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ABSTRACT

This thesls is an investigation of glacisl
erratics derived fros two small, adjacent, distinctive
outcrops of essexite near Lennoxtown, Central Scotland.

Analyslis of till samples has revealed that rock
fragments and sand-glze particles of essexite are absent
up-ice of the essexite outcrops and scarce in a down-ice
direction. Uslng dry stone walls aes random samples of
glacially traunsported stones, classic erratics traln
patterns of the distribution of erratics from both out-
crops have been derived. The close spacing of Jjoints on
one outcrop has 19d to the rapid diseprearance of its
erratics in the walls with distance from the source due to
glaclial crushing. Crushing 1s also shown by a size reduct-
ion of erratics from the other outcrop in the walls in a
down-ice direction.

Measurement of size and morprhometric properties
of essexite erratics nas revealed that crushing 1s the
dominant and abrasion a subsidiary process ln glaclal
transport, whilst abracsion is dominant for particles that
have undergone fluvioglscial and beach transport. Rouad-
ness appears to be the best measure differentiating
between processes acting in the glacial, fluvioglacial
and beach environments. Tests of compressive strengtn
and experimentsl abrasion of essexite nave been carried
out to ald interpretation of the results.

Till-particle preferred orientations, striae and

the long axes of lce-moulded features suow & similar
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direction to thnat of the wajor axis of the train.

From the evidence available it 1is suggested that
the essexite wall stones underwent englaclal traansport in
the lower layers of the last active ice and were deposited
a8 an ablation mantle. A positicn of transport at the
base of the ice 1s invoked for essexite particles in the
till. The lateral spreadiung of essexite erratics down-ice
of the source is attributed to divergence of bvasal ice

flow around subglacial obstacles.
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CHAPZER .2

INTEODUCTION

"If we take the case of & hill,... isolated
amid other kinds of rock, and if from thnis
well defined source we find issuing a stresam
of... boulders... then we can tell with
certainty which way the ice travelled."
(Cadell,l?lj,p.llog

This is a study of various aspects of the
Lennoxtown essexite erratics train and of the relation-
ship of this train to glaclial processes and glacler ice
movement. Detalled analysis of the distribution pattern
of glacially transported fragments from two small,
ad jJacent, distinctive outcrops of essexite in the Central
Lowlands of Scotland forms the basis of the investigation
from which the other aspects have evolved. Although a
swall toplc within the broader field of glacial geomorph-
ology it was hoped that wmany inferences that might be
made from the ianvestigation would be applicable to the
subject as a whole and lead to a better understanding
of glaclal processes.

The different aspects of the study have devel-
oped in response to the following five questions. Firstly,
and fundamentally, what is the distribution pattern of
the essexite fraogmente down-ice of the outecrops? Second-
ly how have thne size and morphometric properties of
erratic essexlte stones been affected by glaclal trans-
port and transport ln other environments? Thirdly, in

view of the likelihood of essexite stones being subject



to crushing and abrasiom during trausport, what is the
nature of the distribution pattern of flne essexite
particles in till and fluvioglacial deposits? Fourthly
how does 1ce movement direction shown by other geomorph-
ological evidence compare with the alignment of the
erratica train? Fifthly, and more tentatively, what
processes can be iuferred from the form of the erratics
train?

After a review of the literature on erratics
in chapter 2, an outline of the geology and glaclal
geomorphology of the study area in chapter 3 and a
description of a pilot study in the first section of
chapter 4, the second sectlon of chapter 4 and chapters
5 to 9 are concerned with these five gquestions. The
second section of chapter 4 deals with the distribution
of essexite fragmwents withla till in the vicinity of
the outcrops. Another approach to the guestiom of
determining the distribution pattern of essexite fragments
is given in chapter 5. Dry stone walls in the neighbour-
hood of the essexite outcrops are regarded esc legltimate,
unblased samples of glacially transported stones and
tney have teen used to znalyse the trein Of essexite
erratics. Chapter 6 deals with tue size and morphometry
of essexite erratics. Dats derived from the measure-
ment of these properties for stones that have been
transported glacially and fluvioglacially and others
that have undergone beach processes are discussed.
The probable reasons for, and implications arlising from

differences in the size 2nd worphometry of stones within



end between these three environments are analysed. In
chapter 7 an account i1s given of the distribution pattern
in till and fluvicglacial derosits of sand-size, distinct-
ive mineral grelus occurring within both essexite outcrops.
This pert of the investigetion was carried out in respouse
to the third question. Chepter 8 details the relation-
ship of ice movement direction shown by striae, ice-
moulded features and the preferred orientations of till
particles to the alignment of the essexite errstics train.
Chapter ¢ 1s in 2 sense 2 synthesis in that it 1s primar-
11y concerned with suggesting glsclal processes responsible
for the formation of the erratics train. In chapter 10
the main conclusions arising from the investigation are

restated.



CHAPTER 2

A REVIEW OF LITEEATUBE ON THE OBIGIN, TEANSPORT AND
DEPOSITION OF GLACIAL EREBATICS

"It has been sald that we 'only see what we
look for'; so that'knowing what to look for'
is half the battle. Equipped with the know-
ledge accumulated by our predecessors we
have the immense advantage of belng able to
be%ig)where they left off." (Harrison,189y,
P.

At the beglnning of the nineteenth century tue
existence of former glaciers in Britain had not been
contemplated; glaclers were regarded as phenomena of
high latitudes and altitudes. By the end of that cent-
ury, howewer, most geclogists regarded them as powerful
agents in the production of landforms far awey from
modern glaclers. G(Glacial erratics provided 2 major line
of evidence for the transporting power and former wide-
srread existence of glacler ice. The importance of
erratics was reflected in the formation of committees
in Switzerland, England eand Scotland devoted to thelr
study, and the existence of the jJjournal "Zeitschrift

ftr GCeschiebeforschung" publisned between 1925 and

1942.

Erratics and development of the "Glacial Theory"

Early geologists regarded the widely distrib-

uted deposits of clays, sands, gravels and boulders



that covered much of EBritain as 2 nindrance in the
examination of the underlying solid rock. When interest
in these superficial deposits was flnally stirred, it
wes the large boulders that first attracted attentlion.
They often contrasted in colour and texture witn the
underlying soils and bedrock and appeared to be strewn
randomly over plains and mountains. It was soon recog-
nised that erratic blocks, as these boulders were call-
ed, were fragments of rock that were not im situ but
had been transported by some means from thelr source.
Folk legends regarded tuem as being brougnt by giants,
dwarfs, the devil and other fantastic beings. 1In Scot-
land, names such as tne Glant's Putting Stone, Heathens
and Deil's Stones glve some idea of how they were pop-
ularly thougnt to have originated (Milne-Howe,1872).
Erratic blocks were regarded by geologlsis as
distinct in origin from the apparently disorgesnised
unstratified clays, sands and gravels with which they
were often associated. The sheer size and distance
from the possible source of many erratics baffled those
seeklng to assign a transporting agent., Very large
erratics weighing thousands of tons nave been reported
ffom North America and Europe (e.g. Rutherford,i942;
Herrmann,1930). In England a village is sited on an
erratic (Cameron,1893). 1Iun Scotland a mumber of large
erratics have been reported (e.g. Geikie,1900; Milne-
Home,1884; Campbell & Anderson,1910), one being of suff-
iclent size to be worked as a quarry (Carruthers,1¢1l).

The size of such erratics suggested a traasport-
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ing agent of tremendous power, yet cespable of placing
a very large boulder such &s tne Cient's Futting Stone
near Ardentinay "as if a push would roll it over" (Milne-
Home,1872,1r.703). Tne agent 2lso h2d to sccount for
the transportation of inherently fragile erratics intact
to trelr point of deposition. For instance an erratic in
S.W. Ohio is g.kha in cxtent, welghse some 13,500 tounes,
has heen carried at leesst 7km, yet has a thickness
varying from only 2m to 5im (Wolford,1932). SEimilar
examples have been recorded in Eritain (e.g. leade,1882).
Nineteenth century scientists were faced with
apparently conflicting evidence. The transporting agent
wae powerful, yet it could deposit extremely fraglle
boulders without damage. There appeared toc be no obvious
limitation in the height to which erratics were carried.
Some could ocnly wonder at the phenowmenon. "C'est un
des phénomenes les plus généraux, les plus frappans et
les plus inexplicables de la géologle" (Frongniart,182§,
F.7)e Uthers put forward explanations almost as fanciful
ag the folk legends. The more scceptable hypotheses
included torrents of water, 1ceba£gs floating acroes &
submerged land surface and "land-ice" (Hansen,1970).
Swedenborg in 1719 was the first to atlempt
a grientific explanation 2nd concluded tnat the sea
nad been respousible for distributing erratics (lortn,
1¢43). 1In 1740 tilas observed that erratics decreased
in frequency away from their source (gdum,l945). it
this tire sclentific views had not broken loose fronm

religious dogmea winichn ralntained that creatlion begen
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in 4004 B.C. (Chorley et 2l1.,1%964). It was g natural
impulse therefore to ascribe erratic blocks along with
the clays, sands and gravels to a catastrophic flood
(Howorth,1893). De Saussure in 177¢ was an exponent
of the Deluge or [ébgcle as this flood was known (Wendt,
1¢70). In Britain, Buckland's work of 1823 assigned
the derivation of erratic blocks to the Noachisn Deluge
(Harrison,18%94). Theoriez of the"Diluvialists",as
exponents of the Deluge became known, however, 4id not .
go entirely unchallenged (Flayfalr,1802; Brongniart,1828).
Lyell (1837) in "Principles of Geology" argued
that the most serious obstacle to unravelling the correct
history of the earth was literal acceptance of the EFible.
However he still upheld the view that the land surface
had been submerged at some time Iin the recent geological
past: To explaln the movement of large erratics he
introduced the concept of icebtergs floating across the
submerged land. Thnls became known as the "Drift Theory"
and 1t overcame many of the problems assocliated with the
Diluvial Theory. Freviously it had been difficult to
gxplain thne apparently chaotic nature of the "diluvium"
(as the clays, sands, gravels and boulders were kaown)
if 1t was to be regarded as a marine deposit. However
tnis was more readily accounted for if floating icebergs
had dropped debris from thelr bases on to the bedrock
gsurface. The angularity of rock fragments and the occurr-
ence of huge erratic boulders could also be explained
better (Hansen,1970). The Drift Tneory became strengtn-

ened following discovery of sea-level changes relative



to the land by the reports of wen like Parry, Boss and
Scoresby who described tne cslving of Greenland glaclers.
Papers advocating tue Crift Theory to account for phen-
omens of the dlluvium or "drift" perslsted untll the last
guarter of the nineteenth ceuntury.

For Darwin(18:2,1848) the Drift Theory explain-
ed the uplift of boulders in Glen Roy. Coastal ice
crept inland as the land svbmerged. with subseqguent
re-energence of tne land thne erratic boulders carried by
the ice were left 250m higher on the mountainside "in
the same manner as would have happened with so much
drift timber" (Darwin,l848,p.319). FMurchison(1867),
heade(1882,1683), Mackintosn(1874,1879), Martin(1856),
Ricketts (18€5) and Maw(18€L4) were amongst other propo-
nents of the Drift Theory in Eritain. Iceberg trans-
portation was invoked to explain the presence of Scandin-
avian errstics along the ezst coast of Eritain (Triommer,
1851; TNicketts,1885; Fhemister,1926; Eremner,1S34).

It was understandable that the supposition
of a former extension of land-ice toOo explain all the
phnenomena of the drift should have been ploneered in
countries where modern glaclers existed. Venetz 1in
1822 was followed by Charpentier in 1835 and Agassiz
in 1837 1u proposing a former extension of glaclers
in Switzerland (Harrison,1894). A4s long ago as 1707
Scheuchzer had slready observed the flow and transport-
ing power of glaciers (Charlesworth,1957). Lsmark(1827)
realised that a great ice sheet nad covered Norway and

transported boulders and other debris, smoothed rock



surfaces and excavated f jords.

