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ABSTRACT

The study'is concerned with the parametric description
of avselected size class of the gra9e1 bed]oad, collected from a
number of sample points, of the Tambo River in Eastern Victoria.
Lithological composition of the samples is investigated and
,re]atedlto the Tithological nature of the basin. Measurements
of form, sbherﬁcity and roundness are made for samples of the two
most abundant lithological types - rhyodacite and sandstone.
Changes in mean values of‘these parameters between stations are
related to operative processes, some of which can be characterized

- by the physical and 1itholbgica1 characteristics of the basin.

A'detai]ed description is presénted of the physical
environment of the catchment. Consideration is given to sampling
procedures and. the selection of suitable parameters to describe
- pebble morphometry. It can be shown that Wadell and Maximum
Pr059ctioh sphericity are partial expressions of form. R-mode
factor analysis is uséd to compare the relative merits of four
measukeﬁ of roundness, on the basis of which the Kuenen and Kaiser
measures.are used for further work. Subsequently the Kuenen
.roundness method is shown to be the most suitable for the purpose

of this study.



The quantitative relationships between the lithological
nature-of,the basin and the composition of gravel samples are
-investigated using methods of analysis first introduced by
Tricart in France in 1959 but apparently not previously applied

in the English speaking world.

The description of the mean form of a sample requires two
parameters but values of chi-square can be used as a single
parameter measuring the magnitude of change in form between two
sampling sfatidns. Changes in form, sphericity and roundness
canvbe related to four basic processes: abrasion, shape sorting,

s di]ufion and breakage. In the case of form and sphericity it is

shown that all four can be expressed in quantitative form.

.Changes in mean roundness of sandstone pebbles show a
marked trend with respect to distance downstream, but no such
.tendency can be observed in the case of rhyodacite particles.
Mean Kuenen roundness of samples can be replaced, with very little
1oss_of information, by'abrasion and breakage 1ndicesvdevised by

the writer.

Matrices of correlation coefficients are used to
investigate relationships between variables both within and between
samples and in the latter case also between the two dominant
1ithoTogies._'They assist in reaching a better understanding of the

‘nature of inter-relationships.



Finally, a multiple correlation and regression model is
employed to assess quantitatively the re]ative'importance'of
different processes in producing change in form and sphericity
between samples. In the case of rhyodacite highly significant
multiple correlations are obtained and it is found that nearly all
change can be explained in terms of processes and variations in
mean sample size. In the case of éandstone the technique is
less successful but even here changes in form at least have a
significant ﬁu]tfp]e correlation with parameters representing

processes and sample size.



INTRODUCTION

The Tambo Ri?er is located in East Gipps]ahd, Victoria and
at Bruthen where it emerges from the highlands, it has-a catchment
area'of some 1700 square ki]ometres (Figure 1). A few kilometres
south-west of Swan Reach the rivér flows into Lake King which
forms part of the Gippsland Lakes - a system of coastal lagoons
enclosed by a series of dune barriers. The river drains part of
~ the southern slopes of the Victorian AXpS. Almost the entire
basin upstream froﬁ Bruthen is characterized by very steep
slopes with,ioca] ré]ief, particularly in the headwaters, in many
cases exceéding 600 metres. Thevhighest peaks in the northern
part Qf.the basin reachvheighfs in excess of 1500 metres. Flat
land 1is virtua]]y absent except for discontinuous stretches of |
floodpiain and rivek terraces developed where the river passes
through more erodible rocks. These stretches are interrupted by
~Tong reaches of steep sided valley, which become gorge-like in
:p1aces. The only other 1ahd of.1owtre]ief is a restricted area of
basalt pTateauv(Nunnibng-Nunnett Plains), found in the headwaters

of the Timbarra River - a major tributary of the Tambo. With the



FIGURE 1

Location map of the

Tambo Rivér baéin
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exception of this small area of basalt, the basin upstream from
Bruthen has deVe]oped in Palaeozoic rocks, the dominant lithologies
being-granitéé, sandstones, rhyodacites and schists. The Tambo
River carries a heavy bedload and in the floodplain stretches a wide
shal]ow égnnel has‘devé]oped. Rapid bank erosion and a tendency

towards braiding are characteristic of this channel.

The Tambo River was originally selected for study because
of itsvprohinent‘beq1oad characteristics, the presence of well
preserved terraées in the floodplain reaches, the availability of
contodred maps for at least part of the catchment and the near
'abéencé of Targe tributaries. Also the Témbo is parallelled for
much éf‘its~]ength by the Omeo Highway, facilitating access. State
benchmarks alohg this road provide convenient starting points for spot
‘height determinations used in the construction of a longitudinal
profile of.the river bed. The river has a narrbw elongated basin,
the only major tributary‘being the Timbarra River. The only other
two tributaries of any significance are the Little River and the -

Haunted Stream.

The fieldwork was conducted utilizing the topographic
sheets for the Béirnsda]e (1:63,360), Bruthen (1:31,680) and
FStirling quadrang]es (1:3],680)which ha?e a 50 ft. (approx. 15 m)
contoﬁr interval. The area covered by base maps has recently been

‘extended due to the publication of the Omeo and Benambra



quadrangles at a séa]e'of 1:100,000 with a contour interval of

.40 metres aﬁd selected 20 metre auxiliary contours. When the

thesis was nearing cohp]etion preliminary compilation became available
for the Murrindal and Orbost quadrangles providing for the first -
time topographic information for a narrow strip along the eastern

- margin of the catchment including most of the area drained by the
Timbarra River. The p]ans are at a scale of 1:50,000 with a contour

interval of 20'metres.

| The purpose of the study is to give a parametric

deépfiptidn of a selected size class (long axis between 32 and 64 mm)
of fhe gﬁaVel_bed]oad of'the Tambo River by sampling at points
selected at'interva1s_aTong the course of the sfream. The two rock
.typés selected for.the study wéfe rhyodacites and séhdstones; The
paramefers'obtained invthis way are then related to channel
~morphology and bther’environmenfaT conditions. Sampling for fhis
purpose was combined with an ésséssment_of fhe lithological compbsition |
of.the”graye1§ ih the same sizé=c1ass at each sampling point.
Pkepqration of a Tithological map bf the basin enabled a

._comparison to‘be made betweén the,]jtho]ogica] composition of the
o sémp]e and the catchment at-eéch Samp]ing station using a method

bfirstvprbposed by Tricart (1959).

ThroughOut this thesis, wherever statistical techniques

" have been applied to test either correlations between variables or



[S7]

differences between sampies, the term 'highly significant' indicates
a level of éignificance of less thanv0.1%, the term 'significant'

a level of sighificance of less than 1% and the term 'probably
significant' a'1eve] of sighificénce of less than 5%. .Any

exceptions to this usage are indicated in the text.



CHAPTER 1

THE ENVIRONMENT

Climate

It is difficult to obtain a balanced assessment of the
climatic tonditiqhs_of the Tambo River drainage basin as there is
a considerable contrast between the higher portions ofbthe catchment
wHich extend into the cool sub-alpine zbne and the enclosed basins
and narrow va]]ey_f]oors'fpund along the course of the main stream.
. Sett]ement'and the location of climatic stations are restricted to
the»]atter situation. "Even if this were not so the extreme relief
~ would make generalization difficu]t as it introduces strong local
variations depending on site and éspect. The only stations within
the basin for which 1ong term records are available are Bindi, Ensay,
 Tambo'Cros§jng and Bruthen. The rainshadow effect of the mountainous
cbﬁhtry to the west is reflected in the mean annual rainfalls of fheéé
stations whi;h vary between 63 and 74 cms with Bindi having the
lowest and fambo Crossing tHe highest value. Bindi at

approximately 400 metres has the highest elevation.



There are few stations at higher elevations in the East
Gippsiand regioh and none within the Tambo drainage basin. The
nearest is Omeo at an elevation of 640 metres with a mean annual
precipitation of oniy 66 cms. Temperature and precipitation
characteristics of'fhfs station are quite atypical of the
surrounding region as thé Omeo Va]]ey experiences marked foehn and
raiﬁshadow effects; Two other stations in the vicinity of
Benambra (730 metres) and Hinno Munjie are even_drier with mean
ahnual prétipitations of only 58 and 63.5 cms respectively. Mean
'annua1 precip1tatiQn at highér elevations can be approximated by
-accepting the estimates of Morland (i958) for the HMurray River
baéin'fhatvpfecipitation increaseé'by about 25 cms for every 300
metres rise;in altitude in the'basin.» This means that mean annual
 tofa]s_of'150'to_175 cms can be expected to occur in the highest pérts
ofﬁthe Victorian A]ps. At Tow elevations precipitation shows a
'-.remarkab1y even dfstribution'thrOUQhout the year but with increasing

_ altitude a trend towards a winter rainfall maximum becomes apparent.

"The mean annual témperature near sealevel is approximate]y
]45C while Hotham Heights (1860 metres) in the Upper Murray Region
has.a mean annual temperature of only 5°C indicating‘a normal
1ébse rate of 0.5°C per'TOO metres for the East Gipps]and region.
‘ The répid]& in;reasing rainfall coupled with a marked temperature

lowering as elevation increases means a rapid rise of rainfall



efficiency with altitude and this in turn is reflected in the

altitudinal zonation of natural vegetation.

Snowfall d]so-increases with altitude. Snow in the lowlands
neér sealevel is extremely rare. At Omeo (640 métres) SNOwW occurs
annualiy and has been recorded as often as 10 times in a year while
'bver the highlands snow may occur during any month of the year
~and in winter most1of the precipitation is in this form. Severe
- blizzard conditions can occur over'the exposed Alps. Most of the
information on climate has beenZObtained'from Anon. (1954) and

Linforth (1969).

Vegetation and Soi]s

'.Most of fhe Tambo River catchment rémains under forest

- vegetation. Land clearing for,agkicultuke has been restricted to
f]oodep]ainé and terraées bordéring the river and to smaT] basins
developed onvthé more erodibTe rocks. Extensive clearing has

taken b]ace near Bihdifwhere the Taravale Mudstones and Shales
have}gfven rise to more subdued relief and also around Swifts Creek
and Ensay Where areas under]aiﬁ by granitic rocks have been cleared.
The forested'areés particularly at lower elevations ére utilized

extensively for timber with the 1ndustry centred on Bruthen and



Swifts Creek. The bulk of the vegetation of the area is sclerophyll
forest dominated by species of Eucalyptus. At elevations of less
than 500 metres the relatively low precipitation and skeletal

soils ine rise to dry sclerophyll forest, the domfnant species

' béing E. globoidea. Undergrowth is often scarce due to the high

| frequency of fires and consists mainly of shrubs belonging to the

genera Acacia, Banksia and Hakea.

At higher elevations up to 1400 metres wet sclerophyll

forest is common and is dominated by the eucalypt species

E; ob1iqua and E. delegatensis with pockets of E. regnans on the
Nunniong-Nunnett Plains where better soils aﬁd low angle slopes |
fa§qur the development of a distinct vegetation. Undergrowth

.at ‘higher elevations is much denser, consisting of shrubs

bélonging to the genera Pomaderris, Bedfordia and others together

- with abundant ferns. 'In rainshadow areas a more open forest

dominated by Callitris sp. and Eucalyptus albens is found.

Above 1400 metres sub-alpine woodland is found with

Eutalxptus;paucifTora, snow grass (Poa dustralis) and a variety

of a]bine'shrubs. No truly alpine vegetation is to be found within

the catchment under study.

The soils are predominant]y sandy podsolics derived from

granjtés, rhyodacftes and sandstones. Apart from some young



PLATE 2

Accelerated erosion of granite
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alluvial soils of limited extent they are all sfrong]y}1eached.

The combination of sandy soils and relatively steep slopes has
encouraged soil eroéion where Tand clearing has taken place.

Gully erosion is particularly severe at Tongio Gap, near Bindi and
’_to the east_of Swifts Creek (P]ate-z). Except on one property

neér Bindi;'ljttle or ﬁo effoft has been made to control accelerated

erosion.

Geology -

| The'geo]ogy of fhe catchment area of the Tahbo River has
' nof;been mapped sysfematica]ly'with thevexception of a small area

| ‘around the mouth.of the-Tambb_whjch is included in the Bairnsdale
géologica1 sheet (1:63,360) published in 1960. To éompi]e a

_  1ffho1og%éa1vmab of'the'area_(figurévz) one has to fe]y on
pdb]fshed regfond1' studiés such as.those.by Gaskin (1943) of the
Bﬁhdi»area; F]efcher (1963) whose mapping included part of the
Timbarra River cétchment; and Tattam (1929) who studied the |
ﬁvmétamofphic bé]t extendjng into the Tambo catchment from Omeo to
the south-east as far as Ensay. Other material is a?ai]ab]e in the
form of pub]ighed and unpublished reports and maps producéd by

the Geo]ogfca1 Survey of Victoria including material prepared for

inclusion in the Geological Map of Victoria (1:1,000,000) published



FIGURE 2

Lithological map of the

Tambo River basin
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in 1963. Some information was also obtained from unpublished theses
in the Geology Department of the University of Melbourne. The most
Cimportant study was by w;>Williqms}which included some detailed
mapping of the granite comp1ek in the Brookville - Swifts Creek -

Ensay area.

' An exce]]ent summary of the geo]ogy of East Gippsland
is given by Talent (1969). Wh11e dealing mainly with the
:Stratigraphic sequence and geological history it also includes
‘sma]] sectidns on ]andforms and Qeological structure. A briefer
_faccdunt_of the!physidgrauhy;-geqquy and minera1-resources.of the
fEaSt-Gibﬁs]énd'region is given'by ThomaS'(1954) while some
' t'1nformat1on on the geo]og1ca] structure of the area 1s found in
| Thomas (]958) Determ1nat1on of potassium- argon ages of some of the
East G1pps]and gran1tes by Evernden and R1chards (1962) has helped
to elucidate the geo]og1ca1 h1story A br1ef account of the
.geolog1ca1 history of the area’ w111 be given, based 1arge1y on Talent

i(]969).

_The oldest rocks that:crop out in the catchment area
'occurlas-great thicknesses'of'unifohm rhythmically bedded sandstones
With,minqr slates. They are strongly folded and faulted and are
‘.characterized:by a-paucity of fossils. Such fossils as have been
'fcund (e.g.Aat-Mount Nunniong) indicate an Upper Ordovician age.

- These sediments represent a typical turbidite sequence characterized



14.

by graded beds, small sca]e cross.beddihg, and flute casts. Their
deposition was followed by fhe Benambran Orogeny with the intrusion
of.granitic rocks in a beft extending south-east from Albury up

the Kiewa Riverkva11ey and from there 1nto the study area as far as
Ensay. Associated with this line of intrusions is an extensive

belt of metamqkphic eocks - mainly schists and gneisses which are
considered to be equivaient jn“age to the unmetamorphosed Ordovician

sandstones and slates.

‘The Ordovician sediments are oVer]ainvunconfermab]y by
roeks of Silurian age. The oldest unit is the Mitta Mifta Volcanics
,eceﬁeisting_offa sequence of ignimbrites, fhyodacites, rhyolites and

tuffs. This ﬁnit is difficu]t tb_dietinguish from the later Snowy
‘RiQek‘Vo]Cénfcs ofFDevonian age except on stretigraphic grounds; |
| ;Ali‘outcrobs of acid and intermediate'vo}canic rocks in the Tambo
| _bésin Have been assigﬁed to the Snowy River Volcanics but more
| detailed mapping may well show that some at least rebresentvthe
Witta Mitta Volcanics. These volcanics are overlain by the Wombat

Creek Group - a sequence of conglomerates interbedded with minor

o Iimestonesfand fine-grained terrigenous sediments. The unit has

a minimum'thickness of 3000 metres. Within the Tambo catchment it
crops out in a series of fau]t slices between Bindi and the
headwaters of the Indi River where the sequence is known as the

" Cowombat Group. The conglomerates reach their maximum development



15.

in this. area where they are mapped as the Mount Waterton formation.
Depogition of the Silurian sediments is followed by another orogenic
‘phase - tﬁe Bowning Orogeny - associated with further folding and
intrusion of grénites. Granites south-east of Ensay, near Tambo
Crosé{ng appear to have been intruded.during this phase as well

as a Targe area of granodiorffe (Mt. Stewart Granite) in the middle

and. upper reaches of the Timbarra River (Evernden and Richards, 1962).

Thé‘grahite!is over]ain'uhcomformab1y by the lower
DeVonian Timbarra Formation consisting of a thick sequence of non-
marinefcongTomerates, sandsfone and siltstones with a minimum
thickness of 1500 metres. Thé'formation,is found east of Buchan
énd;exfends into the draiﬁage basin of the Timbarra River. In turn
this fdrmation is oQér]ain by thé‘Snowy River Vo];anics consisting
of more théh 3000 metres of rhybdacites and tuffs. Although most
| extensive in:tﬁe Snowy River area they occupy 7.5% dF the Tambd
catchment horth'of Bruthen and make a very significant contribution "
to the bed]oad of this river. According to Talent (1969) the next
~period of deposition represented by the Buchan Group was preceded '
by .a period of epéirogenic block faulting with planation which
éffected the Snowy Rive} Volcénics énd the underlying Cowombat

Group.

The Buchan Group has been described in detail in the

Buchan area by Teichert and TaTent'(1958). However, a very
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similar sequence can be found at Bindi where it has been mapped

by Talent (pers. comm.). The Buchan Group has been divided into
three format{ons. The Towest islthe Buchan Caves Limestone
consisting of gréy to dark co]ouréd_fossiliferous_]imestones with a
;measured thiékness at Buchan of between 260 and 280 metres. The

, formatioh is wé11‘deve1oped affBindi (Gaskin, 1943) where it has
' an_average‘dip of 30° to the WSW with a prominent cuesta scarp
marking the eastern boundafy of the outcrop. Next is the

Taravale Formation which reaches a maximum thickness of 580 metres
at Buchan énd consists of mudstones, shales and impure limestones.
Thfs formation also outcrops exfensive]yAat Bindi where it forms an
- area of subdued relief. The third formation recognized at Buchan
is the Murrindal Limestoﬁe with a maximum thickness of 295 metres.
It is interprefed by Teichert and Talent (1958) as a facies change
stratigraphicé]]y equivalent to the upper part of the-Taravale
. Formétion. It has not been recognized in the Bindi area. On the
basis of fpssfl content the wHo]e of the Buchan Group is placed

- in the lower half of the Midd]e Devonian.

Deposition was terminated by the Tabberabberan Orogeny
which led to deformation of the older rocks accompanied by'further
intrusions of grahites. This tectonic phase occurred from late

Middle Devonian to early Upper Devonian times.

The Upper Devonian séw a resumption of sedimentation with
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the déposition of the Mount Tambo Group containing shales and
sandstones interbedded with conglomerates up to 12 metres thick.
The thickness of the grodp is in excess of 3000 metres. It crops
out in a belt extending from Mount Tambo to Mount Shanahan near
Bindi. The group represents the youngest pre-Cainozoic sediments

known to'crop out in the Tambo River basin.

Trfaséic.syenités and.granite porphyries crop out east of
Benémbra and a small portion of this extends into the,Tambo River
'catchmeht at Mount.Little Tambo. There is no further evidence for
'igneous activfty until sometime during the Terﬁiary when basalts
 'weré‘extkuded at a number of scattered localities. The only
sjgnificant-outcrop of basalt within the study area is a belt 16 kms
]ong and up t6-5 kﬁs wide undér]ying the Nunniong - Nunnett plains.
The e%act agé of this basalt is uncertain but what evjdente'there is

tends to favour a mid-Tertiary age (Talent, 1969; Beavis 1962).

Théfdéposition of Cainozoic sedimentary rocks Within the
Tambo River b&sih is réstrictedlto a small area near the mouth of
the Tambo south of an east-west line passing through the town'of '
. Bruthen. This area forms-part of.the eéstern portion of the
Gippsland Sedimentary'basin (Boutakoff, 1956). Sedimentation
-commenced in fhe Jurassic in the central portion of the basin and
first extended into the Swan Reach-Lakes Entrance area during the

Upper Eocene where it is represented by the Lakes Entrance Formation.



18.

Deposition of alternating marine and terrigenous deposits probably
extends into the Pleistocene. The Cainozoic succession is
summarized by Talent (1969) but is not discussed in detail here
beceuse no sampling of gravel bedload was carried out south of

Bruthen.

An exception must be made for the P]io-P]eistecene quartz
graQe]s extending north-eastward from Bruthen parallel to the present
'ceurse of the-Tambo River. They appear tofbe the "torrent gravels"
'keferred to by Talent (1969) and others and have been correlated with
similar gravels (Haunted Hi]is Gravels) cerring much of the surface‘
of fhe Gippsland Basin including the area between Bruthen and the |
modth of the Tambo Rivef The gkave]s'to the north-east of Bruthen
are c]ear]y f]uv1at11e in or1g1n but are found one hundred metres
vand more - above the present day river. The presenceof torrent
grave]s has been explained either as due to rapid uplift of the
‘highiands to the north (Jenkin, 1968) or as a result of
_ elimatic change (Talent, 1969). Talent suggested that deposition
of the gravels took p]ace across extensive piedmont ereas by
streamsewfth gfeatiy augmented flow during the Pleistocene.

Whatever their erigih, the Tambo is now entrenched at least 100
metres below this level. This entrenchment extends upstream
a]most as far as Tambo Cross1ng and may reflect marginal

upwarping of the Pa]aeozo1c bedrock bordering the G1ppsland basin
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during the Pleistocene.

| Another controversial aspect of the geology of the region
~is the age of the Kosciusko Uplift - the main period of upward

, movement responsible for-the;extensive area of highlands in eastern
Viétdria and New Soufh Wales. The age of this movement has been

p15ced as récéntly as late P]focene and even Pleistocene by some
(Jagger'and Browne, 1958; Crohn, 1950) while others (e.g. Beavis, 1962)
'pléce'the'beginnihg_bf the up]ift.as_fariback as early Tertiary

times with'intermittent later movements.

~ Regional Geomorphology

In his description of the geology of East Gippsiand,
 Talent (1969) gives'a broad classification of five'landform types

of which three are represented in the area of study.
. . |

v(]) Mountainous tracts are defihed as areas of strong relief

‘with deeply incised valleys with accordant ridge tops common
over distanceé-of many miles. Occasional prominent

hountain masses stand above these accordant suﬁmit levels

as though'répresenting residuals above a:former widespread

erosion surface.
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(2)_ Tablelands are undulating surfaces with broad valleys and
1qw divides beve]]ing the high parts of the topography more
or less Eegard]ess of rock type. Areas of Tértiary basalt
(e.g. fhe NUnniohg'- Nunnett tab]e]énds) have been included

in this type.

