Jol27 0,021 =0,018
55 0sl34 0,007 =0,000
60 0132 0,013 -0,005
61 Oolby 0.018 0,002
62 0.138 0.009 0,001
63 0,138 0,007 0,000
64 Qsl36 0,008 0,000
65 00139 0.010 -0,001
66 Oal33 0.009 0.001
67 00136 0,008 0.000
68 0,135 0.007 0,000
69 00134 0,007 0.000
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Appendix VIIT- continued

Sample Md (rm ) QDa, (mm) ska
Number
i deal35 0,007 0.001
VA 0,135 0,009 0,001
e 0,128 0.026 =0,018
T4 00141 0-011 =0,001
75 00136 0.,009 0,001
76 0.133 0.008 00,001
Tl 0,132 0,018 =0,008
=B 00,134 0,010 ~0,001
19 0G.136 00010 0,000
80 Uosl32 0,022 =-0.013
81 00133 00018 ‘_00008
82 0.132 0,014 =0,005
83 00135 0.007 0.001
84 Oc135 00052 "‘00045
85 00135 00009 ‘-00001
86 00130 0025 i & O 872
87 05133 0,007 0,000
88 00140 0012 0000
89 00139 00009 _00001
90 00139 00012 0,001
0 | : 0,137 0.009 0,000
92 Uol134 0.029 “0,017
93 00134 0,007 0,001
94 00132 0,010 “0,002
) Jol132 0.010 =0.002
96 0,135 0.008 0,000
97 00134 0,008 =0,001
98 0,133 0,009 0,001
2L 00134 0,007 0,001
100 0,139 0.011 0.001
101 0,132 0,019 =~00,010
1u2 U.137 0.008 0.001
103 00134 0-008 0.001

1G4 0385 0.088 =0.053
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