Frior to 1840 little sericus thought was glven
to the action of glaclers in esccountling for festures in
Eritein that are today unhesitatingly assigned to a glacial
origin. This stemmed mainly from an abseuce of modern
glaciers and an ignorance of the deposits formed by
such glaclgrs in other countries. In 1840 however
Agaesslz visited Scotland to see for himself the glacial
traces that had been descrited to him by Buckland who
became converted to the "Glacial Theory" as a reéult
of a trip to glaciers in Switzerland in 1838 with Agassiz.
Agassiz read a summarised version of his "Ltudes sur
les glaciers" before the Glasgow meeting of the Eritish
Association (Wwhite,l9?0). The views of Agassiz were
not immedliately universally ac.epted and some sclentists
like Narwin, Lyell, Crosskey, Murchison and Woodward
remained sceptical, werely modifylng thelr views within
tne older iceterg-marine theory (Hansen,1970).

In Scotland the evidence for valley glaciers
was clearer than in much of the rest of Pritain, and
as a result the Glacial Theory was more readlly accepted
trnere. Chambers(1853) advocated land-ice rather than
icebergs to account for the ridge and trough forvs of
the Lothians. Jamieson(1862) wrote on the "ice-worn
rocks of Scotland" and in 1F63 demoustrated that the
rarallel roads of Glen Roy and nelghbouring glens were
the result of glaclal darming. @he general acceptance
of tne Glacial Theory in Scotland however can te treced

to a paper by A. Geikie(1863) "on the phenomena of the
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glacial drift in Scotland"”.

Yet some geologlsts were still not convinced
that an ice sheet had covered Scotland. Instead the
Drift Theory was expanded to include local glsciers on
high ground, since thelr former existence could no longer
be denied. With a wnole range of agents, including
glaciers, icebergs, terrestrial meltwater, ocean currents
and combinations of tnese it wes not difficult to "ex-
plain® all the pheuomena of the drift (Hansen,1970).

If the erratics were small, rounded and distant from
thelr source, the ocean currents might account for them.
If, on the other nand, they were large, angular and
near their source they must have been carried on ice-
ber:s (e.g. Hopkins,1851). The Drift Theory survived
until tne late nineteenth century chiefly as a result
of this flexibillity.

The interest aroused by erratic blocks led to
a more intensive study of thelr nature and distribution
with committees set up especially to investigate them.
The Scottish Eoulder Committee was set up by the Koyal
Society of Edinburgh in 1871 with the object “firét to
ascertain the districts in Scotland where any remarkabie
boulders were situated; and, second, to select tnose
which wmight be deemed worﬁhy of preservation" (Milne-
Home,1872,p.703). Ten rep.rts were rublisned in all
and they provided geologists witn considerable inform-
ation about erratic btoulders. The largest recorded

erratic boulder was estimated to weigh 800 tounes..
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Summarising the work, Milne-Home(1l884), noted the main
conclusions arising out of the reports. Granite formed
the largest boulders and greenstone boulders were the most
numerous. Generally boulders were elther soft, friable and
angular and transported over short distances, or tney were
tough, homogeneous and rounded and had travelled far.
Altnough the reports gave rise to considerable
evidence in favour of former glaciation, Milne-Home still
advocated the Drift Theory. The existence of erratics at
950m could be explained by the submergence of the land
beneath the sea to that level. Submergence was lndicated
by sands and gravels up to 650m and sea shells to 175m.
Changes in the direction of striae around high ground
could be accounted for by ocean currents, whose presence
was confirmed by kames in the Scobtish Central Lowlands.
Milne-Home's was a minority view. As early as
1865 A. Gelkie had summed up the situation in the follaiing
manner. "After long years of doubt and discussion,
geologlists are at length led to believe that during a
comparatively recent geological period the whole of the
northnern half of Great Pritain was cased in ice" (Geikie,
1865,p.78). It was in part the tangible evidence afforded
by the transport of erratic blocks that steered nineteenth
century scientific thinking away from notions of a Deluge
to icebergs floating over a submerged land surface, and
finally to the acceptance of the former existence of ice

sheets in Britain.
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Origin of erratlics

Before the tramsporting powers of glaciers
were more fully realised, the huge erratics were often
thought to represent the remnants of denuded geological
strata (e.g. Greenough,1819). Complex faulting and
folding of bedrock wes also suggested (Seeley,186L,1865,
1868; Woolacott,1¢21). Overthrust faulting was once
invoked to explain the north-south line of huge blocks
of quartzite that make up the Foothills erratics train
in the Calgary area, Canada (Hume,1931). The blocks
were thougnt to represent erosion remnants of a now
denuded fault plate. Kecent study however nas demon-
strated a glacial origin for these blocks (Stalker,1956;
Morgan,196¢).

Following tne general acceptance of the Glacial
Theory interest was centred on the manner in which blocks
of rock could be prised from their source by ice. From
observation of modern glaciers it was noted that material
could be introduced subglacially at tne bedrock-ice
interface or on to the ice surface. An exception occurred
for material that was entrained from large bedrock ob-
structions in the path of the ice. Trains of debris
were seen to be carried out horizomtally into an englacial
position from such prominences (e.g. Charberlin,l8¢5).

Materlial introduced on to the ice surface con=-
ststs almost entirely of frost-shattered rock fragments
(Sharp,194%; Boulton,1%70a; Carson,1971). The transport

of erratics by tnls means has been suggested for some
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erratics treins (Geinitz,1923; Morgen,l969). liowever
a far larger proportion of bedrock erosion takes place
beneath the ice. The ability of ice sheets to remove
bedrock became apparent in Britein when sections into
glaclial deposits were carefully examined. Injection
of till between bedrock strata lnveolving tremendous
pressures was noted (Milne-Howme,1869; Marr,1887; Dwsrry-
house,18¢3). Large slabs of rock still connected to
bedrock were observed Jjutting out into till apparently
in the process of removal (Crosskey,l€82; Hershey,1897;
Sardeson,1905). Similar slabs also appeared to have
been folded as a result of ice pressure (Herzhey,l1l€97;
Thwaites,1921).

Not all material incorporatéd by ice need be
freshly eroded bedrock. 1t may be derived from older
tills (Joknson,1971), from preglaclal stresam deposits
(Feiche,1937), from former beaches (Grdnwall,l1900) or
from other prezlacial deposits (Krumbein,1933). Eemoval
of this overburden by ice will lead to contact with the
underlying bedrock.

Glacial e?osion of bedrock is thougnt to oper-
ate in two distinct ways: by abrasion of rock surfaces
to glve them a smoothed or striated appearance, and
ty plucking or quarrying (Ewbleton & King,1975). The
latter is clesrly the process involved in the removal
of erratlics since abrasion gives rise to silt aund clay
size particles. <Cuarrying is also guantitatively more

effective than abrasion in removing bedrock (Henderson,
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1959; Flint,1971). The ability of ice to gquarry bedrock
increases with closer spacing of the Jjoints (Harker,1899;
Cailleux,1952; Henderson,1959). Matthes(1930) illustrat-
ed this in the narrowing of the lower Yosemite valley -
into the Merced Gorge which marks the point where well
Jointed rocks terminate and massive, unguarrisble granite
btegins., Although the quarrying process unquestionably
takes place, the lack of direct observation has glven
rise to a number of theories to explain the phenomenon.
One suggestion is that preglaclal preparation
of bedrock is important. Demorest(1939,1943) consid-
ered that the supply of pluckable materlial depends on
the depth of unconsolidated or loosely jointed rock
existing in preglacial times. Eoye(1l950,196€) develop-
ed this 1dea by specifically assigning freeze-thaw actlion
to this task where a sufficient supply of molsture was
avallable. Tedrock material is broken up prior to re-
moval by ice as a result of water percolating into the
pre-existing Jjoints and cracks in the rock. With succ-
essive freeze and thaw the Jjoints are weakened and prised
apart (Chamberlin,1893; Chapman & Greenfield,1949).
The existence of weatnered rock in t1ll supports the
idea of preglacial preparation of bedrock (Goldthwalt
& Kruger,1938). Eirot(1G968&) however argued that the
depth of the preglaclal permafrost would not have been
deep enough to prepare sufficlent quantities of material.
Felninger(19¢71) favoured deep chemical weathering of
crystalline rocks to asccount for large-scale glaclal

removal.
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Another prorosed mechanisw for glaclial quarry-
ing involves freeze-tnaw action in a subglacial enviroa-
ment. Carol(l9y?) observed subglacial water in the
lee of a roche moutonnée and favoured freeze-thaw action
to account for the plucked appearance of the rock surface.
Holmes (1944) counsidered that subglaclial freeze-thaw
might result from fluctuations in pressure due to variat-
ions of the stress in the overlying ice. ¥cCall(1%60)
favoured subglacial freeze-thaw to explain observed
phenomena beneath a cirque glacier in Norway; Basal
melting is characteristic of tewperate glaclers as direct
observation has shown (Kamb & LaChapelle,1%64). On
the other hand modern high latitude glaciers are composed
chiefly of ice that is below the melting point. Hecent
cores into some of these glaciers nowever indicate that
the presence of subglacilal meltwater at the bedrock-ice
interface ils not uncommon (Fisher,1955; Gow et 2l.,1968;
Stupavsky & Gravenor,1974). 1t nhas been suggested that
this is a result of pressure melting 2nd that only in
the terminal zomes is basal ice below the melting point
(Weertwan,1961). Weertman and Boulton(1972) suggested
that such glacliers wmight provide a good model for major
Quaternary ice sheets, with basal ice at the melting
point in their internal parts and bordered marginally
by a wedge of colder ice. The subglacial freeze-thaw
process therefore cannot be discarded in explaining
quarrying on the grounds that the Quaternary ice sheets
were non-temperate.

Another possible mechanlism of glacial quarrying
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iuvolves tne action of pressure release beneath thick
ice. For example, Lewis(1954) and Linton(1963) pointed
out that when bedrock 1s removed by a glacler the ice
replaecing rock 1s only about one-tuird of the density
of the rock. This might lead to the development of
dllatation Jjoints paralleling the bedrock surface.
guerrying by this means would help to explain the pro-
nounced abllity of ice Lo erode vertically producing
deep valleys (Holmes,1937; Wyllie,1©58; Spreitzer,1963;
Glessing,1966). Confirmation of this pressure release
procésa has come from quarrying and mining operations
wnere rock 1s known to expand following tne removal of
overlying rock (Bain,1%3); Jahne,1943). Janns(1943)
observed that the parallellsm of tue sheets was inde-
pendent of rock structure andéd that the diletation joints
were spaced at progressively greater distances with
depth and becare parallel to the surface.

An hypothesis hes been suggested that facllitates
the creestion of jointing 1n rocks by pressure releese.
Glacler thinning would not only lead to & greater reclease
of pressure creating dilstation Jolnte, but wouléd 2lso
mean that meltwater activity could create opportunities
for freeze-thaw action to work on jointe (Lewis,195L;
Harland,1957; Henderson,1959; BPirot,1968). Following
a re-advance, locosened bedrock would already be prepared
for removal by the glascler lice. It has recently been
suggested by Trainer(1973) that moving ice can itself
oren up Jjoints along pre-existing zones of weakness.

He points out that pressure release Jolnts cannol be
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the whole answer to glacial quarrying since high angle
Joints are needed to breask up rock into blocks. Boulton
(1972,1974) sugzests that bedrock cen be crushed by ice
in subglacial cavities due to lateral expansion of rock
in response to stresses set up by the overlying ice.

The importance of glaclal quarrying in relation
to the study of frequency, size and shape of erratics is
axiomatic. The ease with which glacler ice can incorp-
orate bedrock material will control the fregquency of
erratics down-ice of the outerop. The shape and size of
erratics will be affected by the original bedrock joint-
ing characteristics. The influence of bedrock Jjointing
on the size and shape of erratics is well known (Shaler,
18¢3; Charlesworth,192L; Drake,1970; Henderson,1972;
Gry,1974; Krbger,1974). This does not however ruleout
guarrying of btedrock along lines of weakness induced by
dilatation or pressure of ice since, during glacial
transport rock fragments will in any case tend to te

crushed into joint-comntrolled blocks.

Distribution of erratics

The posslble ways in which erratic material
can be lncorporated, transported and deposited in the
glacial environment will be discussed in this section.
The incorporation of erratics into glacler ice and as-
pects of thelr vertical distribution will be discussed,

followed by the horizontal component in their distribution.
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Apart from their size, a particular feature of
erratic blocks that puzzled early nineteenth century
sclentists was the helghts to which they had been 1lift-
ed above their sources. Many instences of uplift of
erratics have been documented in the Britisn Isles. 1In
Arvon, Ordovician shale has been 1lifted 30w in 3km (Green=
ly,1941). Hollingwortin(193l) noted the transport of
Shap granite boulders to higher levels in the Lake District.
On the Isle of Man granite boulders welghing Ztonnes have
been raised some 170m. In Scotland, erratics of Torrid-
onian Sandstone have been carried up some 450m (Peach
et £1.,1913). In Glen Orchy 2 mass of kentallenite has
left a2 well marked train of boulders leading to a point
170m above the parent rock (Kynaston & H111,1908).