,(3) 'Infermontane basins comprise small afeas of low relief that

are due to differential erosion of more easily eroded rocks.
Examples from within the Tambo catchment given by Talent

include the Bindi.and Ensay - Swifts Creek areas.

v"A ]érge“proportién of thé Tambo River catchment can
proper]y be.described-as mountainous tract. As indicated in the’
iﬁtroduction it is characterized»by'extreme lTocal relief and very
 steepls]opes; Talent claims the common §ccurrence of accordant
summifs ovér considerab]e disfances and to test his claim all
summits forythe afea éoveked by the Bairnsdale, Bruthen and Stirling |
topographic sheets were p]otted‘on an overlay, including a
considerable area to the wesf of the Tambo catchment drained main]y“
by the Nicholson River. Contouring of summits shows'a gradual increase
in éummit_heigﬁts towards the north but summit accordance is not
striking enough to suggest that they may represent portions of old
dissected erosion surfaces.' Another argument that can be broughf
- to bear agdinét the prevailing opinion that summits represent

remnants of a much dissected erosion surface is the complete absence
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of flat summits within the afea examined. Outside this area only
the Nunniong - Nunnett Plains show marked accordance of flat summits
(Talent 1965)‘but they are more readily explained as modified
remnants of thevsurface of the uppermost member of the sequence of

basalt flows which underlfes this area.

Of considerable importance in.relation to this study is
the occurrence of periglacial and possibly glacial landforms and
deposits in the Victorian’A]ps as it must be considered highly likely
that much of the gravel bedload of the present day Tambo ijer was
made avai]éble by the prevalence of mechanical weafhering by
vfreéze aﬁd'thaw,'partfcuiar]y at higher elevations during the cq]d

stages of the Pleistocene.

‘ ~ Evidence for P]eisfocene gTaéiation ih the Victorian
Alps has been brought forward by Carr and Costin (1955) who have
claimed that the brésence of ground-moraihe, asymmetrical hills,
'U-§haped'va]1eys,'trunCated spufs and hanging tributafy valleys
is evidence of cirque and valley glaciation on the Bogong High
PTains, Mount Bogong, Mount Hotham and Mount Feathertop. Beavis
(1959) has since ﬁade alcritica1 re-examination on the Bogong High
Plains of the evidence presented by Carr and Costin and contends
' that their evidence 15 not substantiated by detailed field
examination. He claims that "... it is possible to assert that

no indisputable evidence of Pleistocene glaciation has been found
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on the Bogong High Plains“. More recently the'evidence for
g]aciation-of the Victorian Alps has been re-examined by Peterson
(unpublished thesis, 1969) in a number of areas and his findings
are esSentia]]y in agreement With those of Beavis in that no
unequivoca]'evidence'of g]aciation has been found. None of the
1o¢a]ities'where the pfesence of glacial features has been
suggested:faijs within the area drained by the Tambo River and on
presént evidence g]aciation cannof be considered as a process
contributing to the gravel bedload of the river during glacial

periods.

.“On the‘confrary, evidence of perig]acial landforms

Aappears to be_widespreadvaf higher elevations although ]itt]e
work has been'done to assesé their extent. Cafr and Costin
(1955) briefly mentioh the:opcufrence of boﬁ]dek runs (?), stone
~-polygons ahd‘stribes from séveréi,]oca]ities particularly in
assoeiation with basalt. The only detailed study of periglacfa]
Tandforms'is-by Talent (1965) who has described biockstreams of
o rhyodacité boulders from Mt. WOmbargo, Big Hill and'the Cobberas
extending down to altitudes of about 1200 metres as well as the
occurrencewof stone banked terraces composed of the same rock
type. Evidence of the fossil nature of both 1andfofms is presented.
His obéervations iﬁdicate the susceptibility of the:rhyddaciteé

to frost weathering and this is of interest because these rocks
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outcrop extensively at higher elevations in the headwaters of the
Tambo River and pebbles derived from them form a substant1a]

proport1on of the grave] load of the Tambo in the size range studied.

' ' in the Victorian Alps little information is avai]able on’
the 1ower 1ihit to}which periglacial processes were actipe but
on the-highlands of southern New Soutn Wales this 1imit is thought
to be at least 1000 metres and possibly 700 metres (Galloway, 1965)
Whi]e in Tasmania the limit was down to 300 metres or even lower

(Dav1es, 1965 1967). Us1ng these figures as a gu1de the general

' ‘1eve1 of the 1ower 11m1t of per1g1ac1a1 processes in the past must

have lain somewhere between 500 and 1000 metres. Davies (1969,
pagesj12513)vnas stressed however that this 1im1tvmay vary depending
Aon Tithology and states that "different rock types react different]y'
to-frost weathering and frost-induced mass movement - they vary in
:'their readiness to be mobi]ised by frost. Because of this,
perig]acia]-conditions may appear to have extended nearer to sea
Tevel on some rock types than on others". Huch of the bedload
transported by-the Tambo River at present is probab]y derived by
the’ rework1ng of co]]uv1a1 aprons, fan deposits and older alluvial

, terraces built up under periglacial conditions. Remnants of massive
gravel terraces and alluvial fans are particularly we]] preserved

near Swifts Creek between Tongio and Doctors Flat.

Natural reworking of'o1der gravels by the river has been
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accelerated by anthropogenic‘factors of wnich mining has been the
most important. The late 19th century saw an upsurge of mining in
‘the area, hain]y of deposits of.go1d and cassiterite occurring in
the form of aT]uvia] deposits as well as some reefs and veins.
Mining appeafs to'have caused'a sudden increase in the bedload
of the Tambo Rivef leading to marked aggradation in the lower
reaches of the stream particularly near Bruthen where the river
enters the piedmont downs (Plate 3). Daily records of gauge
heights for the Tambo'River at Bruthén haVe been kept by the
Victorian State Rivers and wétér.Supply Commission since September
1885 with a break in the record from 1932 to 1937. Figure 3
shows fluctuations in Tow water level due to aggradation from 1885
- to 1961.and indicates very rapid aggradation between 1890 and 1898
cﬁusing an ejevation of Tow water level by 3.5'metres. This
périod cofncides with the mining boom in East Gippsland. Slow
aggradation continued until the early 1920's. A photograph of a
bréided stfetch_of the Tambo River upstream from qutheh
: published by Hills (1940, fig. 72) was probab]y'taken'during this
period as it -shows spooT bars composed of sand - a féature that
cannot be seen today as the bedload is now dominated by gravels.
,'Local information also indicates a marked reduction in the sand
load of thé river in reéent years. The effects of mining operation$
have been to increase the amounts of older alluvial deposits being

reworked by the stream as well as introducing "foreign" material



PLATE 3

Channel morphology of Tambo

River at Bruthen
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FIGURE 3

Change with time of elevation of low

‘water surface of Tambo River at Bruthen
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frqm hard rock mining operations - the vein quarti foﬁnd in the
gravel samples is probably derived from this source. The increase
in-load was undoubted]y further augmented by the resulting
uhdercutting of alluvial banks adding still further to the supply
offsand;ahdigravel bedload of the stream. The greater abundance

: of'sénd in the recent past may also have resulted in effects of

abrasion different from those prevailing at present.

In order to determine the efféct - if any ,- of
Variations in gradient'on the morphometry of the gravels, a long
profile of the stream'was.constructed by using a self-reducing
- tacheometer.to measure differences in height between a series.of
' mdre or less regularly spaced bench marks along the Omeo Highway
andllow.waterileve1 of the rivek._”Idea]]y a continuous traverse
sﬁould have been carried out but»thié was prec]uded by the 1ehgth
oquhénnel'involved (148 kms) and the difficulties of access and
terrain. The 1oﬁg profile is shown fn figure 4 where each height
determination is indicated by an open circle. ‘Tributary profiles
were constructed from cbntour information only and must be
regarded'as very approximate. The Tambo profi]e is almost
étraight from sample station 1 down tol48 kilometres from its mouth
with'ah.average gradient of 3.2 metres per kilometre .and it is}on]y
in the ]ower'reaches‘that the brofi]e becomes cohcaye upwards and

a marked reduction in the gradient can be observed. Sand as bed



FIGURE 4

Longitudinal profile of

“Tambo River
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material becomes huch more abuhdant below station 7 and no
significant amounts of gravel bed material have been observed
downstream from the Bruthen Road bridge. The gradient from here

to fhe coast averages only 0.54 metres per kilometre. Between
Tongio and Doctors Flat near the upstream end of the surveyed

reach there is a tendency for the profile to become concave upwards
once more - a characteristic which appears to be related to the
obvious reduétioﬁ in size of bed material fn the downstream direction

in this section as observed in the field.

- The survey revealed only one marked irregularity in the
profile. | Sample station 4, just‘upStream from the Haunted Stream
junction, appears to-be 1ocated in a short low gradient reach with
marked steepenings both above and_be]ow. The ]owér steepening may
be associated with the introductiOn of coarse bedload material

into the Tanibo River by Haunted Stream.
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CHAPTER II

PARAMETRIC DESCRIPTION AND SAMPLING PROCEDURE

. Choice of Parameters

The parametric description of pebble morphology in this
study involves the use of fwo distinct groups of parameters: shape
:;and roundness. A_very'extensive literature is available and sdme
of the eérTier work is referred'tgvin Pettijohn (1956). Important
§ontributions to the descriptioh of shape not mentioned by Pettijohn
were made by Folk (1955) and Sneed and Folk (1958). Similarly
$1gh1ficént advanceé in fhe measurement of roundness were made by

Cailleux (1945) and Kuenen (]956).

Measures of shape: Early classifications of shape were descriptive

and used such terms-as prismoidal, pyramidal, wedge-shaped, etc. as
‘approximations to regular geometrical bodies. However, it was soon

realized that a numerical measure of shape was required to enable the
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use of statistical -methods in the comparison of samples from

- different populations. Provided that the particies are not too
irregular in shape they can be assumed to approximate to a
triakia] ellipsoid whose three axes can be measured with vernier
calipers using the method suggested by Krumbein (1941). The
termfno]ogy of Sheed and Folk (i958) is followed and the longest

- axis of a pebb]e ié designed L*, the intermediate axis I* and‘the
shortest éxis.S*.  The'intérmediate axis in defined as the longest
dfmension at right angles to L*. The plane in which both L* and I*
lie is known as the maximum projection plane of the partic]e. The
.'shpft axis S* is defined as the greatest dimension at right angles
to fhe maximum projection plane and_the plane in whfch I* and S*
1ie is termed the minimum projection plane. Ai] thrée axes are

‘mutua11y perpendicular but néed not pass through the same point.

Using these three basic measurements a number of indices

- have been designéd to express particle shape. Most of them are
‘.méasures of'éghericitz and measure the degree to which the partié]e
'épprokimatés to a sphere.' The advéntage of all sphericity parameters
is that they can be expressed as:a single number so facilitating
sfatistica] cémparison. Their greatest disadvantage lies in the
:fact that they fail to discriminate between the large range.of

shapes ékhibited by particles with low sphericity.- Discs, blades

and rods cannot be distinguished from each other by using sphericity
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as a parameter. Yet the types of low sphericity shapes present

.'end their relative abundance can be important indicators of the
pfocessequperating in moulding particle shapes. For example it

' hés frequeht]y been claimed that pebbles subjected to wave action
“tend to become discoid in shape while current action tends to

pfoduce blade- and.rod-like'shapes (Williams, 1965). It is not
.:possible to describe shape adequately with one parameter. VA shape

: pdrameter proposed by wi11iams (1965) has the advantage of

| distinguishing between»disc and rod-Tike shapes but fails to separate

f blades from spheroids.

‘An adequate description of the shape of a pebble
apphoximating to a triaxial e]]ipSoid requires two parameters. One
- of the ear11est attempts to do this was made by Z1ngg (1935) who
dev1sed a c1a551f1cat1on of pebb]e shapes in which I /L is plotted
'aga1nst S /I . The poss1b1e range of values pf both ratios is
between. 0 and 1. The diagram was spbdivided to distinguish four
classes: d1scs, “spheroids, b]ades and ro]]ers A more elaborate
c]ass1f1cat1on of shape was proposed by Sneed and Folk (1958) who
| 1ntroduced the term "form” for a two parameter description of shape.
The form of each pebb]e is plotted on a tr1angu1ar diagram (Figure 5)
using the axial ratios S /L and L -1 /L -S . The diagram takes the
fohm of an eqUi]atera] triangle with the three corners representing.

- the end points of three dimensional shape variation - sphere, rod



FIGURE 5

Form diagram after Sneed and

Folk (1958)
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and disc. Pebbles approaching these end points are referred to
respectively as compact, elongated and platy by Sneed-and Folk.

The authors divide the field of.variation'into ten classes which
gives a much more equal quantitative division of bebb]e frequencies
than the Zingg'classificatidn,as well as being more suitable for

detailed wofk.

In this study it was decided to use two measures of
1spherﬁcify. Wadell sphericity (w*) was first introduced by Wadell
(1934) and quified by Krumbein (1941) for'use with calipers. It
hasﬁbeen widely used particularly in the United Statés. Its formula

is .

Maxim&m projection éphericity (M*) was developed by R.L. Folk in
1946 but its first introduction in thé literature was in Folk
(1955) under.the name of "effective settling sphericity”. In a
1atef paper (Sneed and Folk, 1958) fts name was changed to maximum °

projection sphericity. It has the formula
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o

This sphericity parametef was advocated (Sneed and Folk, 1958) as a
more natural measure of sphericity than the Wadell index since it

héd beeh'désigned to take into account the hydraulic behaviour of the
particles according to StokesbI Law. Experiments by Sneed and Folk
(1958) indicated that values of maximum projection sphericity
correlated muéh more c]bse]y'With both settiihg velocity and rolling
velocity than is the case with Wadell sphericity. In order to test
the ké]ative merits of thé.two parameters under field conditions it
was decided_to make use of both. 'In addition to the two sphericity
méasures it was decided to use Sneed and Folk's form classification

to group pebbles in each sample into ten form classes (Figure 6).

Measures of roundness: Roundness is concerned with the sharpness

of the edges ahd corners of a particle and-is a parameter which should .

be independent of size and shape within samples. Sedimentary

particles - especially the more angular ones - may have many corners.

'Computatibn of somevear1y'indices of }oundness-requires the

V i heasurement of the radii of curvature of all corners of the particle -
A usually in a part1¢u1ar b]ane - whfch are then summed and averaged

-to give the overall roundness. Since an adequate sample must

contafn aijarge-number of pebbles such a method is far too

-1aborious.fpr'practiéa] use. Other methods such és’the one

proposed by Powers (1953) rely on visual comparison with a standard.



FIGURE 6

Form diagramﬁthh rhyodacite

sample .4 plotted
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Although this method allows rapid measurement of roundness an element
of subjectivity is introduced. Folk (1955) studied operator error
in the determination of roundnéss using Powers' roundness images

as a standard and found if to be considerable.

An improved index was proposed by Cailleux (1945) who
suggested measuring only the sharpest corner in the maximum
projection.plane. To determine tﬁe radius of curvature of this
éorner he placed the particle on a chart on whichAa series of
‘concentrjc rings Weke,drawn with the radii indicated in millimeters.
The'pgrtié]é waszplaced with the maximum projection plane paraliel
to the chart and moved across until the sharpest corner fitted one
of the curves. The radius of curvature (ra) was then read
Ajrect1y from the chart ("Cible morphoscopique"). The Cailleux
roundness is éa1cﬁ1ated dsing the formula

C* v 2ra

A

L

After doing some experimental work on rounding, Kuenen
(1956) observed that the Cailleux index contained elements not only
of roundhess but also of shape. The maximum value .of the index is
1Abut can only be reached by parfic]es which develop into perfect
spheres or disés. The greater the disparity in length between the

long axis (L) and the other two (I and S) the lower the maximum value
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of the Cailleux index. Rod-like shapes tend to roi] with thé
L-axis horizontal and at right angles to the current direction.
Under these ﬁonditions continued abrasion can be expected to cause
a progressive decrease in the Cailleux index. Therefore the
'Aindex is 1ike1y-to be least safisfacfory where particles are.highly
" rounded and where the proportion of rod-like particles in the
Samp]e popuiaiion is high. To remedy these shortcomings Kuenen
suégested_a new roundness index which is calculated using the
forﬁu]a |

*
I

At an egr]y stage”in the present study it was decided to
“use both indices to test their relative merits. Sﬁbséquent]y,
however the writef became aware oflanother index probbsed by Kaiser
(1956)'in an obscure publication but referred to by Blenk (1960C)
: whovgives the formula -
* _ 4ra

Ka = ——
L +I

It was thought that factor analysis would be a useful tool to assess
the relative merits of the three indices proposed. The ideal

_ roundness index for the purpose of this study is one which is
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completely independent of both size and shape within a sample
.because roundness variations between samples can then be considered

solely as a function of environmental factors and sampling error.

Factor Analysis: Factor ana]ysfs is a generic term for a variety of
techniques that attempt to describe complex re]ationships aniong
many variables in termsvof siﬁp]er relationships among fewer
Yariab1es.(Spencer 1966) and can be carried out by two distfnct

but related precedures known as R-mode (factor) and Q-mode (factor)
‘anelyst. The procedure relevant to our problem is R-mode which
attempté to describe a 1arge'number of Qariab]es in terms of a

: sha]ier number. of independent variables or factors explaining
Between them neér]yva11,the observed variatfon. In other words

a 1arge number of yakiab]es'which are in partkmeasuring the same-'
'thing is reducedvto the smallest possible number of independent
 sQurce§ of variation. The technique'is discussed in detail in
Rumme1 (]967),'Harman (1960) s Cole and king (1968) and Krumbein
and Graybill (1965).

Briefly the procedure has as its startfng point a data
‘matrix of n x N spaces where N is the number of individuals and
_n‘the nqmber of variables. From sample location 7, a sample of
150 pebbles within the size range (32 mm < L* < 64 mm) was

collected from each of the two MOSt abundant lithological types - '
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rhyodacites and sandstones and the following eight variables were
recordéd for each pebble: weight, long axis, intermediate axis,
short axis, radius of curvature of sharpest corner in maximum
projectidn plane and the three roundness indices of Cailleux,
Kuenen and Kaiser.. This gave a data matrix of 8 x 150 for each of
the two rock types considered. Factor analysis was then applied
uSing an existing programme written by Dr. Christopher Gee formerly

of the Geology Department at the University of Tasmania.

The first step in factor analysis is the conversion of
the data matrix to standard form to make the total variance of the
matrix equal to n. It is then converted to a correlation matrix
~of n x'n spaces (tables I and II). For any variable in standard

form we.can write the linear expression Z. = a..F. + a_,F
Co : J jTi j2 2

| aJmFm aJUJ where the coefficients 215355 ,aJ are known
as. factor loadings. The factors involved in more than one

variable (common factors) are denoted by F],F2 . Fm and these

factors account for intercorrelation between variables. The

_.unigyé,factors are involved in only one variable and are denoted

by U Un' Communality of the standardized variable Zj is

]’UZ e e
the sum of the squares of the common factor coefficients, and
: ekpresses the proportion of the total unit variance accounted for

by the common factors (Harman, 1960).
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Table I - Factor analysis of size, shape and roundnesé parameters
for rhyodacite sample 7. (Values rounded off to

three decimal places.)

Correlation Matrix

Weight | L* I* s* | ra | C*| Ku* | Ka*

Cweight | - | 771 | .833 | .827 | .51 | .240 | .127 | .208

. * 0 B . . )

L . | - | .80 .521 | .415| .056 | .098 | .076

I o ~ - | .620 | .568"| .3457| .100 | .262
R - - | .382 | 176 | 062 | .14

ra | ] | - | .o17 | .854 | .915

o o Tl ] - | .909 | .987
Ka -

 Average qorre]ation‘cqefficient .598. Number of samples 150.

- Significant factor loading .049.

1Tab1e of Eigenvalues

| Factor o Eigénvé]ue o % Exp]anatioﬁ Cumulative %
o 4476 55085 - 55945
2 289 31988 87.933
3 5120 6398 - 94.331

4 .350 4.369 98.701

Four eigenvalues greater than 0.1.
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’f~Table,If~(Cdn§inued}5

. i»lrhitiaIVFacfdr Matrix

G LRacter Ve < T2l 3 4
' Meight . .69 - s6717 - .075 -.035

6460 -.468 -.250

N |

L TS LN 7~ B

556 -6l 508 -.1930 -

L9632V -.099 . .038

R 1 R - NN P A
CLoiss. 04 o -082 224

.31 Lk oM 004

.. -0 . Varimax Matrix

U e T ety
 'fV,f,w§i§hf:f” 1§f§135vjv’?:§37o§; CGS13 - 407 950
U’;V{Lﬂt7{;5f;371045.'QQa;;431q5;:j,'Q;é19, a0 993
ST e han -9 Cw .99
st BT, R Y B P R RO
T v 5{v{f;g?@égl'f: _liss 1;':';.277 283 .987
g ;f;t R ;72m969 ;.1“-3,09i~ Cooon 20 .995
K ',980:;i- .-.qQ3 o098 . -85 - .992
Kkt .99 -.061 007 077 999



. Table I

LU Facter® .

1

43.

(Continued).

Variance from Varimax Matrix:

% Exp]ahatidn: -"'_ o : Cumulativel%
o 4eT7 a7
21}33' | 6860
s 85.97
w273 - .0
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~..Table II ?:"Factor analysis of size, shape and roundness parameters
'j'for'sﬁhdstone sample 7. (Values rounded off to

;.€ th?ee_decima] b]acés})A

Corre]ation Matrix

o '%7:wej§hf»f "E*‘ . "Sf' L o W* | ke
-*f';i.wgighg; .;‘ff:fj_ .735 | .849 | .809 | .367 25| -.037 | 070
o] - | 626 | .08 | 203 |-.088¢| -.020 |-.034

R l:fl'i S ;6255 4187 L2267 | ~073 | 25|
fffsu;,aﬁ” B . o - 228 | .098-| -.008 | .027

,» v ol -] s | s | Lot
e T L L - e | s

,fAverage corre]at1on coeff1c1ent .551. Number of samp1e5»150.

.’_fS1gn1f1cant factor. loading 056

~ Table of Ejgenva]ues"

,,,,,,

: jigﬁgg; - A. Eigenvajué | ¢ Explanation - Cumulative %
Y .3.926 | 49.695 . 49.695
e 36769  86.466
627 7883 94.307
30 420 98.557

e W N

R tFpurlgigtha1ues'greater than'O.l.



Table II (Continued)

" Ka@ . . .997

Factor 1
Weight . - 510
L .355
- ,
1. 524
s .382
ra .975
M L * X
C .900
L
Ku .790
Ka : .885
Factor = 1
CWeight . .072
T x .
L - . .00
N
I -.109
S
s . - .016
ra . .928
.
cC .. .974
.
’ Ku " .964
- |

1nitia1 Factor Matrix

-z
-.831
~.706
-.737
-.717
.139
.395
553
462

‘Varimax Matrix

2

708

.238
.454

972
-.142

.072

-.086

.013

3

.532
.947
.380
.146
.226

-.109

.051
-.048 -

-.045

.579
~.013
-.503

.086

-.128
.105

-.040

.409
197
.795
.155
.218
.164
- -.207
.034

45.