Eannoch Moor granite erratics have been lifted some
650r from their source (Feach et_al.,1913; EBalley &
Maufe,1916). In the Shetland Isles stones in till have
been carried at least 200m up the shoulder of Saxavora
Hill (Peach & Horne,187¢).

It is acknowledged that moving ice can provide
the means for carrying and depositing material to higher
levels than its source. The elevation of erratics is
only part of the wider question of how the upward trans-
port of glacial material is performed.

Evidence for the upward transport of material
on modern glaciers and ice caps is abundant. Forbes(1847)
observed that the greater part of the surface of the
Enéne glacier was free of stones. Towards the snout

However many stones appeared at the glacier surface.
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Forbes suggested tnat thls resulted from retardation of
the snout due to lncreased friction, thus causing stoues
from the bedrock~ice interface to be "actually introduced
into tne 1ice by friction at tue bottom of tne glacier,
and forced upwards by tane =a2ction of the frontzl resist-
ance" (Forbes,1€47,p.152). Similar conclusions for thue
derivation of observed supraglacial debris were drewn by
Salisbury(1896), Garwood aad Gregory(l6%8) eund Garwood
(1£99). The waterial arriving at tne surface of the glacier
huod apparently been dragged up so-called snear plaunes
formed where active 1ce overrcde a wedge-snaped, sta.nant,
frontal zone (Worcester,1939; Goldtuwait,1951; Sharp,1954;
Bishop,1957; Souchez,1966,1967,1971; Clayton,1967; Stewart
& MacClintock,1971). Shearing of debris nhac zlso been
postulated for situations where the lower layers of ice
nave been retarded by topograpuicel obstructious (e.z.
Lewis ;1887; Woodward,1897; Flint et _al.,1942; Parizek,
19€9). Pebbles observed emerging from snear planes st
the glacier surface have been water-worn (Kendall,1€9y;
Garwood & Gregory,1898; Ray,1935; Chemberlin,i$36) and
striated (Visser,1935; Sharp,l949). From observations
Goldtnwait(1l951l) consldered that dirty shear planes in
the Barnes ice cap would intersect with the ground some
4E0m back under the ice. Swinzow(1562) observed noriz-
ontal dirt bands At tnls ajproxlmate distance.

Pirie(1l913) thougn noting an upward luclimation
of strata towards the glacler snout could find no evidence
of suearing. Chamberlin(1l92f€) found tuat suesar plane

movement was only sligiht. More recently Weertman(1%€l)
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ahd Hooke(196£,1973) have objected to the concept of dis=-
crete shear planes formed at the margin between active

and stagnant ice. Hooke(1973) and Anderton(1$73) consider
thnat the wupward transport of debris 1s merely a passive
response to surface ablation.

Whether or not shear planes 2re an importaat
method of ice movement, transport of debris solely by this
means at the margin of a glacier or an ice shneet cannot
account for the known travel of debris up to &00km from
its source (Goldthwait,1971). Some other method of incorp-
orztion and transport of debris therefore seems likely
and a number of alternative hypotheses nave been proposed.
Campbell(1891) considered that glaciers would conform to
thie laws of fluid action and that just as rivers carry
material from their base to the surface so too must glaciers,
except that the debris does not return to the base in a
glacier. Hollingworth(1931) suggested a process whereby
cross currents at different levels in the ice were capable
of thruéting up material. Case(1895) and Sollas(1895)
botli demonstrated by means of models how debris might
follow an upward trajectory when a glacler was forced to
rise over a bedrock obstacle.

Following observation of subglacial meltwater
at the base of modern cold and temperate glaclers, a method
of 1incorporation of material by freezing of water on to
the bottom of an ice sheet was proposed (Weertman,l961,
1966). Weertman considered that the position where the
0°C isotherm coincided with the base of the ice would

shift in response to a change in thne thickness of the
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ice. As a result of a repetition of this process zltern-
ating layers of clear ice (representing frozen meltwater)
and debrle would be frozemn to the base of the 1ice.

Boulton(1%72) proposed & similar process tc account
for the guarrylng of lar.e erratics. Where the depth of
freezing in subglaclal materials coinciding with major
joints or planes of weakness the material might be carrled
forward by the glacier.

Boulton{(1970a), noting that pressure melting aund
regelation occurred around an obstruction on a glacler
bed, conslidered that basal debris migznt be carried to a
relatively greater height because of the formation of
regelation ice beneath it in the lee of the obstruction.
However he added that vertical mobllity by this mezaus 1is
limited to around 1lOcm (Eoulton,1975).

Boulton(1974) has observed how plastic flow of
ice enables large boulders to be tightly gripped by a
glecler. Beneath the Glacler d'Argentiére the closure
of a cavity led to ice flowing firstly around boulders
and tuean transporting tuem.

Although trnese suggestlons indicate how material
can be incorporated into the base of a glacier of ice
sneet, none of them appears to account for the uplift of
erratics by hundreds of melres over short distances.
Shear or thrust planes however provide the steep upward
trajectory necessary. Although it seews unlikely that
material can be"dragged up from the base of the glacler
along thrust planes" (Clayton,l$67,p.u42), sunearing has

been observed carrying material already incorporated by
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the regelation proces:= to higher levels in the ice (Boultou,
1970e2) .

A speclalised manner in which bassal debris can
be 1ifted by glacler ice concerns the interaction of two
ice streams. Ponney(1889) observed how two glacliers con-
verged, the smaller ponding against the other and being
forced to rise. Since the sole of the smaller glacier
carried with it basal debris which was deposited on to
the surface of the other glacier, Eonney considered that
this process mwight throw light on the way in which "blocks
of rock in past geologlcal ages may sometime have been
carried upnill by glaciers" (Bonney,18€9,p.3%1). Similar
observations of overriding glacial streams were made by
Visser(1932,1935) and Klebelsberg(1939).

Not only are erratics distributed at various
levels in the leandscape but there is also some evidence
to suggest that they wmey be separated according to distance
of transport in any vertical seguence of glacial deposits.
For instance Goodchild(1875) found that the higuner of two
divisions of glacliel derosits contained larger, more ang-
ular blocks with 2 more distant origin than material in
the lower division. Calhoun(1906) and M8lder(1950) noted
that boulders lying on the surface had travelled farther
than materizal in the underlying till. Rams=y(1912),
Charleswortn(192)y), Stather(1%929) and Vincent(196¢) have
also noted separation of deposits conteining certain erratics.
Sauramo(1924) found a till sheet containing predominantly
granite-gneliss material overlylng another that was chiefly

composed of micaschist. Since the granite-gnelss had a
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more distant source he argued that a process of seguential
deposition had operated. TFoulton(1970b) also noted that
the upward sequence of debris deposited from an englaclal
position reflected in reverse order the lithologles over
which the ice had moved. Hyvarinen et 21.(1975) have shown
quantitatively that the smount of mabterial with a long
transport history increases higher up in 2 ti1ll sequence.
F1int(1957) suggested that this phenomenon of seguential
deposition resulted from the deposition of till formed by
the glacier stirring up local materlial which protected

the ground from further erosion and permitted the subseg-
uent deposition of far-travelled material.

Other work however has reflected the remarkable
extent to which ice has mixed material of local and far-
travelled origins. Milthers cstated that "it only very
seldom happens that boulders of one origin... occur in
a special geologlical horizon, and that boulders of another
origin... lie in another separate horizon" (Milthers,1909,
p.33). Davies(187€) and Hyypp&(1948) concurred with this
view.

Having dealt with the vertical aspects of the
transportation and deposltion of erratics, the horizontal
component of their distribution will now be discussed.

In the lee of bedrock outcrops lines of erratics extend
downstream in the direction of ice movement. If an out-
crop 1s small, hard, suitable for quarrylang and sufficlient-
ly distinctive for easy 1dentificaticn, a stream of erratics

may be traced. Characteristically, lines drawn from the
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localities of 2 number of erratics to their source form

a fan with the apex centred on the source. Larly workers
referred to them as boulder trains but boulders are only
one of many particle slzes that constitute the material
eroded from an outcror. The term indicator fans has been
used to describe streams of erratics of all particle sizes,
but for the present investigation thne term erratics tralns
is preferred.

Erratics trains form "perhaps the best avallable
index of the local direction of flow of an ice sheet"
(Flint,1¢57,p.123). Other indicators of ice movement dir-
ection, such as striae, drumlins 2nd crag-and-talls, show
the movement of the base of an ice sheet at a particular
polnt or time. The direction of the major axis of an
erratics trala, however, rerresents the culmination of
an infinite number of changes in ice movement direction
over a large area turough rnases of ice advance, retreat
and stillstand.

An erratics train can be alwmost linear as 1un the
case Oof the traln from Snake Putte, nortuh central Montana
(Knecntel,1942), or it may form an extremely wide fan
such as the 80 degree arc from a quartzite outcrop in the
Waterloo area (Buell,1895). The fragments generally be-
come fewer with distance from thelr outecrop, as Tilas
noted in 1740, and fewer away from the m=jor axis of the
train. The distance over which erratlics are sypread is
limited by the distance from the source to the margin
of the ice mass and the abllity of the fragments to sur-

vive weathering and erosion during traunsport (Price,1973).
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Erratics often become smaller, more srherical and round-
ed with distance from thelr outcrop.

The earliest traiu of erratlcs to be noted in
Scotland 1s the trzin of dolerite fregments from Corst-
orphine Hill in Edinburgh (¥aclaren,1€52). lopkins(1852)
noted the southward spread of erratics from Glen Fyne to
the Clyde estuary. The Lenanoxtown boulder train mapped
by Peacn(1909) is by far the best known train of erratics
in Scotlend (Fig.3.2). Erratics trains have also been
studied in North America (e.g. Perry,1870; Eenton,187&;
Shaler,1893; Buell,;18¢5; Taylor,1¢10; Enechtel,1942;
Stalker,1956; Morgen,1969; Dionne,1¢73) and Scandinavia
(e.gs Hausen,1¢1y; Hucke,1937; Seksela,15u¢; Mdlder,1950;
Edelman,1¢51l; Gillberg,1965,1667,1968a; Rul,1972).
Mickelson(1971) actually otserved 2 train of msrble erratics
on stagnant ice of the Furroughs glacier, Alaska.

The sharp rise in the frequency of erratics on
approacning an outcrop from a down-ice direction has given
rise to the use of erratics tralns 1in prospecting for
ore btodies covered by glacial deposits. This method has
had 2 long history in Scendinavia (e.g. Tilas,1740; Saur-
amo,1924; Hdgbom,1931; Lundqvist,1935; Pdum,loL5; Hyypp4,
1948; Grip ,1953; Kauranne,1958; Krbtger,1974). Similar
uses of erratics trains in prospecting have been made
in North America (e,g. Moore,1940; Creimanis,1¢56,1¢5E;
Lee,1563; Gunn,1968). In Scandinavia dogs nave been
specially tralned to locate individual sulphide- and
graphite-rich erratic boulders (Hyvarinen et al.,1973).

In relend dry stone walls have been used as locations for
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tracing erratic boulders (Morrisey & fomer,1¢973). Not
only boulders have been used in tracing ore bodles in
glacial drift prospecting. In the 1930's mineral comp-
osition of till was included followed by X-ray diffract=
ometers aund various rapid chemlcal analysers in the 1940's
(Snllts,1971). Geochemical methods are commonly used
(Cazalet,1973; Eriksson,1973; Govett,1973; hilsson,1973;
Shilts,1¢972a; Szabo et al.,1975). In Sweden extensive
uranium prospecting has brougnt about the use of msgnetic,
radon, radiowmetric and electromagnetic surveys as well as
more traditional methnods for tracing glaclial erratics
(Lundberg,1973).

The rapid decline in the amount of erratic mater-
i2]1 with distance from i1ts source nad been noted by nine-
teenth century observers. FEenton reported that boulders
of chloritic schist near their source were "abuandant,..
while on passing along the train to the south-east, a
well marked... diminution in their number may be observed"
(Benton,1878,p.28)., Shaler recorded for the Iron Hill
boulder train, Bnode Island that "the average dlstance
between the pebbles of ore rapldly iancreases as we dep=-
art frow the source of tue train" (Shaler,18¢3,p.19€).
Salisbury(1900) theoretically determined the dilution of
material in till. lowever Krumbein(1%¢37) was the flrst to
attempt to define mathematically the dilution in the
amount of e¢rratic materlal with distance from the source.
He used a map of individual erratic boulders to derive
measures of boulders per unit 2rea st five polnts vary-

in distance from the source (Fig.2.la). e showed that
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the decrease in the concentration of boulders per unit
area could be expressed as a negative exponential function
of the form

Y = pb ~8X
where m is tue value of Y wnen x=0, b is the base of the
exponential function and a is a constant.

Treimanis (1956) illustrated the percentage of
rock fragments in till against distance from the source
for a number of different rock types (Fig.2.1lb). All
the curves resemble the curve of Krumbein(1l¢37) in tuat
the rate of decline 1s nigh near tne outcrop =2fter which
each curve flattens out.

Gillberg(1965,1967,196€s) fitted curves based on
the function introduced by Krurbein to the dispersion of
various lithologies within till in southern Sweden. Clonne
(1¢73) hes also derived curves representing the decay in
tne percentage of ordovician pebbles in fluvioglacial
material and till in Quebec.

The shape of these decay curves varles for 4iff-
erent particle sizes in till or fluvioglaclal materi=zl,
and between material of the same size end lithology in till
and fluvioglacial deposits.

lLee(1965) investigated the effects of fluvioglac-
lal depositiou on thne dilution of different sizes and types
of minerals in the Munro esker, Canada. I'y sampling the
esker at intervals he found that the maximum abundance of
any mineral did not occur at the outcrop but sowe distance
downstream. The larger particles tended to approsch their

maximur abundance more gulckly than finer particles.
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Similar results nave been obtained by Snilts end FcDonald
(1975) for the wWindsor esker, southern Cuebec.

Hellaakoski(1%31) made observetlons ou material
comprising the esker at Laitila, Flnland., The esker runs
almost parallel to neighbouring striae and overlies an
outcrop of Bapakivi granite for 27km of its length. The
percentage of Rapakivi stones was counted both in the drift
alongside the esker 2nd in the esker 1tself from & point
where it crossed on to the Fapakivi outcrop. The percent-
age counts at sample points along tne route of the esker
are shown in Fig.2.2. At =2 distence of 1.5km from the
proximal contact with the Rapakivi granite, this rock
amounts to 50 per cent of the stones in the drift. How-
ever, in the esker Hapakivi stones only start to appear
at 5 to fkm. The maximum abundance of ERapakivi granite
in the drift occurs at l1l5km from the proximal contact
compared witii a higher maximum abundance at 20km for esker
material. Hellaakoski argued that the drift acted as the
source of Rapakivl stones for the esker thus explaining
the greater distance before maximum abundance is reached
in the latter.

The far-travelled nature of esker material has
also bteen noted by Virkkala(1958), Matisto(1961l), Gillberg
(196€8b) and Szabo et _al.(1975).

A numbter of studles involving various size grades
of a particular rock type have indlcated that the fine
material persists for greater dlstances within till then
the coarser component (e.g. Crampton,195¢; Bayrock,1%62;

Gillberg,1%68a; Pettersson,1968; Szabo et al.,1975).
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Dreimanis and Vagners(1965,19€9,1971,1972) investigated
thils phenomenon in sowe detaill. They consldered that
for mono-mineralic rocks in till tihere is a bl-modal
distribution of particel sizes; a matrix mocde in the fine
fraction and a clast-size mode formed by rock fragments.
In multi-mineralic rocks, matrix modes will correspond
to eacn constituent mineral. The matrix mode forms the
"terminal grade" to which rock fregments sre eventually
reduced and beyond which comminution of the waterial no
longer takes place. At the source the clast-slze mode 1s
larger than the matrix mode. However with "intresstung
distance of glacial transport away f{rom the source, the
matrix modes grow lerger, reccrding increasing commianut-
ion of clast-size particles" (Dreimenis & Vagners,1971,
ps242)s In the case of the frequency distribution of
dolostone-dolomite, tne matrix mode attains over 30 per
cent of total dolomite after 75km and 70 per cent after
300 to 500km tramsport. 1In contrast to this view, a

few workers considered tnat both fine and coarse till
material undergoes short gleacial tramsport (e.g. Conovan
& Jeames,1967; Shilts,1¢73b).

The dlspersion of erratic material from its source
along 2 line in the direction of ice movement presents =
comparatively straightforward situation. The introduct-
ion, however, of 2 third dimension, by btullding up a patt-
ern of the dispersion along an infinite number of lines
radiating from the source, leads to a far more complex
picture. A number of factors that affect the dispersion

of erratic material are known, but thnelr contribution
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has not been guantified. Anderson(1l955) has grouped these
factors under the four headings of provenance, lithology,
glacial processes and dilution. Similar lists of factors
affecting the dispersion of erratic materlal were produc-
ed by Flint(1971) and Holmes(1960).

Frovenance refers to the source of an erratic.

The size and proximity of an outcrop affect the 2mount of
material from that source in the glacisl deposits. Eskola
(1¢33) found that the percentage of rock types in till was
gimilar to the percentage area of Flnland underlain by
that rock type. Harrlison(1960) found a similer relation-
ship of bedrock area to till content for Wisconsin till in
Central Indisna. The topogrephic position of the source
cuterop also affects trhe number of erratic fragments prod-
uced. The source of the Iron Hill boulder trsin 1ls in the
form of 2 "unique boss of rock rising from the toler=ably
level country" (Shaler,1893,p.18%). However, less prom-
inent rock messes can also give rise to well-defined faus
of erratics (Saursmo,1924). The deptn of cover by older
glaclial deposits or weathered materlal can also affect
the amount of erratic materisl (Krumbein,1933; Gillberg,
1965).

Under the heading of lithology, Anderson(1955)
considered the qurability, Jjointing, massiveness and weath-
ering products as being lmportant. Jolinting has already
been discussed earlier in tnis chapter in connection with
glacial quarrying. The efficlency of quarrying at the
source affects the amount of erratic material 1n glacial

deposits. Durablility in transport, 1.e. resistance to
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crushing and abrasion, is also an important factor. lon-
durable rock types such as sandstones, shales and schnists
die out quickly in transport (Holmes,1960; Flint,1971).
Cn the other hand granites =2nd other hard lgneous rocks
often tend to comprise the far-travelled portion of glac-
izl deposits &s a result of their durability (Anderson,
1957; Beaumont,1967; Marcussen,l1973). If tne bedrock
can be effectively weathered preglaclally then the ice
can incorporate considerably more material (Krumbein,1933;
Feininger,1971).

Glacial processes have already bteen discuscsed
in the context of incorporation and upward transport of
rock fragments. The maln factors under this heading
that affect the amount of erratic material in glacial
deposits are the thickness, load and razte of wmovement,
which dlictate the eroding powers of glacler ice, and the
mode of transport, which affects the distribution.

Dilution represents the effect on the amount of
erratiec material by the addition of other lithologies.
Thls 1s superimposed on all the foregoing factors and is
of ma jor lmportance 1ln interpreting the distribution of

any erratic material.

Theorles relating to the formation of errastics trains

Having conslidered the nature of, and factors
affecting the decline of erratic material with distance
from the source attention will now be turned to the prob-

lem of explaining the fan shape of an errastics train.
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In most cases the major axls of an erratics trzin coin-
cides falirly closely with the direction of ice movement
as shown by striae, drumlins etc. in the vicinity. How-
ever the processes responsible for carrying erratics
cbliquely across the ice flow lines reflected ty the ice
direction indicators are points of conjecture. Any hyp-
othesls must account not only for varying widths of traius
but also for 2 general decrease in erratic material down-
ice of the source and away from the major =xis until the
occurrence of the erratics tecomes sporadic. The main
hypotheses in the literature canm be grouped under the
headings of divergent flow of ice, changing direction

of ice movement, wandering centre of ice wotion and glac-
ial meltwater.

It seems reasonable to infer that a fan of errat-
ics can result from "the divergent flow innerent in the
gpreading of glacler ice" (Flint,1957,r.123). An 1llust-
ration of this natural spreading action by ice is the
Wadens drumlin field (Wright,1957). Since drumlins are
elongated hills streamlined by the basal motion of ice,
their long axes reflect the direction of ice movement.

The Wadens drumlin field indicates thet the ice love resp-
ousible for their formation spreazd across z2n arc of 130
degrees over a distance of 1ll5km. Goldthwait(1l¢?71l) con=-
gidered thnat the typical erratics trasin suggests some
basal mechanism of lateral dispersion in the ice. He
advocated the theory of regelation around small basal

obstructions and divergent flow around larger obstacles
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tc explain intricate lateral dispersion beneath even uni-
directional upper ice. Boulton(1975) has studied in some
detall the streaming of basal debris around small bedrock
obstacles (Fig.2.3). He regards the extent of lateral
mobility as being limited to ¢.1l0cm.

Anotner proposed hypothesis accounting for the
observed spreading of erratics away from thelr source
involves an ice stream following a different path elther
during separate gleciations or phases of the same glaciat-
ion. Heusen(1l9lu) coneidered that the wide fan of errat-
ice from Sweden and Finland spreadling to the soutn-east
and south nhad resulted from two separate ice movements,
the "grosse Vereisung" and " jungere baltische Glaziation".
The former had travelled from north-west to south-east
while the latter nad involved =2 nortﬁ to south movement.
Buell(1€78), Petersen(1899) and Keamsay(1912) also advoc-
ated separate dlrections of ice movement to explasln the
shapes of erratics traine. Hyvarinen et 2l.(1S$73) con-
glder that the width of a train is dependent on whether
more than one glaclation nas been responsible for thelr
distribution. Mountjoy(1958) expressed csution in inter-
preting ice direction from the Foothills erratics train
in case other glaciations nad been 1lunstrumental in spresd-
ing the meterial, Different directions of 1ice movement
have given rise to lntercrossing of erratics on & local
scale (Horne,16899). Many, however, nave argued that
the speed of weathering 1in some rocks means that 1t is
impossible for two glaclistions to be responsible for tue

resulting erratics trains (e.g. Hyyrpé,1648).
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There is considerable support for the view that
changing ice direction during various phases of a single
glaciation has been responsible for creating the fan shape
of a tyrical erratics train. Edelm=n(l$51), considerlng
the origin of a train of sandstone boulders, with one
peripnery of the traln more distinct than tue otner, fav-
oured this view. "If tne ice moved in different direct-
ions at separate times it is clear that the boulders quarr-
ied by the last ice stream were trsusported along an al-
most straight line,[accounting for tne distinct boundary |
wnereas boulders quarried during earller stages had poss-
ibilities of teing transported several times in different
directions" [accounting for the sporadic occurrence of
boulders along the otner boundary ] (Edelman,1951,p.160).
Milthers(1913) sugiested tnat tne Baltic ice wmust have
changed direction to some extent at times to account for
Danish erratics dlscovered on the Norfolk coast. Hucke
(1937) referred to the possibllity of changing ice direct-
ion during the "Diluvium" explaining the distribution of
erratics in & fan. Gilllberg(1965) regarded the fan of
Cambro-silurien wmaterial in the highlends of Sweden as
being formed by serarate ice movements at different times.
Rul cited the remarkably confined nature of two parallel
erratics trains in the Horps district of Norway as evi-
dence of "the constancy...of movement of tne ice-sheet
in its final dynamic stage" (Rui,1972,p.17). Furthermore,
both Rul and Holmsen(1964) considered that the ice must
have been thick since "the direction of the latest glac-

ial flow was toward NW, independent of local topography"
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(Holmwsen ,1964,p.160).