-.058
-.178
.419
-.274
.040
110
-.201
~.000

Communality
‘.957
.992
.99
.990
.979
.993
.982
.998
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Table II (Continued)

Variance from Varimax Matrix

Factor - . | :%vExplanatioh ~ Cumulative %
L 4%.89 . 46.89
S | 21.76. ~ 68.64
17.66 - 86.30

s W N

i2.26 - 98.56
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The pfocess of extraction of factors is best understood
in terms of a geométric mode]l (Rummei, 1967) fn which individuals
are'presented as aXes at right angles ‘to one another forming a
framework within which each parameter can be represented as a
vector. _The7space‘used in the analysis of factors fe]ating to
fmoreAthan three individuals is multi-dimensional space, also

known as hyperspace or vector space.

The corre]at1on matrix factor ana]ys1s produces f1rst of

all the unrotated or 1n1t1a1 factor matrix where projection of the

vectors on_each of the axes g1vesvfactor loadings for each factor
for each variable. In this matrix the first factor defines the
]argest battern of're]ationships in the data, the second the next
' 1afgest pattern and so on.. A.disadvantage of the initial factor.
matrix is tﬁat it groups unrelated clusters. :This matrix can be
” used fo éompufe‘a table of eigenvalues for each factor with the
pefcentageandcnmmlative percentage of the variance explained

~ by each factor The e1genva1ue of a factor is the amount of the

variance in standard form explained by that factor.

The next step is orthggpnal rotation where axes are

rotated in a rigid framéwork at right angles to each other so that
the first axis coincides with the most prominent cluster of vectors.
~ Various computational techniques are avai]ab]e but the one employed

here ‘is the "varimax" technique.- Orthogonal rotation was felt to be
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paktiéu]arly.well suited to the problem as it is specifically
designed to isolate uncorrelated cluster patterns. Thus from a
suitably arrénged data matrix containing information on the size,
shape and roundneés characteristics of a samp]é of pebbles,
orthogona]nrotatidn should, after varimax rotation, extract a
rdundness factor which is independent of both size and shape.

Thjs factor can be identified from the varimax matrices (tables I

and II) whith represent the factor loadings for each factof in
respect of each variable. The loadings measure which variables are
involved in wﬁich‘factor pattern and to what degree~and can be
.intérpreted like correlation coefficients (Rummel, 1967). It follows
that the‘fouhdness’factor can be identified as factor 1 in the tables
by'its high Toadings on houndﬁess indices and Tow loadings on
variables measufing size and shape. The higher the loading for a

. particular index the less dependent it is on 6ther factors.

| The'actua1 percentage of variation of an index explained
by thexroundness factor is obtained_byrsquaring the loading and
multiplying by one hundred. fhe varimax matrices would seem to
indicate thaftthe most satisfactory index to use is the Kaiser
Index. In the case of the rhyodacite sample (tabie I) this index
has 98.88% of its variance explained by the roundness factor while
~ the Teast éatisfaqtbry is c1ear1y the raw roundness measure which

- has 6n1y 79.46% of its variation explained by this factor. The
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Cailleux and Kuenen Indices are intermediate with 93.99 and 96.08%
exp]anation‘respective]y. The sandstone sample shows a similar
 pattern. As a kesu]t‘of the assessment of roundness measures using
factor analysis further work was limited to the use of the Kaiser
and-Kueneh'Indicés shown to be the least dependenf on both size and

shape.

Methods of sampling

The sampling procedure; had to satisfy a number of
requirements. As the study was originally designed to enable
 :¢omparison to’bé'méde between‘preﬁent bed material and fossil
.gravels in river ter}aces’the methods used had to be as nearly
simi1ar as boésib]e to those that cou]d be dsed to sample fossil

outérops in road cuttings, gravel quarries and river banks.

The characteristics of the bedload gravels selected

for investigation were:

(i) Lithological composition. The method selected basically
followed the pioneer study in this field by Tricart (1959)
which despite its original approach seems to have made

little if any‘impact in the English speaking world.
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(ii) Form. (or shape) was investigated using the form classif-

ication first proposed by Sneed and Folk (1958).

(ii1) ,SEhéricitx. The two parameters selected for use were Wadell
sphericity (Wadell, 1934) and Maximum Projection Sphericity
. (Sneed and Folk, 1958).

(iv) Roundness. The original se]eétion of roundness parameters
for:the study consisted of the Cailleux and Kuenen indices.
Howéver,‘ét a later stage the writer became aWarehof the
éxiétehce of.the Kaiser index and of the possibility of
using factor anaTysis to assess the extent® which roundness
indices were inf]uen;ed by factors related to size and shape.
Following factor analysis the Cailleux index was replaced

by the Kaiser index.

Sihée parameters measuring all four characteristics listed
above may in part be a function of particle size, sampling ought
to be restricted to as narkow-a size rangé as possible but in practice
this réstri¢tjon is limited by the practical problem of collecting
a']arge enoﬁgh sample in a reasonable time. The choice of size
class is 1%mited}in the upward direcfion by the same conéideration.
Samples composed of large pebb]es would be too bulky to transport.
If‘on the other hand a sma]]lsize class is selected measurement

becomes inaccurate in relation to size. The size class selected



was based on Tong axis measurements between 32 and 64 mm, the same
class used by Sneed and Folk (1958) in their study of pebbles

in the Colorado River. It must be pointed out that even in this
nakfow range Sneed and Folk found that particle size had a great
',effect on sphericity and form. Howeyer, préctica] considerations

. réqufre the use of.the same size class. In any case the Tambo

_1River may well behave in an entirely different way to the Colorado.

ft may also be argued‘fhat weight is a more satisfactory
criterionlof Size than long axfs measurements and that size
selection on the basis of weight will be hore satisfactory. While
~this.is probably true it creates practical probiems when‘col]ecting
in.the field. However the'corre]ation matrices produced for
samples of rhyodaciteé and sandstones from station 7 (tables I and
II) show that the intermediate axfs correlates more high]y with
the weight of a pebble than either the long or the short axis and
some slight advantage may be gained in future studies by the use of

a size class based on measurements of the intermediate axis.

Nine sample stations were selected on gravel bars (either
point or spool bars) along the course of the river. A typical
examp]e'of a point bar is shown in plate 4. More or less equal
spacing of stations was aimed for but actual sample localities
'ffequently.depénded on accessibility and the presence of abundant

“pebbles in the right’size class. At the selected point a peg was



PLATE 4

Gravel point bar with slip face

facing downstream
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driven in and a circle one metre in diameter set out. Working
from the céntre outwards two hundred pebbles within the required
.size limits weré.co]]ected and.identification of Tithological
content was made on the §pot. Only in one case (sample 1) was it
found nécéssary to go outside the sample circle for a sufficient

number of pebb]es.'v

- The_rock typés selected for measurement of form, sphéricity
and roundness had to be sufficiently abundant at all sample sites
to enable collection of a large sample jn a reasonable time and on]y‘
two - rhyodacites and sandstones - met this requirément. Ideally
the Séiected litﬁo]ogfes should be unaffected By chemical weathering
iﬁ the study'area and both were satisfactory in this respect.
S]ight weatheking out of quartz and feldspar phenocrysts was observed
in éome rhybdacité pebbles at stations 8 and 9 but this was not
$foicfent1y marked to affect their morphometry. A desiréb]e'
charactefistic of any rock type se]e;ted'for measurement would -also
be that it is as isotropic as possible, i.e. it should not show
preferféd orientation of weaknesses which tend to cohtro] form and
_ sphericity to such an extent that the influences of the
prbcesses‘invo]ved in bedload transport may not be discernible.
In this'reSpect the rhyodacites - being massive rock typeé -
appeared to be the most suitable. fhe sandstones were less ideal

from this point of view.



~ The rhyodacite and sandstone pebbles obtained in the

jithologica] sample were added to until 150 pebbles 6f each
"~ lithology were obtained. This_samp1e size was considered sufficiently
'1arge for the purpose of this study following extensive reading of
the literature dealing with aépects of particle morphometry. In
thé case of each pebble the three axes (L*, If and S*) and the

" radius o% curvature (ra) of the sharpest corner in the maximum

- projection plane were measured. Axial measurements were made

"to the néarest 0.1 mm using a pair of calipers with vernier scale.
- As mentioned.earlier Cailleux's "cible morphoscopique” was used to
measure ra. All sphericity and roundness 1nd1ces were multiplied
by-TOOO to faci]itate computation and representation of -
inférmation; This conforms with common practice by European

workers and enables easy comparison to be made with their resuits.

The original plan included sampling of the larger
fributaries of the Tambo but, with one exéeption, this did not
'prove}practica1 because not sufficient bedload material in the
selected size class could be found. The Timbarra River for example
has had ifs gradient steepened above its junction with the Tambo
and for severa],hi]és upstream it flows in a narrow deeply incised
bedrock channel containing little or no bed material. The
; exception was the Little River which was sampled at site 10. This

sample cdntained no rhyodacite pebbles but its Tithological
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composition was determined and measurements made on a sample of

sandstone pebbles.

In order to process the 11,400 items of numerical information
obtained in this way a cohputer programme was written with the
'assistance of Mr. N. Chick. This prodﬁced for each sample the
dfstributibn of the pebbles in the ten form classes. For the
Kaiser and Kuenen roundness iﬁdices, as we]l as the Wadell and
MaximUm'Prbjection sphericities, the.mean, standard deviation,
ékewness, kuftosis andvfrequency distribution of twehfy classes
are ca]pu]&fed,: Finally the programme also computed:Corre]ation
coefficients and ‘regression lines betweeh all possible combinations
of the four parameteks of roundness and sphericity within each
sample (Appendix).‘ The computer processed_informatibn forms thé _
"basis for the']aier'discussion of relationships both within and

‘between samples.
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CHAPTER III

“ANALYSIS OF THE DATA

Lithological composition.

" The 1ithologicé] compésitibn of each of the nine samples
collected'alohg the Tambo Riyer is illustrated in figure 7. It
can'readi]y be seen that the composition of the bedload within the
"sizé range studied is dominated by two 1ithologjes: rhyodacites .
and sandstones. Others form only a minor component including
‘gfanites_which neverihe]ess crop out over large areas. The
.deficiency in gfanite‘cdntent appears to be due;to the observed
rapid grahu]ar disintegration of granite pebbles present in the
bed material. The percentage of rhybdaqite pebbles ‘decreases
'markediy downstream from the Timbarra.River junction (between
stations 6 and 7) and reflects the more.limited extent of outcrops

of this rock in the Timbarra catchment.

In order to relate the Tithological composition of



FIGURE 7

Lithological composition of samples
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samples tb outcrop patterns a lithological map of the whole of the
Tambo catchment was compiled (figure 2.) and all information
available up to 1968 included. Unfortunately the patchy nature

and variab]e qua]ity of geological mapping in the area, as outlined
in Chapﬁer I rendérs the investigation of relationships between
areas of outcrop and gravel composition less rewarding than miéht’

otherwise have been the case.

| The approach used is similar to that used by Tricart
(1959) for a number of rivers in France. For each rock type

- within each sample, Q2 - the percentage content in a particular
séﬁp]e - has been calculated. Similarly at each Samp]e point and

for each lithology, Q. - the bercentage area of the catchment

0
over'which a particular lithology crops out - was also computed.>
:Q'is the Fatio Qé/Q0 and is a parameter first suggested by
Cailleux as QiVing an indication of the yield of material from a
particular 11thology, within the size-class examined, in relation
“to other rock.types. A value greater than 1 indicates.an above
avéragé yield, a value of less than one a below average yield |
(TabTe III); For éach'rock type the values of Q from the nine
statiohs have been averaged to give Q. Although there is a good‘

deal of variation between samples, a characteristic value of Q

cha?écterizes each lithology.
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Relationships between 1ithology of samples and outcrops

.Samp]e - Granites -Rg;odqcites ' Sandstones, Limestones
- ~quartzites :

S R R O PR IS IO I OS CI [ R

1 9.5(25.75{0.37]22.5/20.56}1.10}52.5{27.02] 1.94{ - {2.05] -

2 7.0]27.32{0.25(38.5 11.63|3.31{40.0{27.19{1.47§4- |1.15] -

3 12.5|32.28|0.39|38.0{ 8.72|4.36 36.0 25.76{1.40{- {0.87|-

4 20.0133.29(0.61130.0| .7.55{3.97}36.5{28.39|1.29}- |0.78|-

5 7.0{28.0210.25]39.5| 8.07|4.90}44.5140.00{1.11¢- 0.62 -

6 8.5(27.45(0.31|38.5| 8.14(4.74|46.5{41.4¢|1.12|- |0.59]-

7 ~ 4.5(29.95{0.15123.0| 8.07(2.86162.5{41.75{1.50}- _0.44 -

8 3.0{29.20(0.1324.5| 7.87(3.11]60.0{43.30{1.39{- |0.43|-

9 4.0129.3410.14120.5| 7.49|2.74164.0144.40 1.44 |- ’0.41 -

q 10.29 3.45 1.41 -




~ Table III (Continued)

Rélationéhips between 1ithology of samples and outcrops

: . - Basalts . Vein Schists, lSiltstones
‘Sampie - | quartz slates
Mo gy o | fo foglafe, | o | @ fog) g |0
1 - lo.80| - [s.5{? |-|7.0] 8.61]0.81]- |15.21]-
2 1.0{0.45|2.22(8.0(? |-[5.5(23.66|0.23]|- | 8.60]-
3 | 1.0/0.34(2.94)7.5|7 |-|5.0]25.58]0.20|- | 6.45|-
4 - 10.31} - {6.5{? |{-|7.0{23.75|0.29}i- | 5.93-
.5 - |0.24| - |7.0]? |-|2.0{18.46]0.17- | 4.58]-
6 = lo0.23| - |5.0|? [-Ih.5[17.740.08]- | 4.40|-
7 1 3.5|1.49|2.35[3.0|? |-1B3.5{14.13]0.25|- | 4.21}-
g | 2.5[1.45[1.72|p.0|7 |-|B.0[13.80]0.22|} | 4.10|-
9 - 1.38] - [B.0{? |-[8.5[13.12]0.27 |- | 3.90]|-
o 2.31 - 0.26
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Values of Q can not be determined for limestones and

. siltstones because no'pebb]es from any of the samples can be
identified as belonging tb either of these lithologies. Therefore
no vaTués can be calculated for Qz' For basalts QR can not be

- determined for five samples because no basalt pebbles are present

- and the value of { repfesents the mean of the values of Q of the
four remainfng samples. The first reason for the absence of
pébb]es be]onging to these rock types apbears to be fhe relatively
~sma11‘areas of outcfop within.the baSin,'particuTar]y of 1imé§tones
and basalts. The second reason is that pebbles of Timestones and
siltstones are'rapidly removédAduFing transport - the latter are
'prbne to rapid disintégration and the former are attacked by solution
processes andlére a]so.subject‘to répid abrasion on account of

their Tow hardness.

In the case of vein quartz it is not practicable to
_determine afeas ofvoutcrop and this problem has been-discussed
~at length by Tricart (1959). Vein quartz is probably most
éommon in fhe granitic_rocks but also accurs in other rock types.
Even if,areas'of outcrop could be calculated the value of Q would
be suspect as a true measure of relative yield of debris under
natural conditions in the size class being considered. Mining
operétidns méy well have provided a significant source of vein

quartz in the recent past.
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For rhyodacites, sandstones and basa]ts.the value of
Q is abové 1 although figures for basalt must be treated with
4caution because of the sma11'number of pebbles involved. Rhyodacites
' yie]d more matéria] per unit area of catchment than any other rock
type.’ This may reflect their susceptibility to frost weathering
during cold climatic conditions-(Talent, 1965). The occurrence
of outcrops at higher elevations, together with the resistance of
these rocké both to abfasion and chemical weathering'under the
pfevai]fng énvirohmental conditions, are other factors that must

be considered.

For schists, slates and granites the value of Q was
less than 1 reflecting the tendency for these rocks to yield
'.fragments that are rapidly broken down into smaller detritus

" during transport.

It was decided to investigate for one Tithology -
-rhyddacife - the possible relationships of Q with mean distaﬁce
from outcrop (Di;) and mean altitude of outcrops (AL?) for each
sfation.4 Beéause of the time consuming procedure required to
obtain these parameters for just one rock type this part of the
.investigation was restricted to rhyodacite only which, because
of ité homogeniety and massive nature, is also the most useful
lithology for the,investigatioh of factors affecting roundness,

form and sphericity for which the same data can be used.
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The first step Qas the superimposition of a 2000 metre
sampling grid over the catchment. Most of the area is covered
by the 1:100,000 Omeo and Benambra topographic sheets with metric
contours and grid enab]ing'the existing grid to be used for
samp]iné. On non-metric maps cbverihg the remainder of the area a
mefric sampling grid was superimposed. One sample point was
selected within each grid square using the stfatified systematic
uﬁa]ighed method of sémp]ing in brder to ensure an unbiassed
estimate of mean athtude (Berry and Baker, 1968). .For each
sahpling point'mean a]titude of outcrops (A]r) was détermined
as follows. If a point fell on a contour its height was considered
to be that of the contour while if it fell between twovcontours
its height‘was taken as befng half-way between the two. Where
contour 1nforﬁa£ion was in feet the same procedure was followed
but in Conveksion.to metric units each value was rounded off to
the nearest multiple of 20 metres. From each point the distance
to-the location of the nearest gravel sample station was heasured
by the horizontal distance down the slope to the nearest stream
and from there downstream along the channel. The horizontal
distance rather than the slope distance was used because it is
more easiiy measured.' With the values involved in this study
.horizonta1 distances are very large compared with vertical
distances. Changes in values obtained by substituting slope

distance for horizontal distance would be very small and well



FIGURE 8

Sampling grid for outcrops

of rhyodacite
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within -the margins of error for measurement of horizontal distance
from topographic maps. Figure 8'il1u§trates the sampling
brocedure in the area upstream from sample station 1. From this
information»the mean distance (Dir) from rhyodacite outcrops

to the sample location was calculated for each station.

Where measurement of distance was made on a scale other
than 15100,000 the measurements were not simply converted to kms
but a correction factor applied to take into account the variation
invdetqil for an irregular stream path shown at different scales.
This factor was obtained empirical]y by measurement where maps of
tWo differént scales were avai]abTe for the same area. For
example, distance measurements made on a map scale of 1:31,680 after
conversioh'tq kns had to be mu]tipiied by a factor of 0.92 to make
thém comparable wifh‘measurements made on a 1:100,000 map scale.

The results are shown in table IV.

The next step was the correlation of Q with A]r and Dir‘
The corre]ation coefficient between Q and A]r was .036 indicating
viftual]y'no relationship between Q and mean altitude of outcrops.
ACorre]atibn between_Q and Dir‘yie1ds a coefficient of .480 (t =
1.155) and while fhis is not significant this may well be due to the
small number of Samp]es involved (n = 9). It indicates that 23%
of the variatfon in Q .can be explained in terms of variations in

distance from outcrops.
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54

Table IV - Values of A]'r and Dir for samples of rhyodacite

» Sampl No. of A]k (m) Dir (km)
| Mo po’1ntsv (mean altitude (mean distance
' of rhyodacite from rhyodacite

outcrops) outcrops)

1 37 1.10 - 1040.00 35.20

2 31 3.31 1040.00 57.91

3 31 4.36 1040.00 82.81

4 32 3.97 1040.38 92.03

5 40 4.90 928.00 87.54

6 ol 4.74 921.95 97.59

7| s 2.86 830.37 95.23

8 54 3.11 830.37 104.50
9 2,74 830.37 112.16
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When it is considered that Q is subject to errors in
geological mapping and sampling as well as identification of
rhyodacite in the field and furthermore_- since Q is related to QQ'—
is also dependent on variations induced by the presence of other
rock types_fhe bositive relationship between Q and Dir is at least
suggestive. As indicated earlier the chéracteriética]ly high values
for Q found for rhyodacite reflect-at least in part their
 resistance to abrasion and chemical weathering during transport and
a positive re]ationship betweén Q and mean distanée from outcrops

(A]r) can therefore be expected on theoretical grounds.

‘Further explanation of the variations in QAfor rhyodacites
may be possib]e whén Di 15 calculated for outcrops of other
lifho]ogies contkibuting significantly to the load within the size.
;rénge‘investigated; especially sandstones and to a lesser extent
schisfs and granitéé but lack of time to cérry out the procedures

" involved did not allow further investigation.

Another related asbect of the 1ithological composition
of the gravels investfgated by Tricart (1959) was the relationship
between changes in QQ (AQQ) and changes. in QO (AQO) between stations.

'He considered the significance of three possibilities.

Case 1 =~ .AQQ >"AQ0 > 0
Case 2 - - AQ2 > 0 > AQO

Case 3 - AQQ < AQO
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He further claimed that the three cases just stated gave information

reIating to the physical behaviour and degree of reworking of

particular rock types between two stations.

Before considering

this further it must be pointed out that Tricart's three cases are

not exhaustive - other'relationships may occur. To cover all

- possible relationships the following cases must be considered.

“Case 1 - 4Q, > AQ,. (a)
| (b)
) N (c)
Case 2 - AQQ < AQO‘ . (a)

~ (b)

(c)

both positive
AQ, positive, AQO'negativé
both negative
both positive
AQ2 negative, AQO positive

both negatfve

Case 3 - AQ, = AQO rare occurrence

L

Values of AQ, and AQ, are set out in table V for three

Tithologies: rhyodacite,.sandStone’and granite. Behind each pair

of values the case which app1iéd to the relationship between them

-is indicated. It can be seen that the relationship appears to

vary in a completely random manner both within and between

-1itho]ogies. The influences of lithological.constituents other

‘than the oneAbeing,cohsidered probably affect the values of both

AQ, and AQ0 to such an extent that the relationship between them

has 11tt1e-if any meaning.
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Table V - Values of AQ, and AQ, for rhyodacite, saﬁdstone and
granite
Rhyodacite Sandstone - Granite
_SaﬁgTe M,  AQ, Case | 4Q,  AQ; Case | 4Q, AQ Case
1 | -

~¥16 -8.93  1(b) | -12.5 +40.17 ~ 2(b) | =2.5 +1.57 2(b)
. .2 -0.5 -2.91 1(c) | -4.0 -1.43 2(c) | +5.5 +4.96 1(a)
’ -8.0 -1.17 2(c) | +0.5 +2.63 2(a) | +7.5 +1.01 1(a)
_ * +9.5 +0.52 1(a) +8.0 +11.61 2(a) | -13.0 -5.27 2(c)
° -1.0 +0.07  2(b) | +2.0 +1.40 1(a) | +1.5 -0.57  1(b)
fév -15.5 -0.07  2(c). | +16.0 +0.35 1(a) | -4.0 +2.50 2(b)
! [+1:5 <020 1(b) | -2.5 +1.55 2(b) | -1.5 -0.75  2(c)
| j -4 -0.38 2(c) | +4.0 +1.10 .1(a) | +1.0 +0.14  2(a)
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Form Composition

The pebbles in samples of 150 collected from both
rhyodacites énd sandstones at each of. the nine stations were grouped
into ten form classes using the method of Sneed and Folk (1958).
Differences between successive samples were then tested using the
chi-square test. This sometimes necessitated grouping of classes
to meet the requirement that the expected frequency in any class
shall not fall be]ow_five. Thisiréquirement has been adhered to
throughout a]fhough it has recent]y been claimed by Snedecor and
Cochran (1967) that it is too strict and that the chi-square test
is accurafe enough if the smallest expected frequency is at least 1.
The research on which this statement is based is documented in
Cochran'(1952).' Classes were grouped only where they shared a
’ commoh,bordek invthe form diagram (figure 5). In the case of
'sahdstoneSthe degree of grouping needed for comparisons varied
slightly causfhg variation in the number of degfees of freedom. The

‘results are shown in table VI.