However in most cases 1t seems that ice direct-
ion is very much controlled by topography. Horberg and
tnderson(1956), considering Flelstocene ice lobe movements
in central U.S.A., argued that the larger and troader thue
valleys, the less 1ce flow was diverted. Where there
was only a small angle between ice movement direction
and valley alignment, the divergence was mors efficlent.
The influence of torograrnlc irregularities in directing
lce movement becomes greater as an ice sheet wastes, @&s
Perry(1870) realised in attempting to account for trains
of boulders in Berkshire County, Massachussetts beling
diverted around hill masses. Saksela(l949) agreed witn
this view. "Offenbar nat... dle Topographie der Unter-
lage einen merkbaren Einfluss auf dle Eewepgungen des In-
landelses und somit auch auf die rorm des Geschniebeflchers
ausgelibt" (Saksela,1S49,p.51). He also offered an explan-
ation of the wide arc encowmpassing many erratics trains
by arguing that "in einem nbgeligen Gelénde... breitet
sich der Pécner schnell sus, wenn msn sich von Mutter-
felsen nach der PBewegungsrichtung des Inlsndeises ent-
fernt" (Saksels,l%46,p.51). Witnh the alignment of land-
forms approximﬁtely the same 2s that of ice nmovement, thne
train would remain the same width, but on flat topogrspny
the traln would broaden.

Lundqviet(1¢35) proposed a mechanism for producing
tne observed fsn shape of an erratics train 1llustrated
by tune two dilagrams shown in Fig.2.4. The left-nand dlag-

raem lliustrates the flow of lce =2round upstanding hilll
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Figure 2,3

Paths followed by debris-rich basal ice around bedrock
obstructions according to Foulton(1974).

Figure 2.4

Formation of an erratics train by streaming of thin ice
around isolated hills (left-hand diagram) to leave a
classlc erratics train pattern (rignt-heand diagram)

according to Lundqvist(1935).
of ice mwovement.

Arrows represent direction



masses at a stage when ice is thin. Each upstanding bill
deflects the ice which carries wlth 1t erratics from the
source in the top left-nand corner of the dlagram. WYhen
the ice has wasted the isolines of erratic density will
be as shown 1n the right-hand diagram of Fig.2.4.

Sauramo(162y) favoured the ldea of topography
influencing ice direction during the later stages of ice
wastage to explain fans of erratics. I[lowever, he also
considered the changing ice directlon at successive ice
margins as the 1ce sheet retreated. Fig.2.5 shows two
stages of retreat (A & B) in an ice lobe. Since the ice
flow turns nearly at right angles to the ice margin, ice
direction will change from the direction of arrow b to
that of arrow a as the ice retreats from sarea B to area
B. Fig.2.6 shows directions of ice movement towards six
ice marglins during late glacial times in Western Finland.
The configuration of the marzin constantly changed in res-
pouse to factors such as relief and 1ice supply. Since
ice direction at each margin would correspondingly change,
erratics would undergo a wide variety of directions of
transport immediately prior to deposition. WMilthers(1%09)
agreed broadly with thlis view tec account for the fanning
of erratics in Scarndinavia.

Shaler(18%3) objected to this means of explain-
ing the spread of boulders from Iron Hill, Ehode lsland.
He maintained that "the difficulty wlth this hypothesis
1s that it will not account for the gradual and essentially
uniform widening of the trein frowm its source" (Shaler,

1893,p.202). He also thougnht thet thne "variations in the

36.



After Flint(1957)

Figure 2,5

Changling direction of movement at ice margin during retreat.

10 km

After Sauramo(1924)

Figure 2.6

Ice movement directions and ice margins in W. Finland.
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position of the ice front amounted to only a few nundred
feet of distance in the axis of motion" (Shaler,1€¢3,p.
201) such that 2 wide fan of erratics could not form.

An hypothesls related to the changing direction
of ice movement, but alleging & cause inherent to the ice
itself, was proposed by Teumer(1927). lle argued that "
Inlandeis... kann immer nur ein bestimmt begrenztes Ge-
echiebestreubild erzeugen"(Teumer,1927,p.28). Thus in
order to form 2 fan shape to the spread of an erratics
trein he maintasined that a wandering centre of ice motionm
Wwas necessarys. With the centre of motion at A in Fig.2.7
8 distribution of erratics iu the shaded sector W would
te formed. Wlth the centre of motion successively at
points E,C and D, sectors X,Y and Z respectively would
be strewn with erratics. It followes that the nearer the
outcrop ies to the ice centre the wider the arc over which
the erratics are spread. Other autnors have referred to
ehifting centres of glacial outflow to explain chenging
ice direction (e.g. Coldthwait,1951; Flint,1¢51). Further-
more the migration of ice centres as a2 result of growth
or wastage of an ice sheet 1s established. The North
American 1lce sheets grew eastwards from the Cordillera
(Charleswortn,1957). The Greenland ice cap is known to
be complex. It is characterised by 2 number of low domes
and local ice caps, up to é60km or wore in diameter, thnat
during ice snrinkage apparently have a positive reglumen
(Flint,1971). During the Plelstocene the juxtaposition
of such features may well have had an lwmportant effect

on tne direction of ice motion in thne vicinity of sn erratica



source (Holmsen,1964).
Another possible wmechanism that could lead to
a fan of erratics 1s the action of subglacial meltwater.
Shaler considered "the horizontal dispersion of the mater-
ials contained in the boulder train from Iron Hill to
have been mainly brought about by the violent movements
of subglacial water" (Sunzler,18%3,p.205). Hucke thought
that "die Schmelzwasser wirkten auf eine Uurchelschung
des Qeschilebebestandes hin" (Hucke,1937,p.51). Lister
(1973), considering the origin of proglacial boulders,
proposes discrete but temporary subglacial channels to
account for this debris. He envisages channels emanating
from the glaclier snout at high veloclity with the strezms
intermittently changing their position of outflow.
Kunmerow(1925) discussed the work of botn sub-
glacial and marginal streams 1in spreading erratics.
Tyrrell(18¢8) favoured the idea of houlders being carried
beyond the limit of glaclation by streams. Bergesen(1¢73)
conslders that till stones can be transported at variance
to the general ice direction as a result of intermedliate

traasport by englacial or supraglacial streams.

Size, shape and roundness changes of erratics durlng glacial

and fluvioglacial transport

Morphological change of rock fragments during
transport in a glaciated reglon has teen to a large extent
2 neglected topic. This has resulted from tne difficulty

of cbtaining a controlled situation in the field. For
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example, the effect of lithology must be controlled and
a single slze range of material should be used. Efforts
have therefore been concentrated on attempting to deflne
the charscteristic size, shape and rounduness of fraguents
for 2 particular mode of glacial tramnsport (e.g. Mansfield,
1907; Von Engeln,1930; Wentworth,1936; King & Tuckley,1968;
Rergesen,1973; Gregory & .Cullingford,1974). Alternatively
the controlled sltuation has been reached by subjecting
materiaI to slmulated processes in the latoreatory (vWent-
worth,1919; Krumbein,l94lb; Sérmiento,l?hﬁ; Eeaumont ,1967;
Drake,1968).
rowever the maln characteristics of the change

in the morphometric properties of erratics during glacial
transport were realised at the beginning oflthe nineteentn
century. The decreese 1n the size of material away from
its source wes observed by Greenough(l€l9). He noted that
the "largest masses are found nearest the parent rock,
and they diminish in size according to their distance"
(Greenough,1819,p.369). Hopkine(1852) observed that the

renite erratics emanating from the Loch Etive and Loch
Fyne areess diminished in size soutnwards. Shaler(1893)
remarked on the decrease in the size of material away
from the outecrop and attempted to define the characteristic
size of erratics at ﬁarious distances from the source.
Fenton(187%) and Taylor(1¢€10) noted a decrease in the

size of material in the dlrection of transport for the
Eichmond erratics trains. UDrake(l1972) measured the size
of basal till pebbles for 29 lithologles in an area of

east-central lew Hampshire. He found that size decressed



with distance from tne source.

That the shape of fragments was influenced by
crusiing durlug transport along inciplent bedrock fractures
and fisslile material thercfore does not undergo prolong-
ed travel was also realised by Creenough. "Substances
breaking into cublic or hexagonal blocks sre found at a
greater distance than those which break into fragments
with acute angles. Iience the reason why grenite is found
et such & distance from the paremt rock" (Greenough,l181¢,
p.369). During the first gusrter of the nineteenth cent-
ury the agency respousible was thought to be the Deluge.
levertneless the observations were extremely sstule and were
not improved upon by Eenton(1€78) nearly half a century
later when considering the effect of glacial transport
on boulders forming the Bichmond boulder trains. He
remarked that "many... of the fragments torn off by the
ice contelned incipient fissures, which were afterwards
developed Ly the crushing force of the glacier" (Penton,
1878,p.37).

With the fuller knowledge of glaclers ond ice
sheets sccumulated since those early accounts, we are
better able to distingulsh between the characteristic
processes acting in the subglacial, englaclal, supraglac-
ial end fluvioglaclal environments. The following dis- -
cussion will deal with the chenges in sinepe and roundness
of rock fragments as a result of processcs acting in these
environments.

Jeikle noted the major effeects of subglaclal: :

rrocesses on the morpnological propertiez of erratics
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with distance from the source. "The large boulders in the
boulder-clay are all from rocks of the nelghbourhood, and
they become larger in size, less rounded and worn... the
nearer they approach to the parent masses rom which they
have been detached" (Geikie,1863,p.3€). Mansfleld des=-
crived typical glacial pebbles as having "Facetted, round-
ed edges, snubbed ends, polished and striated surfaces"
(Mansfield,1907,p.533). Von Engeln(1930) found pebbles in
the subglaclal till of central New York that were typic-
ally striated and of a "flat-iron" shape. Ovoid-shaped
pebbles, he felt, were a secondary till-stone type formed
by rotetion within the till. The facetted parts of the
flat-iron pebbles resulted from the fragments being held
agalnst the bedrock over which the ice was moving. Went-
worth(193€) locked for these characteristic features in
till pebbles of the Wisconsin erea. He found that the
flet-iron description of glaclel pebbles was "surprisingly
correct", Facetting as a feature of glacial pebbles,
although at present ocut of favour has nevertheless.recentu
ly been described for till stones (Eoulton,1970b). Drei-
menis(195€) illustrated the increase in roundness of ore
pebbles with distance sway from the outcrop.

Quantitative enalysles on glaclial till stone shapes
was first undertaken by Holmes(19€0}. He examined 3,23&
rebbles and cobbles from unleached till in central New York.
From the study he concluded that crushing and sbracicn
affected subglaclally transported stones. He considered
that facetting resulted frow abrasion along rre-existing

flat surfaces such as would result from jointing in the
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rock and maintained that abrasion was concentrated in the
rounding of edges and corners of till stones. Ovoid-shsped
pebtbles, and to s lesser extent discold-tabular-shaped
pebrles, increased with distance from the source and con-
versely the numbers of wedge forms and rhombolds decressed.
These results led Holmes to disagree with Von Engeln(1930)
and to argue that the ultimate form to which till stones
were abraded in the sbsence of crushing was the ovold.

Drake(196€,1972) analysed 1,852 basal till pekbbles
from 19 sites in east-centrel New Hampshire. He determined
the sources of the pebbles and measured their shape, round-
ness, amount of breakage, weathering and distance from
source. He agreed with Holmes(1960) that crushing and
abvrasion are the dominant processes affecting pebble morph-
ology in the subglacial environment. He found that round-
nessg increased rapidly within 2 short distance of transport
from the bedrock source. Thereafter mean roundness values
maintained an equilibrium. According to Drake, this indic-
ated that the pebbles had undergone continuous crushing
and abrasion until final deposition. He also noted the
breakage on pebbles. Freshly broken pebbles disappreared
most rapidly and those showing no break persisted the
farthest. Drake arpgued that some ultimate shape was heing
produced that could resist further crushing.

The shape of pebbles was measured and each pebble
assigned to one of four shape categories introduced by
Zingg(l935). These are rods, blades, spheres and discs.

In order to determine the initial shape of the fragments,

large unweathered boulders of each lithology represented by
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tre pebbles were fragmented with 2 sledge hemwer (Dreke,1970).
He considered trat these artificially crushed bedrock frag-
ments would be equivalent to the shapes of fragments quarried
by basal ice. Assuming this artificially crushed bedrock as
representative of the original shapes, he found that over a
distance of ¢.30km"basal till spheres increased by one-nalf;
btlades decreesed by one-half; rods decressed by one-sixtn;
and disce increased one-tenth" (Dreke,1972,p.2163). These
results indicate the effect of the subglaclial processes.
"With regard to crushing, the elongate pebbles (blades and
rods) would clearly be most susceptible to failure 2nd the
spheres the least susceptible" (Drake,1972,p.2164). Not

only are spheres and discs resistant to crushing and formed
by abraslon, but these shapes are actually produced by the
crushing of mors susceptible blades and rods. Thus the
preferential shapes produced by subglacial processes accord-
inz to Drake are spheres, and to a lesser extent discs. He
trhen agrees broadly with Holmes(1960) who maintained that
the ultimate till stone form was tne ovoid.