In most cases form differences between samples are not
significant but both rock types‘show a significant change - highly
significant in the case of sandstone - between stations 6 and 7. It
is between these two stations that the Timbarra River - the Tambo's
largest tributary -vjoins'the méin stream. ‘In addition sandstone

-shows a probably significant change between stations 7 and 8 and
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Table VI - Between sample changes in form composition
Sapdstone CICP} P{VPICB| B|VB|CE|. E|VE|Values of ch1'2 Degrees| Significance
: AFs of of
freedom| difference
1 2| 5)13| 4[20(43|23| 7|24| 9
: — +—t 6.176 7
2 0 712 9244011311 |29| 5
: - ’ 9.158 7
3 41816 2(21(49(|16| 8(30} 6
11.264 7
4 218|118 620141124 7117 | 7
' — 13.902 7
5 5(9¢9] 3[16(39(15{14{31| 9
5.556(5.273) | 8 (7)
6 6912|2128 3211152510
— - - 25.774 7 highly sign.
7 3110{20| 8|11 [41(26| 518 8 ,
+- ~ 15.806(15.002)| 8 (7) |prob. sign.
- 8 11420| 5[14 (46 (151819 8
- , 9.361 7
9. 21325 |6 0247 14190193 3
10 BI9M3| 15803 B513
Rhyodacite AF.
1 2 ‘
8121[ 1112} 37|23]11[30|5 3.728 6
2
| 517 j5 4116|45{15| 4|34{5 1.488 6
3
4 19112{1j11|56|10{11{31]|5 9.128 6
4 3 0| 26)5| 8fag| 8| 8 29 4 o5 874 6 highly sign.
5 1
116 12 1130{46] 5{16|21|2 3.140 6
6 | ) .
3 o1j2l2si51) o1ONTIS| g 53, 6 sign.
7
1 .13119]4{13{58|20| 8{20]4 3.070 6
8 1 8'23 0{13{57114| 9{23{2 3.874 6
9 3 10[20]3{13{51]12[16{19|1| ,

'C - compact, P - platy,
Values .of chi-square in

B - bladed, E - elongated, V - very
brackets are adjusted for 7 degrees of freedom.
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rhyodacite shows a highly significant change between stations 4
and 5 where material from the Mt. Elizabeth rhyodacite complex is

beginning to be fed into the Tambo River.

There appears to be no systematic change in form in the
downstream direction for either rock type. Comparison between
sandstone samples 1 and 9 indicates a probably significant difference
while in the case of rhyodacite thereis no significant difference.
Changes fn mean form were also plotted on a trianguliar diagram
(figure 9) in the manner of Sneed and Folk (1958) with arrowed lines
indicating the direction of form changes between samples. It will
be noted that the mean form for all samples in both lithologies
falls into the bladed class and that the changes are of a relatively
small magnitude. Between the upstream stations (1 and 4) changes
in mean form for rhyodacites and sandstones are remarkably similar
in direction but this similarity disappears further downstream
although there is a slight tendency between downstream stations (6
and 9) for it to reappear. In both rock types the diagrams fail to
indicate any progressive change in form downstream confirming fhe
results of earlier comparisons between stations 1 and 9 using the
chi-square test. Although the mean form diagrams fail to show
consistent behaviour between the two lithologies with regard to
direction of change there does - from visual inspection - appear

to be a closer relationship between the two with regard to the



FIGURE 9

Mean form and chénges

between samples

73.



SANDSTONE RHYODACITE

Compact Compact

B 5

B

...................................................... U,
]
]
]
1
1
]
]
+
[l
]
1
1
1
]
|
:
]
[
-50 -50
Platy |._I Elongated _ Platy L—I Elongated

,._
!
-
|
7



74.

magnitude of the form change between stations. This can be
rested quantitatively by correlating the values of chi-square
-~ ubtained for changes in the form of sandstone pebbles with the

~ corresponding values obtained for rhyodacite.

| waeVer, before such a correlation is carried out,
an adjustment has to be made to the two values of AFS related to
’ eightvdegrees of freedom (Tab]e_VI). Such an adjustment can be
acﬁieved by §ubst1tuting two values of chi-square which, with
seven degrees of freedom, have exactly the same level of significance
as the original values. This is done graphically by ‘plotting
- values of chi-équare with eight degrees of‘freedom against those
;withvseven degfees of freedom for every level of significance for
which values are given in thevchi-square tables (Snedecor and
Cochran, 1967; page 550). A linear relationship is obtained and
the graph. is used to make the conversions. The two adjusted
values are shown in brackets in table VI and replace the original
va]ués’whgreyer AFs_is used as a variable in correlation regression -

analysis.

When the vélues of chi-square for sandstone (AES)
are cdrre]atéd with those for rhyodacite (AFr) a positive
‘vcorrelation (r = .639, v = 6) is obtained whfch is almost
Significént at the 10% level - a very good result considering the

~small number of values (8) that is being compared. The correlation
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~coefficient indicates that 40.79% of the variation in form of one

lithology can be explained in terms of the cther.

We can conclude that while the direction of form

, changés between the two lithologies may be different or even opposed,
" as for example between stétions 5 and 6, the magnitudes of the
chahges (AFr and AFS) tend to be more closely related. In seven
cases out of eight - the excepﬁion being‘between stations 4 and 5 -
the magnitude of the changes for sandstoﬁe (AFS) is greater than

it is for rhyodacité (AFr)' This may well be due to the'observed

téndency for rhyodacite pebbles to spall rather than break across

as usually happens with sandstone pebbles.

It is now appropriate to consider the possible processes
which can act to change thé mean form (and sphericity) of gravels
in fransport in a stream channel. In the absence of significant
: éhemiéa1 weathering of pebb1és during transport four such processes
can‘be envisaged:

| (i) abrasion,
(ii) form sorting,
(iii) dilution by material with different form
éharacteristics,

- (iv) breakage.
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(i) Abrasion. A considerable amount of abrasion is required

. to signifjgant]y modify pebble form. Except for some extremely
vigorous streams, only where long distance transport and/or easily
ébraded rock types are involved can this process be considered as
a significant factor. It can be expected to be important for all
rock types iﬁ'a wave environment but in the case of the vast
majority ofvstreams:on1y pebbles of weak rocks can normally be
expected to have their form influenced significantly by abrasion

as distance of transport is always limited by stream length.

- That abrasion is not a significant factor in explaining
fbrm'changés inhfhis study can be easily demonstrated in the fie]d
in the,cése of sandstone. Sandstone pebbles derived from
,vintekbedded cong]omerates in the Upper Devonian Mount Tambo Group
are chéracferized by'a reddish ferruginous surfacevcoafing which
persists for tens of miles do@nﬁtream from the source. The fact
that such a-long distance of transport is required to remove a
thin surface coating strongly supports the suggestion that
abrasion is a slow process. Thg rhyodacites are extremely hard
.rOcks and can be expected to be at least as resistant to abrasion
as the sandstones. It can therefore be asserted with some |
confidence that, in the environment studied, form changes iﬁ
rhyodacite and sandstone pebbles as a result of abrasion can be

neglected.
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(i1) Form sorting. It can be argued on theoretical grounds that
pébb]es of some shapes are likely to travel faster than others.
If this is so one may expect a progressive change in mean form in ,
the downstream direction. However, when form is compared for the
most upstream and downstream stétions (1 and 9) as has already
v. been done for both lithologies (page 72) the differences are found
to be_much smaller than between some adjacent stations. This is
fufther shpported by the absence of a trend in the cﬁange of mean
“form in the.downstiream directibn (figure 9). It is quite obvious

~that significant form sorting is not operative in the study area.

(iii) Dilution. Dilution of the pebble Toad by material with
different form characteristics 1s'the third process to be considered.
There are severa] reasons why pebb]es contributed by tributaries may
have mean form characteristics differing from pebb]es contained

in the main stream. There are bound to be some differences in
1itho1ogicé1 compositibn and miCro structure between different
outcrops a]though these are 11ke1y to be much less pronounced with
rhyodacites than with sandstones as, in the study area, rhyodac1tes
are a remarkably uniform rock type. A second reason may be that

_ pgbb]es iﬁ.thé Tambo Rfver will.on average have been subject to a
muchvgreater‘distance of transportvfhan those from a tributary and,
in so farAas'form'is a function of distance travelled, there may

be contrasts in form between the two. It has been observed earlier
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however that for both rock types the form diagrams (figure 9) fail
to indicate any progressive change in form downstream so that

this may not be a major factor. A third possibility is that mean
form characteristics rapidly approach a steady state related to the
dynamics of flow and sediment transport of a stream and that every
stream is characterized by its own steady state imparting certain
form characteristics to the bedload which are characteristic for

that particular stream.

In order to estimate the influence of dilution AFS and
AF,. were correlated with changes in area of outcrop between stations
(AAS and AAr)’ Correlation of AFS and AAS gave a positive
correlation (r = .636, v = G) which is significant at the 10% level
and jndicates that 40.43% of the between sample variation in form
of sandstone pebbles can be explained in terms of changes in area
of outcrop. Correlation of AFr with AAr was also positive (r = .850,
v = 6) and significant at the 1%level. The correlation coefficient
shows that 72.34% of the between sample variation in form of
rhyodacite pebbles can be explained in terms of changes in area

of outcrop (see table VII).

The high percentage explanation related to dilution
in accounting for changes in form is somewhat unexpected and
rather difficult to explain. It may be that the amount of

bedload delivered by tributaries, most of them small, is more



Tab]e VII. - Form changes in relation to changeé in outcrop.
RHYODACITE SANDSTONE
N N R
- ‘(ka) (ka) (ch1-sqqare) (kmz) (ka) (chi-square)
1 109.99 - 144,55
| | 0 3.728 - 112.60 6.176
2 109.99 | 257.15
0 4.488  67.82 9.158
3 109.99 324.97
'>' | 5.39 9.128 68.28 | 11.264
4 - |115.38 393.25
| 28.24 25.874 a 318.46 13.902
5 143.62 AN
.88 3.140 54.63 5.556
6 150.50 . - 766.34
| 49.33 19.532 266.07 | 25.774
7 |199.83 | | 1032.41
0 3.070 64.38 | 15.806
8 199.83 | 1096.79
| 0 3.874 88.62 |  9.361
9 -199.83 1185.41
r = .850,t = 3.9516 r= .636,t = 2.1274
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substantial in relation to the load carried by the main stream
than their size would lead one to expect. Another possibility

is that the form characteristics of the bedload carried by the
Tambo River have reached a steady state in relation to prevailing
flow and transport characteristics and that this state is upset by
the introduction from a tributary of a bedload of different form
characteristics together with its associated discharge. Even if
the addition is smallin relation to the total bedload carried by
the trunk stream, the change introduced into the system may cause
positive feedback processes to become dominant for a time bringing
about a significant change in the form characteristics of the bed-

load as a whole.

(iv) Breakage. This is obviously a factor as freshly broken
pebbles can be observed throughout the river channel. Since the
same processes are responsible for breakage of both rhyodacite
and sandstone pebbles, the magnitude of form changes (AF) between
stations should be closely related for the two lithologies in so
far as form changes are in fact due to breakage. Of the four
processes that can be envisaged as giving rise to form changes
abrasion and form sorting can be regarded as of little or no
significance while dilution can reasonably be expected to

produce form changes in the two lithologies which are not related
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fo each-otﬁer. Provided that this assumption is correct - and

as we haVé already seen that some forty percent of the variation
in form of one lithology can be explained in terms of thé other -
it is not unreasdhab]e to suggest that breakage is responsible for
almost half of the magnitude in form change observed for the fwo
kbck types as long as no other processes have been overlooked.

' By'sheer chance the assumption that changes in AAS are independent
of those ih'AAr does not hold in this particular study.
Corre]atibn of the two variables gives a surprisingly high

- correlation coefficient of .859 and this means that the effect of

breakage has been considerably overestimated.

It has been shown that changes in form between
stations for both sandstone and rhyodacite can be largely attributed
fb two processés: dilution by material of different form
charactéristics brought in by tributaries and to a lesser extent '
' by breakage. If a numerical measuré of breakage can be found,
'multip]e cofre]ation regression éna]ysis can be used to explain
form éhahges in terms of the operative processes. This approach

will be considered further in a later chapter.

Sphekicity and roundness within samples

As part of the computer processing of pebble data,
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"Kaiser and Kuenen roundness, Wadell and Maximum Projection
sphericity were correlated with each other and the results shqwn
in table VIII. In addition the correlation coefficients of
'Cailleux'roundnéss with.Kuenen roundness, Wadell nnd Max imum
Projection spherinity were obtained from an'earlier run befbne
Kaiser roundness was substituted for Cailleux roundness and

‘these values are shown in the last three columns.

As was expected and as is shown by the corre]at1on
coeff1c1ents for Ka aga1nst Ku and C aga1nst Ku the three
roundness 1nd1ces are c]ose]y related to each other and to a
.s]1ght1y 1esser extent ‘this is true for the spher1c1t1es (w '

: agqmnst M ). 0f-cons1derab1e 519n1f1cance however, ‘are the
ne1ation$nips between roundness and‘sphericity parameters.
'Cafi]eux roundness'has ansignificant relationship'Or better with
»nIWadgll Sphénicity in a11'cases‘in sandstone samples and a]].buf
-one in rhyodacite samp]eé. ItS»re1atiQnship'wfth Maximum Projecﬁion
'spherfcity'isjless prondunced:,.probébly significant or better
re]atidnships océdr“in thnee'dut of ten'céses.jn-sandstone and two-
out'of nine'éaseS‘in rnyodacite. Kaiser roundness has a probably

' éignfficant'or'better‘relatiénship with,Wade]]‘sphericity in six
cases out of fen in sandstone samples and in five cases out of
nine -in rhyodacite samples. Again its relationship with Maximum
Projection spheficity is less marked and probab]y significant or

better relationships occur in two out of ten cases in sandstone
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Table VIIT - Within sample linear correlation - roundness and
h . sphericity parameters. n = 150
kx| % %] % | % x| % sl * x|x *|x # * *
Sandstone|Ka /Ku [Ka /W JKa /M |Ku /W [Ku /M W /M {IC /ku [C /W |C /M
1 .957 .148 | .142 |-.068 | .094 | .721) .895 | .272 .170 |
2 .962 .223 | .051 ) .032 | .037 | .659|| .909 | .323| .06l
3 .958 106 /[ .037 {-.115 |-.027 | .752 .899 | .227| .072
4 .950 - | .164 | .065 |-.057 | .020 | .716 .885 | .278 .088
5 -944 .173 | .081 |-.083 | .020 | .703ff .872 | .300 .109
6 .942’_ .076 | .005 -f189 -.100 { .785|f .864 | .219 .061
7 . |.957 .123 {-.002 |{-.100 |-.080 | .734| .899 | .248 .049
8| .65 163 | .002 | .001 | .005 | .693] .912 | .245 -.010
9 .965 .224 | .198 | .059 | .210 | .638 911 | .314 .184
10 .968 .209 | .197 | .020 | .158 | .687| .918 | .317 .214
Rhyodaci'te~ |
T .960 | .199 | .125 |-.006 | .103 .672 (897 | .320| .135
-2 .954 .095 | .116 |-.130 | .047 | .744| .879 | .236] .156
-3 .951 .154 | .102 |{-.071 | .083 | .638| .881 | .284| .112
4 .946  |-.015 |-.114 -.250 {-.114 | .615| .864 | .133|-.106
-5 .962 .064 |-.046 |-.133 [-.093 | .755) .902 | .183|-.017
6 .954 .320 | .229 | .092 | .159 | .749) .894 | .430| .257
7 .969 .262 | .093 | .090 | .078 | .671} .921 | .354] .098
8 971 214 | .107 | .039 | .086 |.619| .926 | .314] .115
9 974 .296 | .184 | .142 | .174 | .648] .931 | .389| .185
Critical values of r for various levels of Significance are: p=.10, r=.136;

p=.05, r=.161; p=.02, r=.190; p=.01, r=.210; p=.001, r=.267.
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and in two out of nine cezes in rnyodacite samples.

Kuenen roundness shows the least re]ationship with
spheric1ty parameters - It has a probably significant or better
relationship with Wadell sphericity in only one case out of ten
innsandstone'and one case out of nine in rhyodacite samples. It
,zhés a pfobab]y significant or better relationship with Maximum
" Projection sphericity in only one case out of ten in sandstone and
~one case out of nine in rhyodac1te samp]es It must be remembered
that the two'sphericity measures are partial expressions of form
' :and'betWeen them contain the sum total of form information. In

- other.words if both Wadell and Maximum Pnojection spnericity are known
for a partic]e'its form is determined and its position on the form

diagram'can be plotted (Sneed and Folk, 1958, page 120).

It is interesting to obserne that both Kuenen and Kaiser
| roundness'va]des correlate more highly with Wadell sphericity than
with Maximum'Projéction sphericity. Wadell sphericity tends to |
differentiate elongated shapes (rods) from other shapes most

- effective]y while Maximum Projéction sphericity does the same for
platy particles (discs). For further details see Sneed and Folk
(1958, page 120). Kuenen (1956) has demonstrated ﬁhat the

Caiileux indéx is_a particularly poor measure of abrasion in the

case of elongated particles because its maximum possible value is

low-.and may even decrease with continued abrasion. Since by



définition rods tend to nave a low Wadell sphericity a positive
relationship would be expected between it and Cailleux roundness.
This is the case, confirming Kuenen's objections to the use of the
- Cailleux indéx. To a lesser extent the Kaiser index which can be
regarded as a cdmpkomise'betWeen the Cailleux and Kuenen indices

suffers from the same disadvantages as the Cailleux index.

The assessment clearly shows that the Kuenen roundness index
is the most satisfactdry parameter to use if one requires a measure
of roundness which, at least within samples, is indepéndent of
' shapé., This would appear to contradiét the earlier conclusion
reéched on fhe basis of factor analysis thét Kaiser roundness was
fs]ight]y superior. It must be remembered however that the ana]ysis.
'wag‘based on samples of‘rhyodacité and sandstone from only one
locality (sampling station,7) whiTeAthe present assessment is

based on all samples collected.

Sphericity variations between samples

As pointed out in the preceding section measures of
‘sphericity are partial expressions of form and while sphéricity has
the advantage that - unlike form - it can be expressed as a
single nﬁmber it does so only by sacrificing a'certain amount of

- information. If Wadell and Maximum Projection sphericity are
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used together they express the same amount of information as form
but in both cases two numerical values are used to describe either

the form of a particle or the average form of a sample.

In figures 10 and 11 the variations in mean Wadell and
Maximum Projection sphericity ake'plotted against distance from
rivef mouth for both rhyodacite and sahdstone.__The mean values
érevindicated by the centre Tine in each co]umﬁ. The two Tines
above and below indicate one and two standard errors of the mean
respectively and give an indication of the possible magnitude of
sémp]ing error. In order to test the significance of differences
in sphericity'between_stations one must know whether or not the
samples approach a normal‘distributibn pattern. In the latter
case less poWerfu] non-parametric tests of significance must be

used. -

,Computer'prOCessing of morphometric parameters
inc]uded the calculation of moment measures for skewness and
kurtosisvfor both measures of'spheriéity’for each of the two
lithologies (Appendix). For each rock type and for each
' sphericity parameéter the sample with the highest skewness value -
regard]éss'Of sign - was selected for a test of normality. These
fodr samples Were also characterﬁzed by high kurtosis values and
were'therefore mosf.]ike]y to show significant deviations from

normality. -



FIGURE 10A

Mean sphericity of rhyodacite samples.

Student's t test used to measure

. significance of change.
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FIGURE 10B

Mean sphericity of rhyodacite samples.
KoTmogorov-Smirnov test used to measure

significance of change.
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FIGURE 11A

Mean sphericity of sandstone samples.
~ Student's t test used to measure

significance of change.
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FIGURE 118B

Mean sphericity of sandstone samples.
Kolmogorov-Smirnov test used to measure

significance of change.
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) Using the mean and standard deViation of each samp]e;
straight Tines representing cumulative normal distribution patterns
viere drawn on ﬁorma]}brobabi]ity paper. These lines were then used
to pfedict expected cumulative frequencies for normal distribution
1patterns with values at each class boundary rounded off to the

nearest whole number.

" The significahce of the differences between the
expected and‘observed frequencies requires a non-parametric test.
wa tésts'that can be applied are the chi-square and Kolmogorov-
Smifnov tests whose relative merits have recently been discussed
in detail by Mitchell (1971). The chi-square test is not ideally
suited since extensive grouping of sphericity classes is néeded |
to meet the requiremeht of minimum sizg for expected frequencies.
The ko]mogorov-Smirnov test was preferred and app]ied'as set dut
{n Mi]]er ahd Kahn (1962). The graphs supplied in this reference
were used to determine the significance of differences (Table IX),
butshone of the djfferences even approaches significance at the

5% Tlevel.

Sihce.none of the distributions appears to be
_significant]y nonQnofmal it was felt thaf, with some reservations,
Student's t tést applied fo the standard error of the difference

cou]d be used to test the significance of difference between

samples (figures 10A and 11A). For comparison the non-parametric



92.

Table IX - Comparison of some obsefved cumulative sphericity frequencies
with va]ués'expected for normal distributions.
RHYODACITE . SANDSTONE
Class .| Wadell Spher.|Max. Pfoj. Spher.|Wadell Spher.|Max. Proj. Spher.
Boundary Sample 3 Sample 9 Sample 6 Sample 7
fo | fe fo fe fo fe fo fe _
250 - - - - - - 0 1
300 - - - - - - 0 2
350 | - | - 1 1 - - 2 4
400 - - 2 2 of 1 1 10
450 o 2 7] 6 3| 3 18 | 20
500 8 7 16 15 10 '8 35 36 .
550 20 | 21 26 31 25| 19 53 .| 57
600 44 | 46 51 | 53 42| 38 87 | 8
650 90 78 80 80 58 64 106 103
700 113 | 110 106 105 87 92 124 122
750 131 | 132 | 125 |-126 11| 116 136 | 135
800 142 | 144 139 | -138 131 | 134 147 143
-850 148 | 148 146 146 146 | 143 147 147
.-900 - 149 1150 149 148 150 | 148 149 149
950 150 | 150 150 150 150 | 149 150 150
1000 . . . 150 | 150 - _
dn = .080 dn =°.033 dn = .040 dn = .040
n=75 | -Signif ¥ 156 Signif. ¥ .185
' .05 : .01
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Kolmogorov-Smirnov test was also used and the results shown in

figures 10B and 11B.

In thé case of rhyodacite sémp]es Student's t test
(figure 10A) indicates a high]y.significant'chaﬁge in Wadell
sphericity between statioﬁs 4 and 5 and a significant change
between 6 ana 7 while changes in Maximum Projection sphericity
“are highly significant between stations 4 and 5 and also between
6 and 7. The Kolmogorov-Smirnov test gives a very similar pattern

but at a lower level of significance (figure 108).

When considering sandstone samples Student's t test
(figqré'l]A) indicates a significant change in Wadell sphekicity
bétween stations 6 and 7 while Maximum Projection sphericity
- shows a highly significant change between 6 and 7, significant
changes between 4 and 5 as well as 7 and 8 while a probably
significaﬁt change.occurs between stations 3 and 4. Once again
thé-Ko]mogorov-Smirnov test results are similar with generally
lower 1evels of significance except that a probably significant

change ithade11 sphericiety now appears between stations 7 and 8.

The tests indicate that some of the changes are
almost certain]y ‘real' and not due to sampling error. It is
therefore worthwhile to attempt an explanation of sphericity

changes in terms of processes.
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‘Roundness variations between sampies

Variations in mean sample roundness between samp]eé
(Kaiser and Kuenen) are plotted in the same manner‘as mean
éphéricity Va]ues against distaﬁce from fiver mouth for both sand-
stone and rhyodacite (figures 12 and 13) and it can be seen
; that Kaiser and Kuenen values give Qery similar patterns. This.
is to be eXpécted,as we héve seen earlier (Table VIII) that
within samples there is a very high correlation between the two.
Iﬁ order td'test the significance of differences in roundness
~ between stafions the methods ﬁsed are identical to those employed
for.sphericity. The two samples with the highest skewness
' (rhyoda;ife-samp]e 5 and sandstone sample 4) are identical for both.
_Kuénen and Kaiser roundness. = Expected cumulative frequencies for
nofha] disﬁributioﬁ patterns were obtained as for sphericity and
'comparéd~with the observed frequency distributions 6f the samples
(Tab]e X) using the Ko]mogorov—Smirnov test. Once again none of
fhe differences approaches significance at the 5% level. Student's
t test was then applied to the standard error of the differenée
between adjaqent samples (figures 12A and 13A) and also the

Ko1mogbrov-Smirnov test (figures 12B and 13B).

The most interesting feature of roundness variations

between samples is that the two lithologies behave in an entirely



FIGURE 12A

Meanfroundness of ‘rhyodacite samples..

Student's test used to measure

significance of " change.
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FIGURE 12B

Mean roundness of rhyodacite samples.
- Kolmogorov-Smirnov test used to measure

significance of change
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FIGURE 13A

Mean roundness of sandstone samples.
. Student's t test used to measuré

significance of change. .
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FIGURE 13B

Mean roundness of sandstone samples.
‘Kolmogorov-Smirnov test used to measure

significance of change.
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Table X - Comparison of some observed cumulative roundness frequencies

with values expected for normal distributions

RHYODACITE SANDSTONE

- Class | _Kuenen Kaiser Kuenen Kaiser
Boundary Roundness Roundness Roundness Roundness
: Sampie 5 Sample 5 Sample 4 Sample 4

- fo. | fe fo | fe fo fe fo- | fe

50 0 5 0 6 0 3 o| 4
100 2 9 5 12 0 6 3| 8
150 - 1| 15 20 21 41 10 10 15
200 - 2] 25 | 41| 36 13 16 23| 25
250 | 41| 38 61 | 54 20 | 24 43 | 39
300 60 | 53 87| 75 | 41| 36 64 | 55
350 81| 70 9 | 95 56 | 49 781 74
400 | 89| 88 117 | 113 72 | 64 100 | 93
450 108 | 104 132 | 128 85| 80 112 | 109
500 | 120 | M9 140 | 138 98 | 96 123 | 123
550 129 | 130 143 | 144 114 | 109 138 | 134
600 | 136 | 138 143 | 147 120 | 122 142 | 141
650 141 | 143 144 | 149 131 | 131 143 | 145
700 143 | 147 147 | 150 139 | 138 145 | 148
750 | 147 | 148 149 | 150 142 | 143 | 145149
800 149 | 149 150 | 150 145 | 146 146 | 150
850 149 | 150 - | - | 145 148 148 | 150
900 | 149 | 150 -l - 146 | 149 149 | 150
950 149 | 150 - - 147 | 150 149 | 150
1000 | 150 | 150 - - 150 | 150 150 | 150
dn = .073 dn = .080 dn = .053 dn = .060

n =75 Signif = 156 . Signif % .185
- .05 .01
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different manner in cdntrast to variations 1in form and sphericity
where some Simi]arities in behaviour can be discerned. This is
c]eaf]y seen when values for mean Kuenen roundness for rhyodacite

. are correiated with mean Kuenen Va]des for sandstone giving a
Correlatiqn coefficient ot»-7028. A comparison of mean Kaiser values
_fon'both ]itho]odies.gives r=.134. There is virtually no correlation
between variationsdrxmean-roundness between rhyodacites and

. sandstones.

.In.the case .of rhyodacite therevis no tnend.towards
increaaing mean roundness va]ues,in'theidownstream direction.
~ Using Student‘s t test both Kuenen and Kaiser roundness show a
high1y signiftcant.change.between stations 3vand 4, a significant’
. change between:z,andl3vand a probably significant change between
stations 6 and.7;_ Ae we11 Kuenen'rodndness exhibits a pnobably
$ignifitant change between ;tations 8 and 9.  The Kolmogorov-
Smirnov test fndicates a simi1ar pattern at 1dwer significance
1eve15 as;expected When the furthest upstream and furthest

downstream samples (1 and 9) are compared both roundness parameters

N surpr151ngly 1nd1cate less rounded pebb]es at station 9 than at

-station 1. Student st test indicates a difference s1gn1f1cant at
the 1%'1eve] forvKuenen and a]most significant at the 5% level

for Kaisérd?oundness.l The Kolmogorov-Smirnov test indicates a
idifference significant at the 5% level for Kuenen_butdno

significant difference for Kaiser roundness.
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With sandstone there appears to be a definite trend of
incfeasing roundness - both Kuenen and Kaiser - in the downstream
directioﬁ. Student's t test shows a sigﬁificant change in Kaiser
and a probably significant change in Kuenen roundness between
‘stations 3 and 4. As well Kaiser roundness shows a probably
significant change'between stations 5 and 6. The Kolmogorov-
Smirﬁov test indicates no significant changes between adjacent

_stations'for either Kuenen or Kaiser roundness.

When samples 1 and 9 are compared, pebbles at station
9 are fouhd-tq be much more rounded. Student's t tesf indicates
: évsignifiéant ﬁhdnge ih Kuenen ahd'a highly significantuchange in
kaiser roundness.  The Kolmogorov-Smirnov test indicates a

| brdﬁab]y significant change in'Kuéﬁen and a significant change

in Kaiser roundness.

Since Kuenen and Kaiser roundness values are closely
-related, and as it has already been shown that the Kuenen index
iwapefior in its independence within samples from size and shape,
further considerations of changes in mean roundness between

“samples will be limited to Kuenen values only.
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Processes affecting roundness

‘ - The four possible processes which - in the absence of
signiffcant chemical weathering - can act to change the mean form
andsphericity of‘grave]s in transport can equally well be
considered in 'the explanation of changes in reundness. They are:

(i) Abrasion, |
(ii) RouhdneSS‘sorting,
(iii) Dilution,

-(iv) Breakage.

(1) -Abkasion, Whereas ébrasion'appears to p]ay no significant
'role in affecting form and sphericity changes it is obvidus]y
an important process 1n.ihcreasing roundness. Since the amount of
abrasion thetvteke§ ﬁ]ace cénvbe considered as a function of the
: disfanCe frave11ed one can therefore expect a positive relationship
between mean distance of bed material from source and mean roundness
Vé]ue at 1east Unti]-a limiting value for roundness is reached.
Mean distance from source of bed material has not been calculated
"for'sandstohe but since sandstones are well distributed throughout
the basin it will be related to distance downstream (D) which for
_ convenience is measured from station 1. Correlation of D with
meeh Kueneﬁlroundness values fof sandstone -samples gives a positive

correlation coefficient of .842 whfch is significant at the 1% level
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and indicates that 70.90% of variations in mean roundness are
explained by distance downstream. Since downstream distance is only
qh approxiﬁation for distance of material from source'the correlation
probably underestimates the true stréngth of the re]ationship. It

' wbu1d appear that abrasion is an important factor in causing.

_ vafiation in mean roundness bf sandstone pebbles between stations
_as'iong as it can be shdwn that the correlation between D and

Kuenen roundness is not significant]y influenced by roundness
.sdrting as it may be expected that'the effect ofbthis process -

if it'does'dperate - would also bear a positive relationship to D.

.Cokre1ation of D with mean Kuenen roundness values for
' rhyodacite pebbles gives a negative cbrre]ation coefficient of
-:218 which is not significant. However for rhyodacite we do

que values for mean distance from outcrop (Djr) for each station.
Corre]ation'of Dir with mean Kuenen roundness gives r = -.308"
which again is negative andlnot significant. Clearly mean
.rouhdness of'rhyddacfte pebbles does not increase with increasing
diéfancevfrom source. If anything the reverse is true. It would
appear thaf rhyodacite pebbles quickly reach a limiting roundness
'-after which tﬁere is a dynamic balance between abrasion tending to

increase roundness.and other factors tending to decrease it.

(ii) ‘Sdrtihg; Thfs-proceSS'must be considered because it is not

unreasonable to expect that more highly rounded particles will
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trave] faster than angular ones during transport. If such a

process does occur it should affect both roca types in a similar
manner and can be expected to lead to an increase in roundness in
the.downstream d1rect1on thus strengthening the effects of abrasion.
As vie havevalready observed that rhyodacites respond in an entirely
idifferent manner fd sandstones and if anything show a slight decrease
in roundness in the downstream direction sorting can be dismissed

as a significéht'process for both lithologies in this study.

(iii) Dilution. The effects of dilution can be tested in a
similar’mannerdto form changes by correlating the magnitude of
‘changes in mean Kuenen roundness, |AKu, with changes in areas of
'dutcrop (AA)‘between each sample station and for both 1itho1ogies;
' i'Cdrre]ationeof A with|AKuS|gives r= ~250 which is not significant
with six:degrees of freedom and exp]afns only 6.25% of the variance.
-WHen AAr.is.correiated withIAKur|we obtain r = -.170 which again

is not significant and explains only 2.9% of the variance. We

must conclude that di]utfon effects have 1itt]e or nodinf1uence

joh the changes in mean roundness that take place between stations.

(1v) reakage As we have already seen.most of the changes in

mean Kuenen roundness values in sandstone appear to be due to

R abrasion. In so far as this is not the case the changes must

be attributed to breakage and- sampling error -as sorting and
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~ dilution do no£ appear to have significant effects. Sorting and
dilution can similarly be disregardéd in explaining changes in
mean roundness of rhyodacite pebbles but in addition, when
abrasion is considered as a function bf mean distance from outcrop,
it appears to bear little or no re]ationship to changes in mean
foundness. One must conclude that such changes between rhyodacite
~samples are very largely the result of breakage in so far as they
‘are ﬁot due to sampling error. We have seen earlier (page 75)
that changes in mean form for rhyodacite are smaller than those.
for sandstone and can be explained largely in terms of dilution
effécts.. It would tﬁerefore appear that breakage occurs either
 predominaht1y,by»mechanica] spalling with little effect on form or
'if partic]es do break across form changes of individual pebbles
' cpmpénsate each other in such a way that there is 11t£1e change

in mean form.

| .'It has been shown that any roundness index reflects
Vthekposéib]e operation of four distinct processes: abrasion,
sorting, breékage and dilution. Since in our study sorting and
di]ution do not‘appear to influence changes in mean roundness
significantly, Kuenen roundness values in the main reflect two

of these.processes - abrasion and breakage.
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Abrasion and breakage indices

'_It Wou]d be an advantage if instead of_emp1oy1ng a
single roundness index we arv able to use two indfces - an
abrasion and a breakage index - to measure, more or less in isolation,
the effects of the two processes on the bedload heterial.
Perticles which have undefgone much abrasion without breakage
sheuld have high roundness values while recently broken'part1c1es
’ may have had little time to become abradedAafterwards and w111 have
1ow'rpundness values, provided that the breakage has hot been

paraliel to the maximum projection plane.

It is felt tﬁat the upper and Tower quartiles (Ku75 and
h Ku25) of the frequency distributions of Kuenen roundness for each
sample ean-bé expected to provide measures of abrasion and |
breakage respectiVeiy. These parameters have the further advantage
that they can easily be calculated as computer processing of raw
-data has already provided frequency distributions of Kuehen
roundness in tefms of 20 classes with a class interval of 50 units.

The. foltowing values were obtained and are shown in table XI.

When abrasion index values for sandstone ((us75) are
correlated with distance downstream (D) a correlation coefficient
of .899 is obtained which is significant at the 0.1% level and

explains 80.8% of the variance of Ku 75 in terms of D. This
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Table XI - Abrasion and breakage indices for sandstone and
| rhyodacite.
SANDSTONE RHYODACITE
-~ [samp1 Kuenen 'Abrasion Breakagej Kuenen Abrasion | Breakage
No. |Roundness| Index Index Roundness | Index Index
S (Kus) (Kus75) (Ku$25) (Kur) (Kur75) (Kur25)
1 387.82 490.28 .4 261.50 366.79 495.31 242.50
2 373.51 495.31 252.68 357.49 471.88 231.62
..3' 388.72 486.61 276.39 { 305.71 397.32 208.48
.4 436.33 547.66 290.44 f 376.06 461.25 256.88
5 '422.16. 547 .66 274 .11 364.12 471.88 239.17
6 - 464.89 606.94 322.12" 335.67 438.28 211.88
.7 ‘442.77 1 601.25 297.92 376.46 488.54 252.34
8 : :435:42 578.41 298.44 |l 352.25 456.25 225.43
9 452.91 611.25 305.83 315.50 401.11 209.13
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correiation coéfficient is higher than that found between mcan
Kuenen roundness (Ku;) and D. Correlation of abrasion index
values for:rhyodacitg (Kur75) with mean distance from outcrop
(Dir),gives.r = -.525 which is almost significant at the 10%
1éVe1; This tends to suggeét that the action of the process of

~abrasion is outweighed by that of breakage.

| If the breakage index has real meaning changes in its
- value between stations (AKu25) should show significant negative
correlation with changes in formv(AF) at least for sandstones~as
.'ﬁt has been shown earlier that form changeé could be attributed
fo}breakage and dilution in approximately equé] prdportions.
‘Infthe case of rhyodacites form changes are predominént]y due to
Adiiutionvand a high degree of correlation between Kur25 and AFr

cannot therefore be expected. -

. When changes fﬁ breakage index values for sandstone
(AKu#ZS) are correlated with AFS we find r = -.688 which is almost
'signifi;ant-at-the 5% level and indicates that 47.30% of changes
in form can be explained in terms 6f breakage. On the other haﬁd
changes in breakage 1ndex.§a1ues for fhyodacite when correlated

with AFr gives r = .374 which is not significant.

The breakage index is clearly a useful parameter,

providing a numerical measure which can be used together with



other variables such as AA (changes in area of outcrop) in
multiple correlation regression analysis to explain form changes

~in terms of processes. This will be taken up in a later chapter.
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CHAPTER IV

RELATIONSHIPS BETWEEN VARIABLES

To further check the conclusions reached from the
inQestigation of;relationships between variables three correlation
matrices Wefé'prepared by computer showing the 1inear‘§orre1ations
betWeen-the principal variables (tables XII, XIII and XIV). The
first table shows between sample iinear}corre]ation of parameters
for sandstones, .the second gives the same information for rhyodacites
_’and the third showsbgorre1ation of samb]e parameters between the

two lithologies.

L}

Between sample correlations for-sandstone

Highly significant correlations (p < .001): The high correlation

between mean Kaiser and Kuenen roundness indices (KaS and Kus) is

to be expected in view of the even closer relationship between
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the mgan 1engthé of 1ohg, and 1ntermed1ate-axes (Lé and IS).

This in.turn-imp]ies that variations in mean form between samples
are hfincipa]]y a function of variations in the mean length of the
short axis (Ss) which-is reflected by the high degree of Eorre1ation
_between that parameter and mean Wadell sphericity (WS). The tendency
for mean Wadell sphericity to be determined by the mean length of
one'ofuthe three axial measuremenfs seems to be a characteristic
‘not shared to the samé extent by the Maximum Projection

“sphericity (Ms). _Thé.highly significant positive correlations
of;mean lengths of long and jntermediate axes (LS and'IS) with

the. number of platy pebbles (Ps) indicate that these tgnd to be

- more common in the larger sizes.

Significant cbrre]ationsv(p < .01): A positive correlation

betwéen mean.MaXimum Projection sphericity (MS) and the number

of e]ohgated ﬁebb]es (Es) is notkunexpectéd as this sphericity
parameter is designed to sépékate out platy pebb]es at the Tower
ehd oflifs range while elongated pebbles tend to havé relatively
high va]ﬁes.,-The significant positive correlations of mean Kaiser
and Kuenenvrouhdness with distance downstream (D) have already been

discussed.

Probably significant correlations (p < .05): The correlations of

‘mean Kaiser roundness with mean lengths of Tong and intermediate



Table XII - Sandstones - between sample linear correlation

n =

2.

.S. - "highly significant.

of parameters 9
| Kag| Kug j Mg | Mg Lo | Ig | S | Po | By Eg D
IH.s. P.s. lp.s. | s
KaS - | -985(.376|-.078| .746| .723| .644| .630(-.523|-.322] .861
. _ v 5
KUS; - {.364{-.011} .634} .602| .613| .511|-.542{-.217} .841
- p.s. H.S. '
ws - L7931 .135| .185| .925}-.011{-.593| .383} .313
‘v : : : | _ :

MS' - -.463(-.438| .5791|-.578|-.479} .835| -.038
| H.S. H.S. P.s. |
LS - L9901 .452 .912¢-.247|-.673 7632

) _ H.s. | - |p.s.
Is- - 469 .921(-.205{-.710] .589
, P.S.
-Ss - .2581-.701] .206| .570
1 P.S.
Ps - |-.239(-.759 .575
Bs‘ - |-.4206] -.623
| £ AR RN
| ] |
P.S. - probably significant. Level of significance < 5%
S - significant. " " " < 1%
H |I' 1] 1} <0.'|%
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T axes ref]écts'the dependence of this parameter on size. To a lesser
‘extent this is also true of Kuenen. The relationship between

mean Wadell and Maximum Projection sphericity is not surprising
sin;e they are bofh partial measuresof form. The number of
elongated pebbles shows a negativé relationship with mean long and |
intermediate axes,aﬁd also with platy pebbles reflecting the
tendency for sha]]er particles to be elongated. To a lesser extent
the ;ame tendency is shown by the number of blades (BS) but the
:rélationship betwéen‘the number of blades and the mean length

of the short axis is the only ohe which is probably significant.

Between sa@p]e correlations for rhyodacite -

Highly significant (p < .001) and significant (p < .01)

correlations: As in the case with sandstone and for the same

reaéons a very high correlation is found between mean Kaiser
(Kar)'aﬁd Kuehén (Kur) roundness indices. The fact that this
coefficient {s s]ight]yl1ower.than.f0r sandsfone can be ekp]ained
by the lower coefficiént of correlation between the mean lengths

- of the Tong and intermediate axes (Lr and Ir)' However, the latter
correlation is still significant at the 1% level and indicates

that in rhyodacites also the variations in form between samples

are predominantly a function of variations in the mean length
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of the short axis (Sr) as-snown by the highiy significant

" correlation. between Sr.and mean Wadell sphericity (wr) and also by
the pnobably significant re]ationship‘between Sr and mean.

Méximum Projéction sphericity (Mr)' The_c]ose relationship
Vb-etweénvwr and Mr is shown by the highly significant correlation

coefficient of .922 (c.f. sandstone).

- The nighiy significant correlation between distance
donnstream‘(D) and mean distance from outcrops (Dir) indicates
‘that in an elongated basin with complex outcrop patterns distance
downstream giVes a good approximation to mean distance from
:outcrdps és.well as haying the advantage of being much more easi]y
measuned. The highly significant negative correlation of mean
altifude of outcrop (Air) with distance ddwnstream (DY is not
’unexpected as in thevTambo River basin as in most river basins

~altitude decreases towards the mouth of the stream.

It is gurprising howéver to find a highly significant

t re]atibnship'between mean altitude of outcrops (A]}) and the number
of'eiongated pebbles (Er)‘ In part this is undoubtedly an indirect
_relationshib‘since A1r has a correlation of -.743 with mean
distance from outcrops (Dir). In a rock which is more or less
isotropic, in other words lacks ‘weaknesses with preferred
oriEntation, Breakage of pebbles will tend to occur in the

',minimUm prbjection plane and the number of elongated pebbles may



Table XIII - Rhyodacites - between sample linear correlation of

- highly significant.

‘parameters n=29
Fe ; . t- . l T . :
' ’Kar Kur r Nr Mr Lr Ir Sr Pr Br Er : Dr : D1r A]r
! |H.s. : , |
Karg - .969 | .069|-.108] .246} .253| .085| .226, .070|-.435|-.018{-.139{-.159}"
Kur - [-.,134]-.248] .180] .082|-.112| .254}-.0541-.261]-.217}-.308] .058
I s, H.S. R I A
Nr C - .922| .005! .432( .912(-.370! .234|-.255| .433} .402}-.478
. ] P'S. [ A B N R
Mr - {-.287{ .093| .763|-.576; .132| .089{ .165| .186{-.193
. s |- |p.s. N 1
Lr - .879| .390f .713{-.283|-.390} .277| .282|-.185
L N Lol o .
Ir , - .708(  .490{-.013|-.612| .582| .539|-.537
s, - |-.078{ .023|-.270| .427| .424|-.413
¥ - |-.577|-.149] .059| .114] .092
S I R AR R I |
: .S.
BP - -.647| .585) .4051-.764
- s |P.s. [H.S.
Er - |-.837|-.689| .899 "
) I N N T T 7 |H.s. |H.s.
D - .955| -.906
r . .
, P.S.
Di i - .743
r 1 A DO e
Al ;
: 1 : !
P.S. - probably significant. Level of significance < 5%
S significant. oo " < 1%
H.S ] n " < 0."%
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be expected to decrease with increasing distance from outcrops. In
facf correlation of the number of elongated pebbles (Er) with mean
distance from outcrop gives r = -.689 which is significant at the
-.5%‘1evé1. However, since the relationship between A]r and Er is
highly significant (r = .899) there is a strong indication of a
~direct inf]uénce of a]titude on pebble shape. Perhaps more intense
- frost actibﬁ at higher elevations during the late Pleistocene
produced‘a higher proportion of elongated pebb]eé to be delivered
vfo the river :as load during recent times. Another possible

| explanation is that the microéstructure of the rhyodacites that
crop duf in the headwaters at higher altitudes differs from that

of rhyodacites at_]owék altitudes further downstream.