Measurements of pebble weathering made by Drake(1968)
indicated that the most weathered, and hence, most readily
crusned material tended to be reduced in comparison with
the harder pebbles of the same lithology. He concluded that
the harder material, belugz more resistant to crushing, was
abtle to survive longer transport in the subglacial eanviron-
ment. These results support the view of a selective process
of subglacial crushing 1n the production of pebble shape.

Drake assumed that the 29 lithologies represented

bty the rebrles analysed were essentially similer in their
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responses to crushing and abrasion, although he did acknow-
ledge that the long traunsport of certain pebbles could be
attributed to their exceptional durabllity. However resist-
ance to crushing and abrasion varles conslderably between
rock types which must affect pebble-shape production. Ifi
eastern Durham, Beaumont(1967) found that resistant wet-
amorphnic and igneous till pebbles with a distant source
were more rounded than locally derived, relatively soft
sandstone pebbles. He considered that "1t mignt well be
that these sub-rounded sandstone fragments represent some
kind of semi-equilibrium form which changes 1little as the
dimensions of the particles are reduced" (Eeaumont,1967,
p«398). He concluded that a "process seems to operate
wherety the softer rocks are eliminated and the more
resistant rocks rounded to varying degrees" (Beaumont,
1967,p.434). He therefore stressed more strongly than
Drake the effect of abrasion. Whereas Drake regarded
similar values for roundness with distance from the
source as indicative of a state of dynamic equilibrium
due to the combined effects of crushing and abrasion,
Beaunont regarded this situation as representative of a
steady state, abrasion merely reducing the size of frag-
wments. A more iwportant result of the analysis by Eeau-
mont 1s that stones of different lithologies respond to
subglacial processes in different ways.

Comparable detailed analysis on the shape of
rock fragments inferred to have been transported in an
englaclial position has not been carried out. However,

observations on debris in modern glaciers allow an sssess-
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ment of the active englacial processes to be made.
Garwood & Gregory(lE89€) noted englecial materizl to be
rounded and stristed. Strlated rock fragments frow an
englacial position have be.n noted by Phillipp(1920),
Visser(1935), Sharp(1949) and Boulton(1970b). Many con-
slder that such evidence of abrasion reflects subglacial
rather than englacial processes. Henderson(1972) noted
the angularity of till stones in Newfoundland and argued
tnat having undergone englaclal transport they hed suffl-
ered little grinding and crushing prior to deposition.
Uprham(1€91) distinguished betwe:cn subglacial and englac-
ial till pebbles on the basis of tue greater angularity
of the latter. Lilster(1958) found that the graln-size
of englacial debris gradually became smaller at higher
levels witnin the ice, and on the assumption that the
higher bands were the farthest travelled, he suggested
that there 1s a gradusl mechanical breakdown of debris
traunsported englecially. Others have stressed tue less
intense nature of both crushing and abresion on fragments
in an englecial position (Elson,1961; Matisto,1961;
Andrews,1965; Dreimanis & Vagners,196%; Marcussen,l1973;
Gry,1574).

At the ice margin, surface ablation will lead
to englaclally transported fragments attaining a supra-
glacial poslition. Immediately prior to, and following
emergence of the fragment from the ice it can undergo
considerable comminution. Ogilvie(1904) noted tue aang-
ular nature of supraglacial debris. Soucnez(1966) ob-

served frost-shattering of supraglacial debris iu Ant-
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arctica. He argued that an emerging rock fragment near
the ice surface absorbts heat during the day melting a
narrow layer of surrounding 1éa wnich percolates into
cracks and flssures in the fragrent. Through fluctuat-
lons about freezing point on the fragment surface frost-
shattering of the fragment takes place. Small and Clark
(1974) favour thls process to account for the finer debris
comprising medial moraines of a glacier in Switzerland.
Oliver(196y:) found a rounded and striated supraglacial
boulder in Antarctica split apart by frost action.
Sharp(1949) also noted frost-shattered supraglacisl deb-
ris.

Many workers have used the evidence of such ob-
servations to argue in favour of a supraglacial origin
for Plelstocene deposits. Drake(1971), for example,
used the angularity and equidimensional nature of pebbles
amongst other evidence to suggest a supraglacial orizin
for a deposit. Stewart snd MacClintock(1971) used the
angularity of boulders as an indication of an ablation
origin.

In fluvioglaclal meltwater streams crushing is
not effective and the dominant process acting on rock
fraz:ments 1s abraslon. 7Few studles have been undertaken
to investigate the effect of fluvlioglacial transport on
the shape and roundness of erratic fragments with dist-
ance from the source. NMatisto(1961) noted.a rapid round-
ing of bvedrock materisl in 2n esker in soutn-west Fin-

land. Gregory and Cullingford(1974) have observed a
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rapid increase in roundness of sandstone snd limestone
pebbles within 4km of the source. Hellaakoski(1931)
found a considerable rounding of Napakivi granite stones
over short distance of transport in an esker at Laltilsa,
Finland. King and Puckley(1¢68) measured shape and round-
ness for stones from different glacial environments.
Fluvioglacial deposits(eskers and kames) consisted of
more rounded stones than morailnes. Fetween stones of
the eskers and kames a statistical difference of the
mean roundness values was found. The stones in kames
with a lower mean roundness underwent very sunort trans-
port, yet still showed a higher mean roundness than
stones in the moraines. Esker stones, saltuough stuow-
ing greater roundness than stones in kames, nad not
travelled much farther. It was concluded tuat rounding
in fast-flowing, heavily laden meltwater strcams must
te very effective to produce such a marked degree of
rounding in such a short distance. Mezn values of

size, sphericity and flatness, however, falled to diff-
erentiate between the three glacial environments. This
supports the view that fracturing of stones is largely
sbsent in meltwater streams end that abrasion is the

ma jor process.

From source to point of deposition an erratic
can undergo processes acting in a combination of the
four generzlised glasclial environments outlined above.
Price(1969) identified rock freagments in till es belng

derived from reworked fluvioglacial material. In the



supraglaclal environment angularity way be characteristic
of fragments on active ice, but wmeltwater streams flowing
on stegnant ice wmay lead to rounding (Sharp,1949). The
Hapakivl grenlte fragments in the esker at Laltila have
undergone processes acting in the subglacial end fluvio-
glacisl environments since thne drift acted as tne source
for the esker wmaterial (Hellaakoski,1931).
Pergesen(1¢73) has attempted to identify the
roundness characteristics of stones undergoing a varied
transport history. Using four visual classes of round-
ness, he has ldentified four roundness typres for pektles
in glacial deposits 1n the Gudbrandsdal area, horway
(F1g.2.8). He distinguishes between "single-punased”
and "multi-phased" roundness. For example, roundness
type Az shows single-phased roundness since it has only
teen transported directly by the ice. The petbles are
characteristically subrounded witn less than 107 rounded
petbles. On the other hand, type Ba, which 2lso repre=
sents pebbles sampled from till, has a grester percent-
age of rounded pebtles. Fergesen argues that this has
resulted from fluvioglacial pebbles belng incorporated
and redeposlited with the till. Thils type represents
rebtles with multi-phas<d roundness. Types Ab and EBEb
represent materizl saﬁpled from fluvlioglacizal deposits.
Ab has a lower percentage of rounded and well rounded
material than BPb. FEergesen sugzests that this is due
to an englacial or supraglaciesl tramnsporting mode for

the former compared to the sutglaclial or subaerial
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meltwater origin for the latter. Types Ac and Ec repre-
sent the roundness of pebbles derived from glacial dep-
osits that have undergone further rounding in subaerial
streams.

In tnls chapter the literature concerning aspects
of glacial erratics has been discussed. Consideration
has been given to the rdle of erratics in the devel-
opment of the Glacial Theory, the upward transport and
distribution of erratics, the varicus tneories put forward
to explain the formation of erratics trains and the effects
of glacial and fluvioglacial transport on erratics. before
detalling the snelysis carried out for the pilot study
and for the distribution of essexlite fragments in till in
chapter L4, an intréduction to the Lennoxtown essexite
outcrops and their surrounding area in terms of the geol-
ogy, geomorphology and inferred directions of ice move-

ment will be dealt with in chapter 3.
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CHAPTER 3

EACKGROUND TO THE BESEARCH

The first step in carrying out a detailed invest-
igatlion of &n erratics train 1s to choose an outcrop of
rock from which to trace erratics. This decislon should
not only depend on the attributes of the outcrop itself
but also on the nature of the terrain wnere the dist-
ribution of the erratics 1s to be determined.

In the present analysis, five me jor requirements
were considered essentlal, and all of them nad to be ful-
filled by the source rock and its surrounding area before
1t was regarded as sultable. Firstly, the source rock had
to be distinctive both on freshly broken and on weather-
ed surfaces, especlally the latter since the majority of
erratic fragments from glaclal deposits would be expect-
ed to show at leest somwe signs of superficial weatuering.
Any rock that could not be identifiled in tne hznd speci-
men was rejected as unsultable. Secondly, tnere had to
be no similar outcrors in the vicinity of the chosen ocut-
crop, or fragments likely to have been transported there
by ice, since tnls would lead to confusion with erratics
from the chosen source rock. Thirdly, there had to be
minimal variation in the mineral composition =2nd geolog-
ical structure over the source rock outcrop. This was
considered lmportant not only because 1t aided positive
ldentification of erratics but also because such variation

might lead to differences in the durabllity and 1nitial
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shapes of erratic fragments on being removed from the
bedrock by glacier ice. The fourth requirement was that
the outcrop should be of modest areal extent, which would
allow the distance of transport of individual erratics to
be determined with little error. Fiftnly, the area down-
ice of the outcrop had to be sultable for determining the
distribution pattern of the erratic fragments.

It might seem that these five requirements would
leave little room for cholce. However the nature of the
geology of Central and Southern Scotland in particular,
with many small igneous intrusions, meant that several
outcrops were ultimately regarded 2s sultable. From a
list of possible outcroprs, the Lennoxtown essexite, loc-
ated some 1l0km north-east of Glasgow, was selected since
i1t best fitted tnese requlrements.

In terms of distinctiveness the Lennoxtown essex-
ite 1s especially suitable. Firstly it is easily disting-
visned from other rocks in the area both on fresh and
weathered surfaces (MacGregor & MacGregor,l1948). Second-
ly the Lennoxtown essexite in fact consiests of two adja-
cent outcrops that are distinguishable from one another
in the hand specimen. There are otner outcrops of essex-

ite in Scotland (Clough et _al.,1911; Scott,1915; MacGregor

& MacGregor,1948) but in view of the known directions of
ice movement 1t i1s unlikely that erratics from these
sources could have been transported by glecler ice into
the area down-ice of the Lennoxtown outcrops. Both
Lennoxtown essexite outcrops are uniform in terms of min-

eral composition and geological structure with only a
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narrow zone of chilling (c. lcm wide; MacDonald,pers. comm.)
at the point of contact with the surrounding bedrock.

The essexite outcrops are also both of small areal extent,
only covering & combined total szrea of slightly less than
O.OSRmE, this figure being based on the most recently
available information (MacDon214,1973; Fig.3.1). The
Lennoxtown essexite outcrops also fulfil the requirement
of a sultable down-ice area since they ars in a position
from which 1t is possible to trsce the erratics uninter-
rupted for & considerable distance in the direction of
ice movement. The ares is free from large tracts of urb-
an development or any othner major obstacle obscurling the
glacial depdsits. Streams incised into the till lying on
the lower slopes of the Campsies h2ave cut 2 number of
sections. Many sand and gravel quarries, both abvandoned
and in current use, meant that the effect of fluvioglac-
ial transport on erratics could be studied. The abund-
ance of essexite fragments on the foreshore of the modern
beaclnes along northern and southern shores of the Firth
of Forth meant that the effect of beach processes on

erratic fragments could 21so be investigated.