The significant negative correlation between
. distahce downstream (D) and number of elongated pebbles (Er) is
to be'expected from the relationship just examined since D

correlates highly with both Di_and A1 .

Probably significant correlations (p < .05): The relationship

between Maximum Projection sphericity (M}) and mean length of
short axis (Sr)‘with r = .763 reflects earlier observations that
variations ih'form.between samples are principally a function of

‘variations in Sr’ As with sandstones Mr is less influenced by
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variations in'Sr than is mean Wadell sphericity (h&). The positive
correlation between mean lengths of intermediate and short axes
(I

size. The positive relationship between mean length of long axis

r and Sr) is to be expected since both are partial measures of
(Lk) and the number of platy pebbles (Pr) indicates that platy pebbles
are more common in the larger sizes - a characteristic that is much

more pronounced in the case of sandstone.

“The fact that a probably éignificant correlation exists
between-mean'aTtﬁtude of outcrops (A]r)land the numbef of bladed
pebb1es'(Br) while correlation of B with D and Dir are not

;sighifiééntvis of interest as it suggests that their occurrence
Tike that of‘e1ongated pebbles ié in part due. to an influence
of.mean altitude of outcrops which is independent of mean distancé
from_butcrop;' fhe relationship of B to Al is opposite to that
“of Er to A}r indicating that while the number of elongated pebbles
decreaseé with'deéreasihg mean altitude of outcrops the nwnbér of
bladed pebbles increases. The probably significant qorre]ations
between Er,and Dir’ A]r and Dirvhave already been considered in

the previous 'section.

~



" Correlation of sample parameters between 1ithologies

. This matrix (table XIV) adds little to our understanding

: }of_intefré]atinnships other than to show the degree to which the '

~ two 1ithologies behave in'a similnn manner. The correlation
;coefficients enclosed within the doubie Tines are all between-
:parametens re]ating to size and éhape of pebbles and in so far as
théy.are signifiéant they reflect the simi]aritieé in béhaviour between
fhe two Tithologies which have already become apparent earlier in
,Jthévthesis following consideration of form and spnenicity changes

between stations.

The probably significant relationship betwéen mean
vKaiser ronndnéss of sandstones (Kas) and mean length of
'_intenmediate axis of ‘rhyodacites (I.) is easily explained when
one reflects that Ir and I are highly correlated (r = .901) and
also that IS has a probably significant correlation with KaS as
seen»éar]ier.l'The,corre]ations of both Kas and KuS with Ef, Dir‘
'and’Air are all significant at the 5% level or better and are

due to the fact that all five variables are closely related to

distance downstream (D).

.Thé probably significant relationship between A]r and
',BS (f = .718) is interesting because it is opposite to that-

,betweean]f and Br'(r = -,764). The mean altitude of outcrops for
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- Linear Correlation of Sample Parameters Between
Lithologies n=29
RHYODACITES
’ T i T T
‘ ' H i ' i ; TN
Kar Kur wh ”r Lr Ir % Sr i Pr ! Br | Er | D1r A1r
, T | - |
» | P.S. | : | P.S. S \P.S.
KaS 134 |- 051i L4050 .126; .480i .704! .506; .310] L321§-.712; 834,-.767
. - | [ T R L
Kus .156 {-.028 .453 '21]{ .353] .608] .501: .205: .371;—.677j 8151-.761
S _.-'-:_.:- . :- O , = l - _; p...s ‘.;_.,;x. —-— . r ]
ws -.4991-.626! .659; .649; .108! .352{ .693i-.127;-.048 .088| .380{-.209
' L o o
| i S P ! | ~
' Ms -.474 |- SZQi 621 .809|-.458{-.204 .448'-.576' .028 .397| .034! .064
...... W oL : } { : . .
, o IS H.S. | P.S. P.S. | ‘
'Ls .256 .1]9;' 125{-.244} .846| .898. .385; .720(-.014 -.694] .5782-.565
i . DU S S .;.- B e e & . b~
: L 15 H.S. | IP.S. o
,IS_ .1631 .040; .084!-.268| .888] .901| .279! .739|-.075 -.617| .556 |-.498
H » ) ] o . |‘
B iP.S. 1P.S. g
SS -.262-.442% .718| .572| .308 .606i .7821 .080| .039:-.2471 .600i-.469
1 | S s - -
PS. .238 .123:i-.008!-.3661 .873! .855: .280| .5561 .162!-.722| .485!-.562
PR SUUUERDNN SRS RS A S . ’ .
o S . P.S. :P.S. P.S.
Bs -.129| .083|-.840|-.670{-.100|-.498|-.765| .393|-.582| .559|-.522| .718
I NS R A R L L . } :
E P.S. |P.S. P.S.
ES -.1121-.1341¢ 517 .726(-.722|-.4641 .207 |-.735}{ .198 | .308-.172 | .085
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sandstone (A]S) has not been ca]cu]ated'but A]r has a close

negative relationship with D and since sandstones are well
,distributed throughout the basin and general elevation of the basin
-_decrease;ﬂtoward; the coast one can also expect a close negative
re]afionship between A]s and D which implies a positive relationship

.betwgen-A]r_and A]S.

it was suggested earlier that the relationship of Br
and Er to A]r refléct the operation of either a process or
sfruéturai factor ré]ated to altitude. However, since sandstone
'responds in an opposite manner to rhyodacite a process factor alone
cannot be respdnsfb]e sfnce‘it would be expected to affect the two
lifho1ogiesfin a'simi]af manner. Most 1ike1y wé are looking at the

~result of a complex inter-play of processes and structural factors.
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CHAPTER V

MULTIPLE CORRELATION REGRESSION

The technique of multiple correlation regression.analysis
méy be used where a single independent variable X cannot adequately
_predict the value of a dependent variable Y. In such a situation

Y may be related to a set of independent variables X X

| V ' | -I’-Xz, o e k ’
- which between them enable one to make a much more accurate ’

prediction of the value of V.

One of the first app]ications.of the technique in the
 éarth sciences 1is foynd in Krumbein (1959) who used it to predict
the foreshore slope of a beach composed of quartzose material in
terms of four independent variables consisting of sedimentary
parameters related to beééh “firmness”. Full details éf the general
Tinear model which will Be used here are given in Krumbein and

Graybill (1965).
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A The asumption is made that the following model fits the

situation at least as a first approximation

where “y = BO + B]X] + B X cen Ban

with 805 B], 82, etc. as the unknown parameters and e as an error

term.

One of the ob3ect1ves of multiple regression analysis

; 1s to find a pred1ct1on equat10n for Y where the expected value

eof Y_1s-denoted by E(Y) and

E(Y) = B+ Q1x] +BX, o B X
" where ‘QO’ éf’ 32, etc. are the_estimators of 60, g], 62, etc.

respectively.

Predictor equat1ons can be ca]cu]ated for any one
vv(s1mp1e linear model) or any combination of more than one
'independent variab]e (general Tinear model). In the case of the
simple linear model the adequacy pf the independent variable in
'predicting a value for Y s measured by the correlation

coefficient (r) while in the general Tlinear model the measure of
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eGlhuety w0 pretiee ¢ Yeorue TOr Y 22 THE MuiTinae corrsiatior
.coefficient denoted by R which is basically the simple correlation

coeffieient between the actual and the predicted values of Y.

_The adaptation of Krumbein's method used to evaluate
‘the relative importance of diffekent factors in explaining
'Veriations in:a dependent’veriab]e.is the one employed by Chorley
(]964) in his geomorphological evaleation of factors controiling
shéaring'reststance of surface soils in sandstone in the.Cambridge
éreé;of EngTand. Basically the method consists of building up-a
table ofkreductions of the sums of squares effected by the
'ihdepehdent yafiab]es both singly and in all possible combinations.
B The.reductfohs of the sﬁms of squares effected by all combinations
'ttiof the 1ndependent var1ab1es are expressed in terms of percentages

.. and: are ca]cu]ated by squar1ng the correlation coeff1c1ent (which

:'J',may:be s1mp]e,or multiple) and multiplying the squared value by
100 to obtain a percentage. Such a va]ue indicates the percentage
'ix:of the totaT variance of the dependent variable which can be
exp]a1ned in terms of any one or any combination of more than one

k independent variables.

In1t1a11y some analyses were carried out with two
1ndependent var1ab1es using a Canon Canola L121 electronic desk
computer and following the abbrev1ated Doo11tt1e method as outlined

in Krumbein and Graybill (1965). The method however becomes far too
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: iabdrioﬁs whén,more than two independent variables are being
 considered. _For later work frequent]y;invo1ving more than two
jndepéhdent'varjab1es uée wag made of a computer-programme
'(MULTREG—F, U1666,F) adaptedvfor'use with the Universfty of

| -Tasmahia'é‘E]]fqtt 503/PDP-8L-cqmputer by Chick, N.K. (1972) from
"the ofigina] prdgfamme (DUMRA) developed for'Ellidtt 803 by Dr. B.A.

Davies, University College of Wales, Abekystwyth, U.K.

'It should be borne.in mind that in the following analyses
‘thé”assumption is made that all interrelationships between variables
afe'linear;' In so far as this is not true the use of simple and

general linear models used may under-estimate the true strength

L  ‘ of some interrelationships. More complex models have not been

J"”'ng:’gonsiderEd-fifSt]y because highly significant results have been

" obtained with the linear model and secondly since the mumber of

'Li"éamp]es was rather small one could expect to gain but little by

”i'hbsiuiating_more complex relationships.

‘Abrasion and Breakage Indices

_ Mu]tip]e correlation, regression analysis is used
first of all to assess the extent to which variations in abrasion

"and breakage indices account for variations in mean Kuenen



' rodndness of-both rhyodacites and sandstonee. 1n an earlier

i ehapfen‘it was snggested that changes in mean roundness were due
veryAlargely to abrasion and breakage and that the upper and ]ower
A;quart11es (Ku75 and Ku25) of the frequency d1str1but1ons of Kuenen

f_'roundness for ‘each sample could be expected to provide measures

: "afdfof abras1on and breakage respect1ve1y If Kuenen roundness is

’;.;treated as the dependent var1ab1e and the abras1on and breakage

'5-”:1nd1ces as the independent variables one may expect that nearly

”'fa]]'%he variation in mean roundness can be exb]ained in terms
“'jﬂbfntWO‘independent variables. The'datadUSed'in-the analysis are

e ‘shown in table XI.

',,When the analysis is carried out fok sandstone. the

’;fnf,muit?d]e»regressfon'of.KuS.ontthe.1ndependent'variab1es Kus75 and

72{!?kug25*giVe$'the following regression equation.
| E(kug) = 43.562 + .333Ku 75 + .682Ku 25

Tne‘mqitipie correlation coefficient R = ,977 and the percentage

: g"-bf‘fhg variance explained is 95.49%.

When the analysis is repeated for rhyodacite the
md]tip]e regression of Kur on the independent variables Kur75 and .

.Kur25'prpduces a similar regressibn equation.
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E(ku.) = 13.959 + .360Ku 75 + .74%u 25

‘The multjpTe corre]ation coefficient R = .983 and the percentage

- of the variance explained is 96.58%.

The. analyses 1nd.-ate that variations in mean roundness .
are exp]a1ned almost ent1re1y 1n terms of var1at1ons in the two
_ 1nd1ces and that 1jtt1e information is 1ost when the roundness
.index is restsed‘by thé abrasion'and‘bfeakage indices enabling us
~ to separate the two msin processes responsib]e for variations in

roundness.

-Factors affectihg Form and §phefitit1

| The'principalvappTication of~mu1tip]e correlation ?egress{qh
'éné]ysis"in"this thésis'isbihﬁthe QUantitatfve-eva1uation of the
facﬁokslrespohsiblé'fér changes in mean form and sphericity between
samp]es The re]at1onsh1ps were examined for both rhyodac1tes

:and sandstones but for: reasons 1nd1cated Tlater the rhyodacites prov1de

" a far more sat1sfactory hfhology for such ana1y51s than do the

~ sandstones.
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Form and Sphericity - Rhyodacite: As indicated earlier form cannot

be expressed in terms of a single parameter. However, the changes
in mean form between successive samples can be expressed in this
manner if the chi-square values (AFr) obtained when testing such
differences are used as parameters indicating the magnitude of the
change. It must be noted that while AFr indicates the magnitude

of the‘change itgives no indication of the direction. When AFr

is to be used as the dependent variable in multiple correlation
regression analysis as is intended here it is essential that the
independent variables to which it is to be related are used in such

a manner that they also indicate magnitude only.

Five independent variables were se]ected.for the
analysis. The first is AAr which measures the change in area
of outcrop between two adjacent stations and has already been shown
to be significantly correlated with AF . The second is IAA]rl which
measures the magnitude of the change in mean altitude of rhyodacite
outcrops between stations. This parameter has been included to
discovef whether changes in altitude have any effects on form which
are independent of changes in area of outcrop. This possibility
has already been suggested in the last chapter where the writer
stated that "... since the relationship between A]r énd Er is
highly significant (r = .899) there is a strong indication of a

direct influence of altitude on pebble shape".
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The variables AA and IAAI | are of course far from being
1ndependent of each other. Their combined effects on AF provide
‘an 1nd1cat10n of the 1mportance of the d11ut1on effect in changing

- mean form of-samp]es.

-iit has beer suggeSted,earlier thatfbreakage is an important
"prbcess:in controlling'form changes between stations. .Changes

_in-the Kuenen breakage.ihdeX’(AKu 25) provide a suitable parameter
ﬁ__fcr use in the ana1ysi§ A fourth parameter included is |AD1 |
the magn1tude of change in mean distance from rhyodacite outcrops -
S a measure of the average_djstance travelled by the gravels from their
eeourcéiand;therefore an indirect measure of the amount of abrasion.
If an earfier conclusion reached'by the writer that "form changes
 1n rhyndac1te and sandstone pebb]es as’‘a resu]t of abras1on

can be neglectéd" is correct one wou]d not expect |A01 | to

, _contribute s1gn1f1cant1y to an exp]anat1on of the variance in AFr'

;_'The fifth ihdependent variable used is a parameter
related td'changes in mean size of the pebbles contained in each
':samp1e. It.was included because of the conclusions reached by

'Sneed;and Folk (1958) who studying pebble morphogenesis in the

: lowér Cb]brade River and using the same size class as’the present
writer fouﬁd that: "..., even within this narrow range, particle
size”has'a'greater effect on sphericity and form than 200 miles of

'fiuvia] trahsport‘— larger pebbles tend to have Tower sphericity
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and a rodjike.form, while small ones are more discoidal". To
obtain_a-siie parameter independent of the axial measurements used’
-to determine form and sphericity each sample was weighed and the
size charatteristics expressed as the mean pebb]e weight in grams

_(T ). The var1ab]e used in the analysis was [AT [, ‘the magnitude

- of the change in mean pebble we1ght between two adjacent stat1ons.

"_Th1s was found to be quite variable ranging in value from .250
& grams between stations 7 and 8 to 10.919 grams between stations 8

'Aandlé; :

Multiple oorre1ationvreoression'analysis of mean Wadell
:.(w')'and mean Maximum Projection sphericity (M ) of samp]es as ©
'dependent var1ab1es was carr1ed out along s1m11ar 11nes as for
. form except that the spher1c1ty parameters - be1ng on]y part1a1

,'texpress1ons of form - can be expressed as single numbers. This

a-denabTes the examination'of changes in both'magnitude and.direction:}'*

.and therefbre the independent variables used in»the analysis were

A Ku 251 A] p> D and T

Form and Sphericity - Sandstone - A similar analysis in re]ation

to sandstone 1s also attempted but the form and sphericity of
- ‘sandstone pebb]es cannot be expected to yield as h1gh a percentage
t'_of:expTanation of variance as;for rhyodacite. The reasons are

‘first1y that areas mapped as sandstone vary widely in age as well
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as nature'andAinclude Ordovician sandstones with minor shales.and
'siates, congTomerates;in the Silurian Cowombet Group, the Devonian
Timbarra Formation andeount Tembo Group as well as-the Plio-
~ Pleistocene qdartzitic grave]s(Haunted Hills GraVe1s). .when
ana]ysing the ]itho]ogica] composition of river gravels in the field
ft,is?hot practiceb]e to:distingdfsh between sandstone and

-duartiite. 'Secondly'the metamdrphic-rocks in the area surrounding.
-_:SWifts:Creek.haVe been maoped'as predominant1y”schist.and slate

Aand are shown as such in figure 2. However they undoUbted]y |

| conta1n some quartz1tes which contr1bute to the bedload of the

' Tambo R1ver

Th1rd1y, the exact area] extent of sandstones,
.cong]omerates and quartz1tes which tend to be 1nter bedded with and
to 1atera1]y merge 1nto‘other.sed1mentary and metamorph1c rocks
"canhot'be}determihed aeeuratelyefrom theVpresent standard of
:geological mapping whfch is’frequently-of a reconnaissance nature.
The rhyodaCites on the other hahd ere-a reryvdfstinctive 1ithology
wfth generally sharply defined boundaries and the areal

distribution of outcrops is_therefore much more accurately known.

In summary’, pebb]es referred to as sandstone may be
composed of quartzite as well as sandstone. . Source areas cannot
~ be as strictly defined and‘are,far more heterogeneous than is

the case for‘rhyodacite.',lt'is for these reasons that the parameters



131.

A]S (mean altitude of Outcfops at a station) and D1’S (mean distance

from outcrops at a station) have not been talcu1ated.

In multiple correlation regress1on analysis of form
and spher1c1ty of sandstone IAAI | and A1 respectively have been
omitted and |aDig | and Di have been rep]aced by'IAD | and D
e.respect1ve1y where D is the d1stance downstream from station 1.
In a strong]y e]ongated bas1n such as that of ‘the Tambo River ‘
w1th a complex pattern of outcrop D and-01 ‘may be expected to
:be c]ose]y re]ated as has a1ready been demonstrated w1th respect
to rhyodac1te (Tab]e XIII). Sandstone form end spher1c1ty have
N therefore been related to five independent variables instead

- of six such variables as in the case of rhyodacite._

Resu]ts of Analysis: The resu]ts for the ana]ys1s of form,

- Max1mum Proaect1on spher1c1ty and Wadell sphericity are shown

n Tables XV, XVI and XVII in the same manner as.has been done by
Chorley‘(1964), The tables show the reductions of the sumsof

| " squares effected by all combinations of the independent variables.

The mean1ng of these tab]es is best expressed by

quot1ng from Chorley (1964, pages 1510- 1512) who stated that:

. "The amount of ‘explanation' is represented

by the pekcentage reduction of the sum of squares so



effected. When ... the effectsof the 1ndependent.
variables are calculated in combination with one

.. another, ft is often apparent that these combined
effecfsvdiffer markéd]y from those which one might
expéct,from the'simble addition of their indfvidua]

.expTahations. This property of simple additivity is

most obviously demonstrated to be incorrect when the

total reduction of the sum of sqﬁares for a]T the
,aSSUﬁedvindepehdént variables, operating singly,
exceeds 100%. It must be}concluded.that there is a
great’deal-bf overlap, or data redundancy, wherein
'one variable is rebeating information already
»,SUpb]fed by another ...':ThUS,_when the effect of a
number of variables in combination is less than that
. which might be expecfed by summihg the,individuél
effetts, damping has obviously occurred and overlap
of fhe effects of the vériabTes is takfng place.
Sbmetimes, hoWever, thé gesfalt principle operates,
in which thgltofa] effect of a combination of
‘variab1es exCeeds.that,whjch‘hight be assumed froh
Simpié'additivity and the variables reinforce each
other,voften'in.a‘most devious and significant

manner."

132.
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. _Tab]é XV - Reductions of the sums of squares of rhyodacite form

effected by all combinations of the independent

variables
X] B 1
M. 72.34
r
X, | oe 1,2
AKuPZS : 13.95 - 72.70
| 3 | 1,3
% 93.86 94.10
3, :
sz, | - 2,3 1,2,3
B ©95.90 99.60
4 1,4 1,2,4
34.2% 72.67 "73.09
Xg | 2,4 | 1,3,4
|avi_| 37.22 94.15
o | s,e | a,5,4 |1,2,3,4
93.87 . 96.00 .99.60
5 1,5 1,2,5
0.18 75.74 79.22
2,5 | 1,3,5
16.75 | . 96.77
| R 3,5 - 1,4,5 1,2,3,5
XS . o 96.73 75.91 99.61
(AT |
T f 4,5 2,3,5 1,2,4,5
37.20 97.43 80.18
2,4,5 1,3,4,5
42.28 97.24
3,4,5 | 2,3,4,5 11,2,3,4,5
97.24 98.13 99.63




“Pel

£5° 96 £9°61 [8°¢€
S 2r (A 4 Sp e
LL°¥6 86°G1L
$B°eL| . S
9,61 €9°G1 89‘c 4
A $°¢ g 5% T
. d g
£V 96 Gt°6 4/ A
¢°egr KR A s‘e
92" €6 65°Sl1
¢ecr o s2
8% 81 ov° ¢ £2°¢-
$8°r -8 g
£0°06 20" %1 G9°€
eI pc°g B¢
. , A
G6°88 16°€l Yaq
per | Bg by
00°8l | oL'6 b€
2T | 5T b
89°98 1s-elL '
£g°1 g z w
10" ¥8 Lt X
e°r ' g
) — T
6°EL . ceel §g Wt 5
21 g -
I
80°0 LA
I X
salqeLdeA juspuadspul 2yl 40 SUOLIRULQUOD
LLe AqQ pa32334d Kq;o;qaqu uor3oafoud wnuxew
93L2epoAys j0 sadenbs Jo swns ayz 340 suo13Inpay IAx‘a[qel




13

5.

Table XVII - = Reductions of the sums of squares of rhyodacite

“Wadell sphericity effected by all combinations of

the independent variables

X
1 8.30
X, 1,2
' Kur25, 7.57 13.82
' 1 1,3
16.13 74.15
3
Az, 2,3 1 1,2,3
20.49 74.39
' 1,4 1,2,4
16.19 16.20 18.83
x4 2,4 : 1,3,4
Dir 18.82 78.72
| 3,4 - {2,3,4 1,2,3,4.
18.72 21.73 78.73
1,5 1,2,5
19.30 - 20.15 27.11
2,5 . 1,3,5
; 26.87 94.76
- 3,5 1,4,5 1,2,3,5
X 24.60 22.32 95.26
S
r 4,5 2,3,5 1,2,4,5
' 22.28 30.13 27.43
2,4,5 1,3,4,5
27.43 94.78
3,4,5 2,3,4,5 11,2,3,4,5
24.70 30.37 95.28 -
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It is obvious that simple addition of individual
explanations can only be expected when independent variables are
completely independent‘of each other. Where this is not the
case interaction between them gives rise to either redundancy

(damping effect) or reinforcement (gestalt effect).

Examining table XV where changes in rhyodacite mean
form are analysed in terms of five indebendent variables and
comparfng the sums of squares reductions for all pairs of
independent variables we find that redundancy is characteristic
of all combinations of variables Xy X5 X3 and X4 but the same
four variableé show reinforcement when combined with X5. The
fab]é.shows‘that variables X], X2 and X3 in combination explain
99.60% of the variance in AFr while X, and Xg do not add
s{gnificant]y‘to this percentage. Xé (lAA]rl) alone explains
93.86% of the variance and invcombinatioh with X; (AA)) the
:percentage riseé to 94.10%. This combination indicates the
, importanée of the dilution effect in affecting change in form.
Xz’(AKurZS) adds another 5.50% indicating that breakage has

some effect.

Taking into account factors X]; X2 and X3 only we
find that R = .998 and the multiple regression of AFr on these
‘independent variables gives the equation )

E(AF,) = 5.738 - .2860A + .0934Ku25 + .265|0A1 |
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which explains 99.60% of the variance. The correlation is highly

significant with a Tevel of significance of less than .001.

Table XVI analyses changes in rhyodacite mean
Maximum Projection sphericity in terms of five independent variables.
When the sums of squares reductions for all pairs of independent
variables are examined we find a remarkable example of reinforcement
between variebles Xi (Ar)vand X3 (A]r)‘ As a result of simple
additivity one would expect a percentage'exp1anation of only
:1 18% whereas they do in fact exp1a1n 84.01%. Some redundancy
is observed where variable X5 (T } is combined with either
' X3 (A]r) or Xy (D1r)' 1° X3 and A5 in combination explain
93.26% while the addition of X2 (Kur25) raises the explanation to

96.43%. X does not appear to be making a significaht

4
contribution and its inclusion in the multiple regression equation
does noﬁ seem justified as it increases the % explanation by on1y
0.14%. As was the case with form”Changes‘the two dilution

‘factors (X] and X3) again ebeain the bulk of the variance but this

time both mean sample weight (Tr) and the breakage index (Kur25)

‘make a significant contribution.

Taking the four factors Xps Xos X3 and X into account
we find that R = .982 and the correlation is highly significant'

(p < .001). The multiple regression of M. on the four independent
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variables gives the equation
E(Mr)' = 2367.83 - 11.620A - .208I§ur25 - 1.328A1  + 1.554T
which explains 96.43% of the variance.

The. same fiveiindependent variabTes used in thé
anlaysis of mean Maximum'Pfojection sphericity were also employed
ih'fhe'ana1ysis of rhyodacite Wadell sphericity and the results
shoWn'in table XVII. Examining the sums of squareé reductions for
. 311 pairs of'independent variables we find once again strong

reinforcementﬂbetween X] (Ar) andix3 (A]r) which in combination
explain 74.15% of the total vafiaﬁce of W, while from simple
.additiOh of‘their-individual percentages one would expect only
 24;43%, X4 (Dir) qnd-X5 (Tr)'show-marked redundancy when combined
'with'eéch other or,with any of the_kemaining three variab)es. 'X5

" has a sigﬁificanf effect howgvéﬁ, as in combination with X1 and
>X3 it explains 94.76% of the total variance. When Xé (Kur25):is
also 1ncTuded'the percentage improvés to 95.26% indicating that
breakage has but a's1ight effect; As in the previous analyses

X

4

does not make a significant contribution as it adds only 0.02%
and can therefore be disregarded.

| . - Taking into account factors X]; Xos Xq and X5.we find
that R = .976, a correlation which is highly significant (p < .001).

" The multiple regression of W, on the four independent variables



139.
produces the équation
E(Wh)' = 1989.37 - 8.962Ar -A.O71Kur25 -‘1..067/\1r + 1.954Tr-
“which explains 95.26% of the variance.

- Similar analyses were carried out tn investigate
changes in mean shape of sandstone pebbles. To investigate
changes 1in mean form (AFS) the independent,variab]eS'AAs, AKuSZS,

4D and'{ATs| were emb]oyed while changes in mean Maximum
Projection sphericity (Ms) and Wadell sphericity (NS) were

" examined in relation to the independent variab]eé AS, Ku525,

Ds and Ts‘ !The resuits of the three ana]yses ane'shown in
~tables XVIII, XIX and XX. Of the three only changes in mean
sandstone form shbw a significant re]ationship with the four
.1ndependent var1ab1es indicated above. Multip]e'correlation
_gives R = 828 which is probably significant (p < .02). Neither
‘mean Maximum Projection sphericity nor Wadell sphericity of
sandstone show significant mu1t1p1e corre1at10n with the
independent var1ab1es. Their multiple correlation coefficients
.'are..264 and .592 respectively with Wadell sphericity approaching
‘significance at .05 < p < .10. Only changes in mean form (AF)

~need therefore be considered.

When single independent variables are Tooked at the

change in breakage'index'(AKUQZS) shows the greatest reduction of
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Reductions of the sums of squares of sandstone

form effected by all combinations of the

independent variables

"58.54

e 1
AAS 40.43
- 2 1,2
o Ku325_ 47 .30 50.65
3 1,3
" 9.606 43 .22
3. ,
A 2,3 | 1,2,3
55.72 58.65
4 1,4 1:2:4
20.62 41.87 51.03
X4 2,4 1,3,4
jaz | ' 148.59 62.75
3,4 2,3,4 1,2,3,4
63.59
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Table XIX - Reductions of the sums of squares of sandstone maximum

projection sphericity effected by all combinations

of the independent variables

X
_ A 0.91
S
X2 _ 1,2
'Ku825 0.63 - 5.86
1,3 .
0.14 4.86
3, —
s 2,3 1,2,3
3.76 6.59
1,4 1,2,4
10.08 7133 6.57
" | 2,4 1,3,4
4 21.28 4.92
8 .
| 3,4° 2,3,4 1,2,3,4
0.14 4.06 6.96
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- Table XX ¥ - . Reductions of thé sums of squares of sandstone
Wadell sphericity effected by all combinations
of fhe independent variables
X] 1
A 6.43
8
X, 2 1,2
Ku825 - 17.87 18.64
3 | 1,3
= 9.73 12.53 .
3
D :
| “e 2,3 1,2,3
18.22 , 18.93_
4 : 1,4 - 1,2,4
18.76 19.91 34.52
X, 2,4 1,3,4
.Ts 2417 22.98
. 3,4 2,3,4 1,8,3,4
18.82 34.11 35.09
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the sums of squares explaining 47.30% of the total variance
(cf. AFr). Considering the effects of pairs of independent
2 X]X4 and X2X4 show a marked degree of
redundancy while .reinforcement is shown by the combination X3X4

variables the pairs X]X

which has the highest percentage reduction of the sums of squares

and expiains 58.54% of the variance of AFS.

Taking three indepehdent variables into consideration
'thé highest pekcentage reduction is given by the combination
X2X3X4'which accounts for 68.50% of the variance. The addition
of variab]e'x]'does Tittle to improve the percentage explanation .
indicéting thét changes in area of outcrop between stations do
not have any Significanée as an independent variable when the
-other three factors are taken into account. Using the independent
variab]es'xz, X3 and X4 in multiple correlation regression it is
~ found that R = .828 which is probably significant (p < .02).

Mu]tip]e regression ana]ysislprdduées the equation
E(4F,) = 25.413 - .1128Ku 25 - .5868D, - 1.147 |T_|
which explains 68.50% of the variance.

The relatively Tow percentage explanations for the
shape characteristics are not unexpected as for reasons outlined
earlier sandstone in the study area cannot be regarded as a very

satisfactory lithology for the kind of multivariate approach used.
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This was also the principal reason why the tedious procedure of

measuring A]S and D1's was not carried out.

Returning_to our three analyses of mean shape
parametersfof-rhyodacite we observe that the explanations of AFr’
»Mr'and wr-npt'onTy give rise to highly significant values of R
but also show a consistent pattern. The very high redUctibn of

the Sums,of squares with AFr may be due to several factors.

. Some. independent variables such as changes in area of
outcrdp (A)'may not a1ways cause a change iﬁ the sameldirection
.in the dependent Qariab]e., When sphericities are being considered
-a-change in A between two sample stations may in one case cause
.an increase in’ spher1c1ty wh11e in another the reverse may be true
_ depend1ng on the shape character1st1cs of the mater1a1 derived from
the additional outcrop. The effect of A on mean sample spher1c1ty
‘ may therefore be underestimated. When relating AA to AF, only |
the magn1tudes of the changes are cons1dered and the same prob]em

does not ar1se

Anothér factor that may be responsible in part for the
véry high reduction of the squgrés with AFr is that the values of |
: AFf are those of chi-sqﬁare obtained by_a comparison between adjacent
samp]es'of numbers of pebbles in the ten form classes. The grouping

~of the original data into claéses may have disposed of some of the
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error variance due to the limited size of the sample.

In a]].fhree cases the two parameters indicétive

~ of the dilution process (AAr and AA]r; Ar and A1r) account for

host of the change observed. 1In no case was mean distance from
source a signifi@ant factor but variatjohs in the rate of

breakage and ;hanges in mean size seem to have some inf]ﬁence on
changes in'mean shape between stations. The latter seems to

confikm to éome extent the findings of Sneed and Folk (1958) referred
to éar]ier that even within a narrow size range particle size

| has a'significant effect on sphericity and form.

Examination of the predictor equations shows that the
change in form befween stations is directly proportional to the
éhahge in breakage index and the magnitude of the change in
.'athtudé, However, rather surprfsing]y it bears a neéative'
ke]atfonship to the change in area of outcrop. This may be the
-result of the very strong positive correlation between AAr ahd

oAt |

Thevpredictor equatidns for both M. and W, show that
ihcreases fn the area of outcrop, meén‘altitude of outcrop andv
amoﬁnt of bréakage all bear'a negative relationship to the two
sﬁhericity parameters. However, the size parametek bears a

positive relationship in both cases indicating that the larger
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particles tend to be more spherical. This is in contrast to
Sneed and Folk (1958) who found that larger pebbles tended to be

characterized by Tower sphericity values.

Roundness Variations.

Multiple corre]atidn'regression analysis is not used
to explain yariations in mean roundness betweeh saﬁp]es. It has
been suggested earlier thét while changes in rbundness for
sandstone appear tp,be largely due to abrasion, variation in
mean rbundness of rhyodacite pebbles is mostly due to breakage.
The breakage index (Ku25) uéed in the explanation ofvchangés in
mean pebb]e shape’éannot.be used as ‘a parameter in md]tivariate
analysis aiméd at explaining variations in mean roundness as by
'définition it‘is based on the same measurements of r which are used
to calculate the Kuenen, Kaiser and Cailleux roundness indices.
hUhti]'anviﬁdépendent measuré-of breakage is found a complete
quantitative evaluation of changes in mean roundness between

sample localities cannot be attempted.
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CHAPTER VI

CONCLUSION

-Investigation'of the re]ationships'between the Tithology
of. the basin and theA11tho1ogica1 éomposition of samples after the
manner of Tricart (1959) has confirmed the Q ratio as a useful
indicator of the relative contributions made to the bedload by |
different>rock types in the size class studied. However, the
relationship between AQ, and AQO which was considered by'Tricart _
to giye significant informatfon,on the physiéa] béhaviour of
different fock.typés appears to héve no real meaning and illustrates
the prob]ems.involved in dealing with vafiabies based on percentage

values.

" Studies concerned with the changes in shape and
~ roundness of sediméntary particles during transport in a fluvial
- environment are numerous but many earth scientists seem to have

been pre-occupied with changes only in relation to distance
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travelled downstréam and have expressed their surprise when such
changes do_not éeem to follow a distinct trend. Roundness has
frequently been measured by the»use of visual comparison charts

and, as has been shown by‘Folk (1955), this method is likely to
proddce'considérable operator error. The wholly quantitative
parametérs devised by Cailleux, Kuenen and others are to be

- preferred é]thOugh the Timitations 6f measurements restricted to the

p1ane'of maximum projection are fully recognized.

One of the aims of the thesis has been to determine

the extent to which roundness.measures within a sample are
. related to particle size and shape. In a study concerned with
}pfocesses it is desirable that such a relationship be minimized.

From this ﬁoint of view Kuenen roundness appears to be the most
sétisfactofy measure. Factor analysis, contrary to expectations,
vhas.not proved very satisfactory in assessing the various
rodndneés parameters although it must be realized that the analysis
Was restricted to one sample 6f-each lithology. Assessment from a
correlation matrix showing the relationships of parameters within

samples is both simpler and more satisfactory.

In the determination of shape the use of form seems
' to have been somewhat inhibited firstly by the probiem of
demonstrating significant changes between samples as illustrated.

by the work of Sneed and Folk (1958) and secondly by the anticipated
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dificulty of relating form, expressed in terms of two parameters,
to other‘variables. In this study use of chi-square is made to
demonsirate changes between samples and as a sing]e parameter
measuring the magnitude of change between two stations. As suchA
it can be readiiy correlated with cher-variabies, as long as it

is remembered that only magnitude of change is being considered.

‘This has some advantages as some variables, for example
AA (changE-fn area df outcrob between two stations), taken as a
measure of dilution, can affect form changes between pairs of
Sahbles fhat.are opposed fn direction depending on the nature of
‘the material being added. The influence of such a factor can pe
‘ seriduS]y under-estimated when used in the explanation of
'sphericity where sign is taken into-considerétion. The effects on
mu1tﬁp]e ¢orre1ation regrés;jon ana1ysis are most clearly seen
© in the case of séndstone,'a rather inhomogeneous rock type, but
.are also apparent, although less marked, in the analysis of

rhyodacite.

The simultaneous analysis of pebble samples from two

: distinct Tithologies has other advantages particularly when, as is
A-théjcase here, theylbehave in suchlradica]]y‘different ways. For
._ examb]e;'shapé and roundness sorting, if it occurs, may reasonably
:bé"expécted to affect both 1itho]ogies'in a similar manner and the

fhct'that their behaviour is strikingly different is a good
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indication that, in the present case study at least, it is not a

significant process.

Studies in partic]é morphogenesis have frequently
confined~themse]ves to roék,types that crop out at only one
locality along the'river in order to avoid dilution effects.
However, only iﬁ a mindrity of cases do such situations occur in
v.nature; The presenf study has set out de]iberate]yAto deal with
a situafion where outcrop patterns are complex and dilution effects

must be considered.

Apart from dilutfon thrée'ofher processes may influence
changes in shape and roundness between stations. They afe breakage,
1 abfasion and sorting. Iﬁ addition variations in mean sample size
were considered as a possible influence following observations
by Sheédlénd Folk (1958) in their study that, even when confined

fo»a,réstricted range,-partic]é size has a substantial effect on

~variations in shape.

The use of multiple corre}ation regression analysis
and {ts adaptation by Chorley (1964) using matrices of reductions
of fhé sums of squares proves to be an efficiént way of analysing
vthe relative influences of different factors. Some striking
examples of'reinfdrcement and'redundancy are observed underlining

the danger of relying uncritically on simple correlation regression



techniques in the init1a1'exp10ration of a eomplex of relationships.

Multiple regression produces predictor equations which
in the case of rhyodacite explain a very high percentage of the
Vvariations in mean form and sphericity betwgen samp]eé allowing
surprising]yvaccurate pfediction. Di]ution factors appear to be
the dominant influénce on shape but variations in mean size and

| the rate of breakage has some effect.

In the case of sandstone only mean forh changes are
significantly related to parémeters indicative of processes and
mean size. Reasons for this appear to be the strongly anisotropic
nature Of‘weaknesses in sandstohe, the unsatisfactory State of
" geological mapping of this lithology and the fact that material
identffied as sandstonezéomes-from rocks differing widely in age,

'nétUre and degree of metamorphism.

In any rock with strongly anisotropic weaknesses,
pebble shape'is 1nf1uen¢ed,in such a manner that planes of weakness
tend to become parallel to the maximum projection plane and a]éo
tend to promofé breakage parallel to this plane. Under such
conditidﬁs breakages will not be ref]ected in measurements of the
radius of édrvature of the sharpest corner in the maximum projection
"plane (ra) so that any roundness measures baéed on ra will not

indicate the full extent of breakage. In contrast, in a more
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isotropic rock, such as the rhyodacites dealt with in this study,
.bneakage,tendé_to occur parallel to the minimum projection plane
and. roundness measures involving ra will reflect much more

‘accurately the extent of breakage.

, A 1esson to be 1earnt from this thesis is that if a
relat1onsh1p is sought between changes in pebb]e morphometry and
env1rqnmenta1 factors the rock type sélected for study should be
massjve‘and as free as possible from closely spaced planes of

_ weakness and shdu1d not be subject to significant chemical weatheting

I in the‘area of study. Moreover, if a distinctive and abundant

,rock type 1s se]ected geological boundaries are 11ke1y to be
more accurate]y mapped enab11ng better measurement of areas of
outcrop. In the catchment basin of the Tambo R1ver on]y

:!-rhyodac1te meets all these requ1rements reasonably well.
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isotropic rock, such as the rhyodacites dealt with in this study,
vbreakageAtendS,to occur paralle] to the minimum projection p]ane
and roundness measures involving ra will reflect much more

‘accurately the extent of breakage.

' - A lesson to be 1earnt from this thesis is that if a
re]at1onsh1p is sought between changes in pebb]e morphometry and
environmental factors the rock type selected for study should be
mass1ve and as free as p0551b1e from closely spaced planes of

: weakness and shou]d not be subJect to significant chemical weathering

o in the'area of study. Moreover, if a distinctive and abundant

.rock . type is se]ected geo]og1ca] boundaries are likely to be
more accurate]y mapped enab11ng better measurement of areas of
outcrop. In the catchment basin of the Tambo River only

: rhyddacite meets all these requirements reasonably well.



SUPPLEMENT TO M.Sc. THESIS, 1972

PeBBLE [ORPHOMETRY OF THE TAMBO RIVER,
EASTERN VICTORIA

ALBERT GOEDE

Some additional explanations and minor corrections are included
in this supplement following the suggestions received from the two

examiners for which the writer acknowledges his gratitude.

Throughout the thesis the term 'explanation' 1s used in a
statistical sense to indicate the reductions of the sums of squares
achieved by either simple or multiple regression Analysis; Unless
specifically implied it does not indicate explanation in terms of processes

Oor causes,

page 4 (to replace first seven lines of second paragraph)
The purpose of the study is to evaluate several techniques for
measuring the geometry of river gravels, to use these techniques to
quantify changes in gravel characteristics downstream and to try to ascertain
the causes of the changes in geometry. An assessment is made of the relative
importance of these causes in relation to rhyodacite and sandstone pebbles.
Practical considerations (see page 50) restrict the study to one
gize class of pebbles with long axes between 32 and 64 mm. It is
realized that the results obtained for this class cannot be applied to the
entire bedload.



page 50 - last sentence of paragraph beginning with "(iv)" to be
reworded as follows:

Following factor analysis the Cailleux index was replaced by
the Kaiser index as it has been shown (p. 49) that the Kaiser and Kuenen

indices are the least dependent on both size and shape.

page 51 - last line

The location of the sample point on the gravel bar was
determined by the abundance of pebbles in the size class being studied.
There 1s a danger that this produces a biased sample if morphological
characteristics vary écross the bar. However, the alternative would have
been to collect a few pebbles from many points which produces another
problem - how to collect the pebbles objectively. For this reason, and
the one stated on page 49, the procedure of point sampling has been
adopted. '

page 62 - third line
The statement that '"Rhyodacites yield more material per unit area
of catchment than any other rock type" does not apply to the bedload as

a whole but only to that portion in the size range considered.

page 74, 75
It may be argued that since there are few significant changes

in pebble form and sphericity between stations the subsequent work

concerned with processes contributing to such changes loses much of its
value. However, the significance of the changes is probably
underestimated by the use of non-parametric tests (chi~square and Kolmogorov-
Smirnov) required by the nature of the data, which are not suitable for

ugse with more powerful parametric tests. Grouping of data into classes

for application of non-parametric tests may also have partially masked



differences between samples. The relatively high correlation coefficient
(r = .639) between AFs and AFr’ while not significant at the 5% level due
to the small number of samples (page 74), gives at least an indication
that the magnitudes of form changes in rhyodacites and sandstones are
related. Such a correlation is not to be expected if differences in

form (and hence sphericity) are due to chance variations between stations.

page 76
On this page it is suggested that abrasion is not a significant

factor in explaining form changes and that in the case of sandstone this
can easily be demonstrated in the field. ' The writer states that sandstone
pebbles derived from conglomerate beds in the Upper Devonian Mount Tambo
Group are characterized by a reddish ferruginous surface coating which
persists for tens of miles downstream from the source. He suggestg that
since a long distance of transport is required to remove a thin surface
coating abrasion would appear to be a slow process.

However, an alternative explanation, which was not previously
considered, is that such pebbles were transported in larger boulders of
conglomerate which do occur in the river load, and that the ferrugiﬁous
skins remain on pebbles because they have only recently been released
from the boulders.

Even if this alternative explanation is true it is still likely
that abrasion is not a significant factor in explaining form changes and
this is supported in the case of sandstones by the fact that the
correlation of distance downstream (D) with mean Kuenen roundness values
gives a correlation coefficient of .842. This indicates that a long
distance of transport is required for such pebbles to reach their maximum
roundness from which we may conclude that abrasion is a slow process.
Since much more abrasion is required to change shape significantly than
roundness it 1is unlikely that abrasion is a significant factor in

changing shape. This is further confirmed in Chapter V where multiple



correlation regression has shown that for rhyodacites distance from
source (Dir) makes little or no contribution towards explaining changes
in form and sphericity between stations. Also form changes in sandstones

appear to be only slightly influenced by distance downstream (D).

page 78
It 18 found that dilution by new gravel from tributaries accounts

for a significant amount of the statistical eiplanation of variations
in form and sphericity of the rhyodacites. It is considered surprising
by one of the examiners that dilution does not also affect roundness.
This is probably because, as indicated on page 103, rhyodacite pebbles
appear to "quickly reach a limiting roundness after which there is a
dynamic balance between abrasion tending to increase roundness and

other factors tending to decrease it".

page 124-126

The statement made earlier about the use of the term 'explanation'
is of critical importance here where the writer uses multiple correlation
regression analysis to assess the extent to which variations in abrasion
and breakage indices account for variations in mean Kuenen roundness
of both rhyodacites and sandstones. No causative explanation of variations
in mean roundness is intended. It has been shown in an earlier chapter
that changes in mean roundness are very largely due to abrasion aﬁd
breakage (page 105). The aim of the analysis is simply to see if the
variation in mean roundness can validly be split into two independent
components, Ku75 and Ku25, to provide separate measures for abrasion and
breakage respectively. For such a split to be made without significant
loss of information the two components together should account for nearly
all the variation in mean roundness. Since multiple correlation regression
analysis ‘explains' 95.49Z of the variation in mean roundness of sandstone |
and 96.58% in the case of rhyodacite this aim appears to have been

achieved.
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APPENDIX

- The appendix summarizes most of the information obtained
from computer pkotesﬁing of the sample data. The Algol programﬁe,
U876—PEBBLE ANALY515; for use with the University of Tasmania's
El1liott 503/PDP-8L computer was written by [.K. Chick, assisted
by the writer, when the former was employed asva research
| éssiétant. . The measures of hean, standard deviation and kurtosis

used are the moment measures.