The essexite outcrors

Essexite derives its name from Essex County,
Massachusetts where Sears(1891) described 2 distinctive
rock resewbling a porphyritic disbase and proposed this
term for 1t. One of the original distingulshing crit-

eria was a lack of olivine. Rosenbuscn(l8%6), however,
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with more detailed study, incorporated local varieties
that included olivine (Clough et al.,1911). BErdgger
(1894) described so-called essexites from Norway, but
these zppear to be similer to what others would term
olivine-gabbros (Hatch et _al.,1961). Essexite in Scotland
was first mentioned by Allport when he described the
Lennoxtown lower outcrop as a "very beautiful porphyritic
dolerite... coarsely crystalline in texture, with large
disseminated crystals of augite" (Allport,1874,p.559).
Young(1874,1895) also made reference to the "Campsie
augite". Lacroix(1%00) described a similar rock near
Crawford john in Lanarkshire but refered to it as "an
olivine teschenite passing in texture to tephrite"
(Clough et _281.,1911). Scott(1915), however, sssigned
this rock to the essexite group. 3Since this time the
Lennoxtown essexite has attracted attention from geclog-
ists (apert from the work on the erratics by FPeach(1909))
owing to its rarity (e.g. Tyrrell,1923; McCallien,1938;
Bassett,195f). However it was not until recently that
the Lennoxtown essexite was recognised as comprising two
intrusions, rather than one dyke-like mass with verying
characteristics (Clough et a8l.,1911).

The lower outerop ranges from about 120m to
180m in altitude and measures some 200m by 190w in size.
It has been interrreted as being in the form of = plug
due to its association with a magnetic eanomaly (Mac-
Donald,19%73). Microscopic analysis reveals that it con-
sists of a porphyritic microgabbro or dolerite with

euhedral, purple, titanaugite phenocrysts set in a ground-
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mass of auglite, olivine and plagioclase with lesser
amounts of red-brown biotite, apsatite, 2nalcite and
titaniferous magnetite (MacCregor & MacGregor,l9u8;
Harker,1960; MacDonald & Whyte,196%9). The presence of
orthoclase and nepneline a&s rarer constituents distin-
guish essexites from other olivine-gabbros (Hatch et al.,
1961). 1In the hand specimen the well-shaped phenocrysts
of titanaugite irmedistely attract the attention, and
stand out from the paler groundmass on weathered surfaces
(MacDonald,1973). This pale colour on weathered surfaces
aprears to be a characteristic feature of analcite-bear-
ing rocks (Tyrrell,1%23; MacDonsld,pers. comm.). How=-
ever the titanaugites"remalin prominent and more or less
unaltered" (Peach,1909,p.26). The lower outcrop also
possesses a pronounced set of jolnts, the most prominent
being only =2 few centimetres apart (MacDonald,1973).
Measurement of these Jjoints on the outcrop revealed an
average distance of 7cm between such Jjoints (Plate 1).
The extreme altitudes to which the upper essex-
ite outcrop extends are from 210m to 290m 2and it weasures
120w by at lesst 300m, the latter figure being minimal
due to the eastern end belng otscured by a landslide
(Fig.3.1). Four major characteristics distinguish this
outcrop from the lower one. Firstly the outcrop appears
to have the form of an inclined sheet (MacDonald & Whyte,
1669). Secondly the titanaugites are not as large as in
the porphyritic variety, the whole rock presenting a
more even-grained appearance. Thirdly it is 2 little

richer in ollvine at the expense of auglte, and fourthly
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the joints are noticeably more widely spaced. Neasure-
ments taken across a number of parallel joiuts produced
an average figure of 17cm (Plate 2).

Petrographically the two outcrops are similar
to the Late~-Cartoniferous tueralites. They are therefore
probably more closely connected with that phase of act-
ivity than, as previously believed, with the Dinantian
vulcanism (Clough et_2l.,1911), which gave rise to the
Clyde Tlateau Lavas into which the essexite outcrops

nave been intruded (MacDonald & Whyte,1%969).

The fieldwork area

Feach(1909) mapped the extent of the Lennoxtown
essexite boulder train as a narrow cone-shaped area with
the apex positioned on the outcrops, situated about 1l.5km
nortn of Lennoxtown, and the two sides extending east-
wards into the Forth estuary (Fig.3.2). As one of the
main objectives of the present study was to attempt an
accurate determination of the lateral extent of the errat-
ics train, the fieldwork area extended considerably
fapther nortn and south than the cone of boulders shown
in Fig.3.2. It was also considered necessary to deter-
mine whetﬁer there had been any movement of the boulders
in a direction other than eastwards away from the out-
crops, despite confident statements elsewhere to the
contrary (Feach,190¢; McCallien,1938). Gregory(1926)
claimed to have foun an essexite boulder on 2 bullding

site in Glasgow to the south-west, but as no other record
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of thls find exists, it must be regarded as very dubious.
The large expanse of ralsed beach and outwash
deposlits between Larbert and Grangemouth interrupts the
material in which the erratics can be traced (Fig.3.3).
It also marks the approximate easterly point in the
train at which errastic fragments are so diluted in the
t11ll that they become very difficult to trace. This
expanse of raised beach and ocutwash materiasl splits the
erratics train into two discrete parts; the area from
Larbert to Pallagan Purn (west of the essexite outcrops),
which will be referred to es tne Main Study Area, and
the remaining part of the train, from CGrangemouth into
the Forth estuary, wihich will be called the Secondary
Study Area (Fig.3.4). The former area is distingulshed
from the latter in terms of the amount and type of field-
work carried out. In the Main Study Area ianvestigation
inbo the distribution patterns of essexite erratics,
measurement of the size and morphometric properties of
essexite fragments, heavy mineral analysis of till samples,
till-particle orientations and the wapping of the ice-
moulded landforms were cerried out. In the Secondary
Study Area, on the other hand, efforts were concentrated
on the study of the morphometric properties of essexite
stones found on the beaches of the Forth, as only a limit-
ed number of sections in till and fluvioglacial deposits

were available.

Geology and relief

56.



*seaay fpnqg Laepuodssg pue uysy B9Uq UT TetIaqen yoesq posisBl JO UOTANQTJILSTA

£°¢ eanzFtyg

wy G

ybinquip3

MM ]e4

N T T

\ sy L
MOIM Jag <3 aulwiajung e S e
+ ...-.... .-......

YJJON
Ap1eoviy ..+




Both Study Areas are situated in the Central
Lowlands of Scotland, which consist of a tectonic
trough some 80km wide. This region is bounded by the
Highland Fault to the north, and the tough greywackes,
shales and slates of the Southern Uplands to the south,
the intervening broad syncline being much faulted and
folded (Ogilvie,b1937; Ceorge,1960,1965). In the Central
Lowlands there is a close correspondence between hills
and igneous or volcanic outcrops, with the low ground
inbtetween being usually associated with sedimentary
strata (Hutton,17¢5; Geikie,1865; Sissons,1967a).

The Campslie Fells dominate the Maln Study Area
geologically and topographically. (The term Campsie
Fells 1s used here to represent the expanse of high
ground comprising the Strathblane and Kilsyth Hills,
Cairnoch H1ll, Gargunnock and Touch Hills.) They
constitute a high, undulating eastward-sloping plateau,
rising in many places to more than 450m (578w at Earl's
Seat and 570m at Meikle Fin) and form the north-eastern
arm of the horse-shoe shaped Clyde Flateau Lavas which
overlook Glasgow from the north, west and soutn (Fig.3.4).
The Clyde Plateau Levas comprise the Gargunnock, Kilpat-
rick, Felth, Renfrew Hills =nd Campsie Fells #nd consist
of a series of lavas with associated vents and intrusions
of Calcifercus Sandstone Age (Young,l860; Bassett,1958;
MacDonald,1965; Francis,1%65a).

Strathblane, 2 deepr trough, separates the Kil-
patrick Hills and Cempsie Fells. The floor of this

trough does not exceed a neight of 90m, wnereas the
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surrounding hill masses rise to more than 500m. A simi-
lar, though less dramatic feature, cuts the Campsie
Fells in two, separating the Gargunnock Hills, Touch
Hills and Cairmnoch Hill from the main mass to the south.
The Carron and Endrick rivers drain this valley from 2
mid-point and flow to the east and west respectively.

0ld Eed Sandstone crops out to the north of the
Campsies as far as the metamorphic rocks of the Highland
edge. It 1s plerced by a large number of small vents,
suggesting a2 considerable extension of the Clyde Flateau
Lavas in this direction at some time in the past (Whyte
& MacDbnald,1975). The southern edge of the Campsie
Lavas forme a steep, southward-facing scarp coinciding
with the Campsie Fauvlt, which has a downthrow of about
900m to the south (MacDonald,1673). -

From this scarp soutnwards the ground falls
some H00m to the floor of the valley in which the Kel=-
vin and Bonny Water flow respectively west and east.
Thls narrow valley provides & connecting troughn of low
ground between the Fortn and Clyde estuaries (Fig.3.6).
At the eastern end of the Campsies the descent of 350m
from the lavas to the broader valley of the Carron is
less abrupt. Southwards of thne Kelvin-Eonny Water
valley and east of the Carron the ground rises gently
to a low, undulating topography underlain chiefly by
Carboniferous sediments. The higheet point on these
sedlments occurs where the Millstone Grit forms the
underlying bedrock, reaching about 175m a few kilo-

metres south of Bonnybridge. The Millstone Grit
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forms & band of rock stretching from south-east of Kil-
gsyth to the north-eastern corner of the Mailn Study Aresa
(Fig.3.5). Parallel to this band of rock on the west-
ern side, are a number of upstanding outcrops of quartz-
dolerite of which Par 5111 (155m) and Croy Hill (1l47m)
scutit of Kilsyth are two ezamples. These quartz-dolerite
outcrops form parts of 2 particularly thick sill that
underlies a large e2rea of the Central Lowlands (Francis,
1965b).

The Secondary Study Area differs from the Main
Study Area in that it has no single large tract of high
ground corresponding to resistant igneous rocks. How-
ever, between the bounding nill ranges of tne Ccnils to
the north and the Pentlands to the south are a number
of locally thick outcrops of igneous rock (botn intru-
sive and extrusive) that stand up from the surrounding,

more easily eroded Carbonifercus sediments (Eurke,1%¢€9a).

The effects of glaciation

It is known thnat at the time of waximum glacia=-
tion the whole of Central Scotland was covered by ice.
Along the Highland edge in Perthshire strlae have been
found at ¢45m, 2nd erratics and striae have been found
on the summits of the Ochils (720m), the Lomond Hills
of Fife (420m) and the Pentlands (580m) as well as the
Campsies (Sissons,1965; Fig.3.4). So clear is the leg-
acy of the ice sheets in the Central Lowlands that they

have often been quoted &s an exarple of an area sunowing
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clear evidence of both glacial erosion and deposition.
Such evidence is well demonstrated in the Main and Sec-
ondary Study Areas.

In terms of glscial erosion, the most easily
recognisatle features are the "isolated masses of 1g-
neous rock" which "project through the sheszt of drum-
linized drift" (Wooldridge & Morgen,1937,p.390).

These igneous rock masses, being of 2 more resistant
nature than the surrounding softer sediments, have with-
stood glacial erosion better and often snow the classic
"crag-and-tall" form. The eastward moving ice has ten-
ded to cause a steepening of the western slopes in these
features contrasting with the eastern slopes whilch are
usually less steep, being protected in the lee of the
resistant rock masses (Chambers,1852; Geikie,1865). Dis~-
pite their former greater extent, the Campsie Fells, tog-
ether with the series of outecrops of quartz-dolerite in
the Mailn Study Area already mentlioned, have also been
better able to withstand the erosive forces of glacla-
tion than the surrounding sediments (Linton,1962).

In the Maln Study Area two major breasches of
preglacial watersheds have resulted from selective glac-
ial erosion (Linton,1963). These are Strathblsne and
the broader valley in which the Endrick and Carron flow.
The gently curving course of the trough-shsped Strath-
blane reflects the changing direction of the 1ce stream
tnat occupled it. The ice here was forced round between
the Kilpetrick Hills and Campsie Fells to turn in an east-

erly direction after Joining the eastward moving ice on the
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southern side of the volcanic hills (Sissons,19672;
Fig.3.7).