Contents .
| Rhyodacite Sandstone
samples -samples
' Page Page
" Mean axial dimensions ' : 154 ' 164
Frequency distributions of form | 155 165
Frequency distributions of Kaiser roundness 156 166
_?réquency distributions of Kuenen roundness 157 : 167
Frequency distributions of Wadell sphericity 158 168
~ Frequency distributions of Maximum Projection
o sphericity 159 169
Roundness parameters - Kaiser 160 170
" Roundness parameters - Kuenen 161 171
Sphericity parameters - Wadell | 162 172

Sphericity'Pafameters - Maximum Projection 163 173



Rhyodacite Samples - Mean axial dimensions (mm)

Sample No.
1

o W N

~I

- 43.
44,
2.
46.
43.
43.
44,
43.
" 46.

Iv—c

29.36
30.47
27.99

. 31.61

30.82

©30.41
30.80

30.51

33.66

|\

- 17.91

18.62

17.42

16.83
20.71
19.71
17.91
18.27
20.63
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Rhyodacite Samples -

Form Class

Compact

' Cémbact platy
Compact bladed _
- Cpmpactgglongaféd
| ;P1aty

Bladed

" Elongated
'fVery:p]aty

 Very bladed

Very. elongated

Frequency distributions of form,

155.

~Sample No.
al2)l 3t a5 e 7819
2| 5| af 3 i3l 3
8| 71| 9 % 10! 6 % 10 3| 8 10
12 16 | 1 f 8|30 | 23 13 113 é 15
M 4afn- 8|16 |19 8 9716
21 | 15 | 12 26 12 {19232
37 | 45 | 56 49 . 46 |51 | 58 | 57 | 51
303831, 200 21 |17 L2023 19
1 a1l s i 1] 2: 4] 0, 3
23|15 10] 8 5| 9120 |14 12
5| 5| 5] 4 é 2| 5| 4l 2 é 1

-
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Rhyodacite Samples - Frequency distributions of Kaiser roundness
1 21 31 4] 5| 6] 7 |81 39
0- .50 | 0| 1 1 0o o o] 1 |1 0
50 - 100 1 8 ' 13 0 5 s |3 12
100- 150 |15 [ 170 21| 16} 15121 | 19 |16 18
150.- 200 |15 | 16 ¢ 28 | 17 | 21 |24 | 16 [30 | 24
200- 250 |20 23| 27| 21 | 20 [19 |17 |22 2
250 - 300 |25 | 20| 27 | 28| 26 |30 |17 [17 |20
300 - 350 |17 |16 | 14 | 21| 9 |16 |19 |19 |2
350 - 400 |18 | 21| 718 |2 | 9|23 |13 |7
400 - 450 7 s 7w 2| |7 |6
450- 50 |9 7} 6| 5| 8| 7| 9|8 |7
500 - 550 |7 | 3| 3| 51| 3 |3 5 7 | 2
550 - 600 | 3 | 1 0| 3] 0 3| 4} 1 |#4
600 -- 650 | 2 | 1 10 21 1 o| 31 a4 {0
- 650 - 700 o} o o 1] 3 2| 1 | 3
700 - 750 1ol 0ol 0o 2 o v 1 ]O
750 - 800 |o | 1| o} ¢| 1 |]o}| 0o} 0}0O
800 - 850 ol o} of o] o o0} 0o} 040
850 -~ 900 0 00| 0 0o o 0 0 0 0
90- 90 |o ] ol of of ool o} o0 }0
950 --1000 | 0 | O 0 0| o o o] 0 0
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Rhyodacite Sar@jes - Frequency distributions of Kuenen roundness.
Class . Sample No.

1 ol 3 a5 | s | 7] 8] o9
0- 50 ol of 1 |0 |0} o] 0o | o
50 = 100 5 51 10 0 2 2 3 2 |10
100 - 150 sl 7110 | 8] 9] 9 11 |6 | 8
150 - 200 |12 | 15| 12 |10 {15 |22 | 9 |15 |15
200 - 2506 |15 | 17 | 28 |17 [1s |20 |14 |29 | 26
250 - 300 |16 |16 | 17 |20 {19 |15 |16 [15 | 2]
. 300~ 350 |17 {14 | 22 {1 {2 {21 {19115 |17
350- 400 |23 |23 |14 |17 | 8 |12 | 6 |14 |16
400 - 450 |10 | 11 | 12 |2 j19 |16 [ 26 |16 | 1
a50- s00 |8 |12 6 [10 |12 | 912 |0 | 6
500- 550 |12 | 8| o 9| 9| 9 fn | 8|7
550 - 600 | 8 | 7| 3| 6 | 7| 8| 8|85
600 - 650 7 6| 2|7 |5 |3 6|50
650- 700 |3 | 6| 1| 4| 2| 2| 4} 2] 2

700 - 750 3 2 2 0 4. 0 1 3 5 |
750 - 800 3 of o 1 2 ol 3] o0 0
800 - 850 0 1 1 ]2 0 1 1 0 1
-850 - 900 o | of of of o1 0o | 1 0
90- 950 o] of o f of o 0of 0} 0
950 -1000 - { 0| o] of o] 1 ol o] of o
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Frequency distributions of tladell sphericity

Rhyodacite Samples

Sample No.
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16

11

10
24 .
- 31

31

35

11

18
29

28
33
27

25

24
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17
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37

24
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15

20
21

31
- 32

22

12
24

46
23

18 |

N

12
22

39

24
22

13

0

0
0
0

0

1

6
17 |

|30

117

32

24
14

g

1

0

50

100

50 -
100 -
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600 -

700
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700 -
750 -
800 -

800"
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Rhyodacife Samples

Frequency distributions of Maximum

Projection sphericity

Sample No.

~ Class
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Rhyodacite Samples - Kaiser roundness_paraméter$ |

Sample No. 2 3 4 V 6 7 8 9
Mean 292,68 | 284.46 | 239.91 | 301.23 | 301.08 | 274.63 | 306.33 | 288.30 | 262.66
Mininum value 5653 | 46.84 | 0 | 11.73 | 72.20 | 56.3¢ | 43.20 | 44.20 | 51.02
| Maximum value | -728.48 | 756.72 | 628.51 | 654.55 | 795.23 | -690.85 | 705.13 | 722.02 | 662.98

Standard deviation| 135.82 | 127.14 | 117.23 | 120.09 | 143.18 | 127.13 | 139.76 | 137.52 | 131.81
Skewness  |1:2 x 100 [1.0 x 105[9.9 x 109]1.7 x 108[2.7 x 108 1.6 x 105 1.1 % 10%|2.2 x 10°]1.9 x 10°
Variance 18447.88 [16164.97 |13742.05 |14420.96 |20499.71 |16161.23 |19533.04 |18911.49 |17373.47
Kurtosis 9.8 x 108]8.7 x 103]6.0 x 108]6.3 x 108]1.7 x 107]9.0 x 103 1.0 x 10%{1.2 x 10°|1.1 x 10°

091 -




Rhyodacite Samples - Kuenen roundness parameters

1.7 x 10

1.9 x 10 l1.5 x 10

Sample No. 2 3 4 6 8 9
fiean .79 | 357.42 | 305.71 | 376.06 335.67 352.25 | 315.50
Hinimum value 92 | s51.28 0 115.94 75.19 57. 58.82
Maximum value .37 800.00 838.32 823.§3l 873L%§ 934. 845.07
—Standard deviation .16 163.22 152:p1 150.10 ” _1E97%?mm_ mﬂl@g: I§§L§O
Skewness 108 1.5 x 108]2.6 x 10801.8 x 10 2.4 x 10° 613.6 x 10°]3.3 x 109
Variance .96 |26639.56 |23105.93 |22530.04 |28610.45 [22617.96 |27 26525.85 |24492.26
wrtosis 10 9 9 X 1.7 x 10° 2.5 x 10%/2.1 x 10°

“191



Rhyodacite Samples - Wadell sphericity parameters

i

i1.4 x 10

Sample No. 1 3 4 5 3] 7 8 9
iean 648.50 | 652.68 | 645.90 | 650.61 | 696.93 | 677.14 | 647.29 | 661.14 | 676.31
Hinimum value 446.79 | 392.05 | 452.17 | 446.01 | 471.57 | 3839.74 | 491.26 | 472.96 | 485.97
Haximum value 876.93 | 923.85 | 942.08 | 893.07 | 915.28 | 887.59 | 045.60 | $56.29 | 890.41
Standard deviation| 92.64 | 95.56 | 88.23 | 91.40 | 95.5 | 94.63 | 82.47 | 79.10 | 82.64
Skevmess 6:9 x 10*]1.4 x 10°|2.4 x 10°2.0 x 10°[3.1 x 10*]-1.3 x 10°|1.9 x 10%-1.1 x 10*[3.8 x 10*
Variance 8581.25 | 9132.03 | 7784.49 | 8353.73 | 9130.86 | 8954.42 | 6800.60 | 6256.34 | 6830.19
Kurtosis 1.6 x 10% (2.6 x 10%12.0 x 10°]1.9 x 10%/2.2 x 1% 2.2 x 10° 819.8 x 107 1.2 x 10°

*291



Rhyodacite Samples

Maximum Projection sphericity parameters

Sample o. 1 2 3 4 5 6 7 8 9
flean 627.46 | 629.30 | 634.44 | 621.63 | 680.54 | 659.26 | 613.58 | 629.17 | 643.03
Minimum value 366.36 | 291.51 | 350.08  357.44 | 365.71 | 358.02 | 491.26 | 409.32 | 348.40
Maximum value 969.07 | 930.67 | 893.58  940.35 | 907.98 - 867.80 ; 948.60 | 841.47 | 926.36
Standard deviation| 111.45 | 110.73 | 99.30  109.17 | 109.62 | 108:§p___7_5w§g".:£7—~ 91.63 | 112.31
Skemess -5.4x10° |-9.0x10° §-1.3x]05 -8.6x10° |-9.5x10° ;-7.7x105 1.9x10° ;—6.6x105 -1.3x10° |
Variance 12420.85 112261.58 | 9877.85 | 11918.59 |12060.94 ' 11793.59 | GSOO??Q.i-????;fj:llffl3:59ﬂ
Kurtosis .00 | 2.8a0% | 29008 | 4.6008 | a.2x10% . 3.8x10° 1 1.axc® | 1.8a0° | 400108

"€91
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Sands tone Samples. -A"Mean axial dimensions (mmn).
Sample No.’ L I S

1 42.59 28.87 117.03

2 12.65 . 29.20 1.7

3 41,18 27.51 17.27

4 44..94 o361 17.89
5 42.55  28.48-  18.30
6 42.86 ©29.29 19.30
7 as4 30.45 16.73

8 44,50 - 30.67 ~18.51

9 46.28 - 33.33 19.53
10 4317 30.07 1970



.Sandstone SampTes -

. Form Class-

’Compact‘

'('Iompac‘t platy

| Compact bladed
Combacf elongated
Pléty'i .

- Bladed =
E]ohgatéd

Very platy
Very bladed -

-  Veryfe1ongatéd

Frequency distributions of form

165.

Sample Ho.
1] 2] 3] a4l s e 7] 8] 0 110
21 0 4. 24 5| 6| 301 2| 3
5| 7/ 8| 8] 9| 9|10 4113 9
20 | 24| 21 20|16 |28 |1 {1812 25
7ln] sl 7|wlis| s8] 9 RE
13112 68| 9|12 20|20 |25 |13
a3 | a0 | 49 | 41 |30 |32 |41 |46 |47 |38
24 | 29| 30 |17 |31 {25 |18 {19 |19 |35
sl ol 21 6] 3l 2|8l 5|6
23 113 |6 |2 |15 |11 |26 |15 {18 |10
ol 51 6| 7| 9ofw| 8] 8} 3]|3




800

950
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Sandstone Samples - Frequency distributions of Kaiser roundness
Class Sample No.
o 11 21 3] 4| 5] 6 7| 8 9| 10
0- 50 il 21 ol ol of of 1} 2} 2| 5
50 - 100 | 1 s{ 71 3| 4| 5| 51 8 2| 13
100- 150 | 16 | 17 | 15 7 114 9 {12 {13} 11| 1
150 - 200 (12| 131 7| 3w | 7 16| 7| 8 T
200 - 250 | 28| 18| 25| 20 | 16 | 10 |12 |16} 14} 17
250 - 3000 |27 | 29 | 24| 21 |22 [ 21 | 15y 15] 14| 13
300 - 350 |20 | 22 | 22| 14 |12 |17 |14 )14} 20} 16
350 - 400 |13 | o | 15| 22 |22 |18 | M |18} 177 20
400 - 450 |10 | 12 | 12| 12 |32 [2 |17 |15} 10 ) 1
450 - 500 | 2 | 10| 8| M | 7 |13 {12 |1} A5
500 - 550 ol 31 7115 | 9 8|11 10} 15 1
550 - 600 | 4| a4l 4| 4 | 8| 814} 71 6 3
600 - 650 -~ | 3 1| o 1 4|1 5 6 | 9 8| 5
650 = 700 21 2| 3 2 0 5 | 2 2 411
700- 750 |1 3| 1| ol 1|22} 1v] 2] 2
750 - 800  |.1 | o o 1 >l 11 o} of of o
.80 | o oo 2| v | v[ojpo} T 0
850 - 900 0 0 0 1 0. O 0 11 0 0
900 - 950 ol ol of o | o} o] o] 1 0
000 |o oo 1 fo]olo]o] ofo
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Sandstone Samples - Frequency distributions of Kuenen roundness.
~ Class Sample No.
I 2 3 4 51| 6 7 8 9 | 10
U o0-5 ol ol o} ol o} 0} 0o} 1} 0} 4
50 - 100 >l 5.l a{ o) 2| 3| 5 8| 4 {10
100 - 150 6| 9! ol a | 7 7 6 71 21
150-"200 | 9| 9| 8| 9ol 8 6} 9 7110
200- 250 |15 |14 |2 | nojw | o6 12| 7| 97
250 - 300 |25 | 14 { 9|17 11wl 6| 81 1
300 - 350 |16 | 21 {23 |15 L7 |13 |20 |16 |15 (13
350 - 400 |12 {18 {21 |16 110 {13 |11} 9 | 8
400 - a50° |21 116 |17 {13 s fiap o918 (17
450 - 500 o | 8 {14 |13 .12 |10 |10 {13 P12
500- 560 | 8| 9| 6 |16 116 |14 |12 |13 |11 |16
550 6000 |10 |12 | 3 | 6 ;8 {16 |13 |1 110 45
600 - 650 4| 6 {12 | N 9 | 9 10| 8 {10 | 9
650 - 700 2l 21 5|8 |6 [N 7 | 6 |12 9
700 = 750 5 | 4 | 313 {5 {6 (12 |7 |65
750 = 800 1 o |21 3 | 3 {4 |5 |3 |4 ]
- 850 1 o | 2 | o 1 3 |1 ta }3 |1
g50- 900 |3 | 1 | o1 {3 |2 o}z }3 |1
900 - 950 1 o | o | 1 o | 3 |2 |1 0o | o
£ 950 - 1000 o | oo |3 v o o |1 {10
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Sandstone Sample

Frequency distributions of Wadell sphericity
~ Sample No.
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450

- 550

" 600

. 750

1950

169.

Sandstone Sample - Frequency distributions of Maximum Projéction
sphericity
Class Sample No.
12 i_ 3| 4] 5] 6| 7| 8| 9]0
0- 50 ol of of o} O ! o o} oj 0} O
50--100 |0} of 0} 0] 0 | 'of of of of 0
100 - 150 ol o of{ o° 0o " 0o4f 0} 0} 0O} Of
150- 200 [0| o o} 0oj 0, 0} 0 0} 0} 0
200 - 250 ol ol of ol o o) o] of o} o
250 - 300 ol ol of of of of of 0of 0} 0]
300 - 350 ol 3| 1] 1 ol ol 21| 2 0 0
350 - 400 | 4 21 3| 2 1 51 9| 6 0 0|
400 - 450 8| 3 2 10| 51| 3 71 6 8 3
500 |12} 13| 1 {87 12 11 6.
500 - 550 |19 ] 16| 16 |25 | 11 | 12|18 [ 10 | 18 | 13
600 l21l w192 |2 |18 ]38 |22 |19
- 650 |26 | 21 | 22 |2 |23 |15 |19 |34 ) 21 | 20
650 = 700 |24 | 27 | 27 | 15 |24 |24 | 18 |18 | 28 ) 32
700 - 750 |19 27 | 30|18 |25 |30 | 12 |16 | 22 | 22
g0 |9l 1ol {13 9w 15| 92
0- 80 | 5| of 6 2| 9 fr2j 0|9 5|12
850 - 900 | 3| 1| 3| 2] 6 | 3| 2|1 3 ) 3
900 - 950 | O 0| 01} 1 1 1 ] 1 0
- 1000 o] ol o} o} oo} otoj o0




Sandstone Samples

- Kaiser roundness parameters - -

1.5x10°

2.9x10

" sample No. ] 2 3 4 5 | 6 7 8 9 10
Mean ° ' 307.89] 301.52| 307.60| 354.60| 333.60| 371.62| 356.82| 383.78| 375.52) 312.78
Minimum value 49.88| 47.73| 50.38| 97.56| 55.40| 57.55| 48.08] 0 46.95| 0
Maximun value | 788.95| 715.27] 723.98| 968.72| 809.25| 808.71] 744.99| 906.80| 911.68| 733.33
‘Standard deviation ~140.99) 144.39| 137.79| 159.10| 156.87| 157.72 166.73| 175.08| 167.92 166.20
Skewness 2.5%10°%] 2.0x108 1.5x10%] 4.0x10%| 2.5x108] 1.2x10%] 5.6x10%| 1.9x105| 1.5x10°] 8.2x10°
Variance 19877.60| 20848. 07| 18986. 26| 25313. 56| 24607 .42) 24874.82| 27798 33| 3065452 28198.42) 27622.77
Kurtosis 1.4x10° A 1.2x10° 2 1.éx109l 1.7x10% 1.6x10%] 2.7x10%| 2.3x10°| 1.8x10°

"0/L1



.Sandstone Samples

- Kuenen roundness parameters

Sampie No. 1 2 3 4 5 6 7 -8 ! 9 | 10

Mean 387.82) 373.51  388.72| 436.33| 422.16] 464.89| 442.77 435.42j 452.91| 385.76
Minimum value 60.08| 52.49| 56.98| 102.83] 62.11] 8e.89] 61.16] 0 52.49] 0

Maximum value 921.66| 855.61| 839.69| 1000.00| 960.00| 919.54] 942.03| 962.57| 987.65| 894.31
Standard deviation| 177.03. 168.17| 169.70| 190.23| 190.17| 195.11] 200.73| 206.97| 198.91| 201.62
Skewness T ax108] 1.8x108] 1.7x10% ] 5.1x10%| 2.8x708 | 7.8x10°%| 7.7x10%| 1.5x10%| 1.4x108| 3.3x10°
Variance 31340.83|28282.83 |28798.87 [36188.19 |36166. 20-|38066.80(40290. 89 |42837..58 [35565.61 | 40649.85
Kurtosis 3.3x10%| 2.2x10%] 2.3x10%| 4.7x10%] 3.5x10%| 3.5x10%] 3.5x10°] 4.6x10%| 3.7x10° | 3.6x10°

"LLL



Sandstone Samples

- Wadell sphericity parameters

T

Sample No. 1 2 3 4 5 6 7 g i 9 10
Mean 643.55| 653.40| 650.98| 647.08| 655.54 670.74§ 632.62 653:89§ 668L17§ 678.69| .
Minimum value 415.00| 437.99| 438.58| 403.54| 367.05| 407.71 352.45, - 370.75 468.00| 451.44
Maximum value 932.93| 868.62| 852.61| 858.27| 906.69| 877.07| 909.19° 881.37| 907.72| 919.17
Standard deviation| 97.42| 93.23| 93.02| - 98.89| 102.03| 107.82 '107.34E 91.51 86.24| 94.72
Skewness 2.9x10° | 5.9x10% [-3.2x10% | 1.3x10% | 5.1x10%|-3.6x10°| 1.0x10%i-3.0x10°|-5.3x10% | 4.4x10%
Variance 9490.58 | 8691.88 | 8651.98 | 9779.04 10410.43|11626.19|11522.83 8374.12 7438.00 | 8971.66
Kurtosis 2.6x10% | 1.7x108 | 1.8x10% | 2.1x108 8l 3.1x0° 3.6x108| 2.4x108! 817.0x108

2.8x10

i

1.5x10

AN



Sandstone Samﬁ] es - Maximum Projection Asbherici'ty parameters

3

i

[y

sample No. 1 2 4 5 6 | 7 8 9 10 |
Mean 617.47| ©32.08| 638.12| 604.48| 647.37| 660.65| 587.57 | 625.09| 625.44| 666.69
Minimum value 352.40| 323.78| 322.13| 302.14| 362.45| 364.01| 323.27| 307.67| 404.53) 424.72]
Maximum value 572.74] 8%6.32 883.13) 900.33| 921.76| 914.65| 913.95| 919.59| 870.26| 875.20
Standard deviation| 113.10| 115.26| 108.98| 120.58| 112.23| 120.49] 127.15| 124.31| 113.98] 104.05,
Skewness -1.0x100]-1.5x108|7.7x10%] -1.5x10%| -2. 2105 |-1.2x108 |-1.8x108 |-1.7x10% |-1.4x10°| -6.3x19°
Variance 12792.57|13285.33|11877..02| 14539.38] 1259614 |14518.1816166.21 |15452.94 [12982..44]10826..48
Kurtosis 530108 5.4x108| 4.2010%] 5.2x10%) 4.1x108| 5.9x108| 6.8010| 7.2x10%| 4.2x108" 2.8x10%"

"€LL
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Al

. Di

AF .

Ka
Ku
Ku25
Ku75

LIST OF SYMBOLS

area of outcrop above a station (km25

mean altitude of outcrops at a sample station (metres)
number ofAb]aded pebbles in a sample

mean Cailleux roundness of sample

distance downstream from station 1 (km)

mean distance from outcrops at a sample station (km)

.number of elongated pebbles

magnitude of form change between adjacent stations-.

(chi-square),

‘mean ]engfh of intermediate axis of a sample (mm)

mean Kaiser roundness of sample
mean Kuenen roundness of sample
Kuenen breakage index

Kuenen abrasion index

" mean 1ength‘of Tong axis of a sample (mm)

mean Maximum Projection sphericity of a sample
number of platy pebbles in a sample

the ratio Q/Q,

percentage content of a particular Tithology in a

sample of 200 pebb]és

- percentage area of the catchment over which a particular

Tithology. outcrops -

. ra -

S -
T -
W -

radius of curvature of sharpest corner of pebble in the
maximum projection plane

mean length of short axis of a sample (mm)

‘mean pebble weight of a.sample (grams)

" mean Wadell sphericity of a sample

The following additional symbols are used in conjunction with some |

of the above variables:

X*
R -

>
i

[
>
1

actual value for an individual pebble

mean value for a particular lithology from all sample
stations

jndiéates value for rhyodacite

indicates value for sandstone

‘indicates modulus of value

change‘in'vé1ue between two adjacent stations