One striking feature resulting from glacial ero-
sion in both Study Areas 1s hidden from view. This 1is
the channel cut in bedrock extending from west of Lartert
into the Firth of Forth, wnich hazs been burled by subseq-
uent gzlacial and fluvioglacial deposition (Eennie,1871).
Althoughn previously considered to represent erosion by
former Carron and Forth rivers (Croll,1868; Cadell, 1883,
1886,1913; George,1965), recent borehole evidence (Sissons,
1969) suggests that the feature is a closed rock basin, as
is 2 similar feature just to the north (Soouns,1960). The
supposition that the trencn is in the form of 2 basin
suggests that it has been excavated at least 1in part by
ice. This 1s further supported by the trend of the buriled
rock surface wnich closely parallels that of ice-moulded
features in the till immediately to the south (Sissons,
1¢69). The sawe feature has been traced using borehole
evidence along the Kelvin-Eonny Water valley lnto the
estuary of the Clyde (Clough et al.,1911; Ross,1927).

Some of the results of glacisl erosion have been
masked by deposits lald down during the later stages of
zlaciation. The till and assoclated boulders mantling all
but the highest and steepest parts of the hills, however,
tear witness to the considerable removal of rocks and
debris by ice (Bell,1871; Eennie,1871; Hinxman et al.,
1907; Cadell,1913; Fig.3.8). In areas of low relief the
till, in places attalning thicknesses of over 30w, gener-

ally reaches depths of 3 to ém (Burke,19€S2). Over much
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of the lower ground of both Study Aress, where the till is
relatively thick, the topography has been moulded by ice
into drumlins which 2re elougated in tne direction of ice
movement (Clough et 21.,1611; Elder,1935; Hose & lLetzer,
1675).

It is generally accepted that these deposits and
othere resulting from ice wastage 2re the result of the
last ice sheets to occupy the Central Lowlands aud in the
last decade or so discussion relating to the existence of
re-advances of the iece shteets during the last glaciation
has taken place. Sissons(19678,1¢67b) maintained that
there were three re-advances, the Aberdeen-Lammeranulr,
Perth and Locih Lomond. They were thought to represent
interruptions in the decay of the last ice sheet, each
respectively covering a progressively smaller area of
Scotland, Llielther the limits of the Aberdeen-Lammermulr
nor Loch Lomond Re-advance encroacu on the Study Areas,
lHowever the llmit of the Perth He-advance dces implnge
upon the eastern end of the lain Study Area,

Simpson(1933) first postulated tne idea of a
Perth Ee-advance and cited evidence for it in the Perth
area. Sissons(1963,196y) extended the 1limit to the south
around the southern face of the Ccnils to Tilllcoultry,
then southwards to just west of Larbert and beyond in @
meandering line towards Airdrie. In the absence of
moraines in the Main Study Area, the re-advance was
delimited mainly on the basis of "the extensive develop-
ment of outwash gravels and sands over thick deposits

of clays and silts" (Sissons,19€3,p.152). The re-advance
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was tentatively dated at about 13,000 - 13,500 B.P.
(3issons ,1967b). lclellan(196¢) modified the proposed
limit in Central Lanarkshire to the south of the Maln
Study Area. However, doubt was cast on the valldity of
the Perth He-advance by the discovery of a2 woolly rhino-
ceros bone from fluvioglaclal deposits beneath till at
Pishopbriggs neer Glasgow which gave a radlocarbon date

of 27,550 (#1370, -1680) (Rolfe,1966). A radiocarbon

date of 13700 (+1300, -1700) for a meammoth tusk from
stratified deposits beneath about 10m of till at Kilmaurs
in Ayrshire apreared to support the ides of a re-advance,
but a reindeer antler from the same locality and a similar
stratigraphic position gave an age of over 40,000 (Sissong,
1674). Francis et 2l.(1970) failed to find evidence of

& re-advance in tne Stirling district, and Paterson(1974)
questioned the ilnterpretation that Simpson(1933) placed

on & critical section.

Current opinion is that the Perth and Aberdesn-
Lammermulr Be-advances must be re jected, but the Loch
Lomond Re-advance seems well established (Sissouns,1972,
1974).

Sections in the Glasgow and Dumbartonshnire areés
Just to the south and west of the Main Study Area, often
reveal two differently coloured till deposits (Jardine &
Moilsley,1967; Jardine,1969). The lower one, which appears
tc bte widespread across the Glasgow area, is "a tough,
srey, entirely unstratified, stony clay, weathering 1nt0l
2 lignter and more earthy material towards the surface”

(Clough et 21.,1925,p.223) and is accepted as being 2
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lodgewent till of the last major ice sneet (Jardine,1¢73).
Overlylng the grey till, north of a2 line drawn between
Marynill and Yoker, a red till has bteen found. The origin
of this till has been the subject of some controversy.

The colour difference appears to be simply dve to a great-
er number of soft red sandstone fragments in the red turan
the grey till (Clough et al.,1925). Jardine(1968) argued
that since the red tlll rests either oa the grey till
(which then shows only sligut surfece weathering), or om
sands and gravels, it represents = re-advance of the ice
sneets. He has suggested that the re-sdvance occurred
between c. 12,300 and 11,950. However thnls interpretation
does not agree witn radlocarbon dates subsequently obtain-
ed.

Sissons(196f) considered tnat the red till rep-
resented an ablation deposit laid down by the same ice
that gave rise to the grey till. This interpretation was
based on the fact that the red till is assoclated with
innumerable beds of sand, gravel and wmud, and that it
aprears to be less compacted tnan the grey 5111. “ecent
work by J. Menzies(pers. comm.) also contradicts the idea
of‘a re-advance in the area, and suggests that the red
and grey tlills are variations of thne same deposit. 1In
nelther of the Study Areas, however, has more than one
till been found, although Sissons(19€¢) mentioned & poss-
ible atlation deposit in the Grangewouth area and Thompson
(1968) invoked & similar process of formation for deposits
in the Campsie Fells.

Fluvioglacial deposits assoclisted with ice wastage
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are common as sheets and kames in both Study Areas. 1In the
Main Study Area these deposits are generally confined to the
lower slopes adjacent to the Kelvin, Bonny Water and Carron
Eivers (Fig.3.8). In the Secondary Study Area fluvioglacial
deposits are wldespread between Falkirk and east of Lin-
lithgow (Wilson & Crampton,1908). On the higher slopes

of the Campsie Fells the effect of meltwater activity has
been erosional ratner than depositional. Thus meltwater
channels, running malnly eastwards, are present over much
of the south and east facing slopes of the Campsies (Hianx-
man et al.,1907; Milne,1963; Sissons,1%63),

Along tne slopes of both sldes of the Forth est-
vary are traces of raised sinorelines winich denote former
high sea levels during late and post glacial tlmes
(Sisaons,19?k, and references therein). They are gener-
ally limited in extent, except for an area of raised
beach and outwash material from Larbtert to Graangemouth
(Fig.3.3) which mask the underlying till and fluvioglac-

ial deposits.

Glacler ice movements

A considerable body of information has been acc-
umulated concerning the direction of ice flow across the
Central Lowlands of Scotland as a result of more tuan
150 years of enthusiastic work. Since the glecial geo-
morpnocloglsts of the last century worklng in this area
were at the forefront cof idees on their subject, the gen-

eral directions of movement have been well known for more
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than 100 years.

As long ago as 1814 Hall, writing "on the rev-
olutions of tne Etarth's surface", noted that there was
a west-east allignment of landforms in the Edinburgh dist-
rict. He noticed that many of tne lgneous masses in the
area sucn as Corstorphine Hill, Castle Rock, Cralgleith
and Calton Hill all possessed a similar form. They had
steep west faces and gently sloping east faces. Hall
called this type of landform a "cralg-and-tail", and tne
term remains in use today. He also noted that the rocks
were often scratched, and ne weasured the direction of
the striae at a number of points around Corstorpnine Hill.
Using the evidence of the strlae and the cralg-aud-tall
landforms ne concluded that a great flood had come from
@ direction ten degrees southh of west.

Inrie(1€ls) found signs of moulding and scratch-
ing of the rocks in the Carpsie Fells. He observed that
the general alignment of these features suggested an
origin to the west, and that large blocks of rock, them=-
selves scratched, were sometimes scattered over the surf-
ace of the ground. He also noted the far-travelled nat-
ure of rock fragments in the tilll and correctly suggested
& source. "Among the water worn stones lmbedded in the
clay, I seldom found specimens of the native rocks of the
district; those which I examined, consisted mostly of
rocks generally deemed of the oldest formatlons such as
quartz, porphyries, granites etc.; the native beds of
which, are far distant to tne north and west of that part

of the country" (Imrie,18l4,p.35). Like Hall he assigned
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these puenomena to a torrent or debdcle.

Following Agassiz' visit to Scotland in 1840
many remained unconvinced but the increased vigour of the
converted led to many more observations of glacial phen-
omen2 being made. Striations were noted by a number of
workers e.g. Fuckland(1840), Milne(1840), Maclaren(1849),
Chambers(1853,1857) as well as instances of ice moulding
by Chamters(1853).

By the time Ceikie(1863) wrote nis paper "on
the phenomena of the glacial drift of Scotland" the west=
east movement by some agency in the Forth Valley had be-
come 2 well established fact. "No one can have passed
through the district from south to north without observ-
ing that tue region is deeply furrowed in an east and
west direction. ILong smootn-backed ridges follow each
other in endless successlon, and on these we can trace
every gradation of eminence, until we reach tne true
tyrical form of crag-and-tail" (Gelkie,l1863,r.32).

Geikie also noted that the colour of the till was largely
a reflection of the underlying rocks. Where red till
overlay coal measures in the Stirling district it sugg-
ested that this till contained material from the Cld Eed
Sandstone cropping out to the west. Hock fragments in
the till also indicated this west-east movement. "In

the boulder clay of Stirling and Linlithgow, fragments

of clay-slate and mica-schnist may here and there be seen.
These rocks may have come from the district of the Tross-
achs" (Gelkie,1863,p.43).

Refereunce was also made to cther glaclal evidence,
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Miller(1850) noticed that not only were striations on
boulders preferentially aligned along the long axes of
the latter, but also that the boulders themselves were
pointing in the same west-east direction as the strise
on the neighbouring bedrock. Miller jnr.(188Y4) found
pavements of boulders at Portobello, near Edinburgh,
grooved in an east-northn-east direction.

Because of the varled nature of the geology of
tne Central Lowlands, erratics proved to be extremely
powerful indicators of the direction of ice movement,
since many could be assigned to a particular source area.
One erratic had sn entire paper devoted to it (Forbes,1829),
Numerous examples of transported boulders were reported
by tne Scottish Boulder Committee. For example, a boul-
der of conglomerate from Callander was found at Leith
walk in Edinburgn. In the Stirling district the boulder
clay was found to contain boulders of 0ld Red Sandstone,
conglomerate, schistose grit and other rocks from the
Highland border (Dinhew,1927). In Leilth Docks were found
boulders of marcesite that had originated in thin strata
of coal in tine Kilsytn area (Young,1868).

Even after Gelkle's paper 1lcebergs were still
clted as the agency responsible, but none disputed the
general west-east movement of a powerful force. From
this time until the end of the nineteenti. century the
movements of individual ice streams were revealed as more
detailed work was carried out. Bell(1874) noted that the
glaciation of the Forth and Clyde valley was from west

to east, but also considered the possibility of ice
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streams forming as the 1ce sheets began to waste. He
recognised two main streams 1n an area north of Glasgow;
one to the soutn of the Kilpatrick Hlills and another that
moved "along the Stratnblane valley, gradually spreading
out over the nelghbouring ground" (BEell,1874,p.305).

Present day detalled knowledge of ice move=-
ments in both Study Areas stems from the work of the
Geological Survey who surveyed the region in the early
years of the present century. Considering first the
Fain Study Area, it 1s accepted that ice fanned out in
an east to south-east direction in the Glasgow area
(Pell1,1871; Clough et _al.,1911; Elder,1935; Jardine,1973;
Price,1975). This has been inferred largely from the
evidence of drumlins which extend eastwards from Glasgow,
where the trend of the long axes runs 1in an easterly
direction to Kilsyth and Falkirk, where it becomes east-
-north-east (Sissons,1964). This was noted by the work-
ers of the Geological Survey some 70 years ago (Crampton
& Hinxman,1906; Peacn et al.,1905; Clough et al.,1906).
They also wmapred the strisze which matched the direction
shown by the drumlin long axes.

Striase over the Campsies themselves indicate a
general direction of ice movement from the west and
north-west (Fig.3.7). Confirmation of this movement is
given by the wany instances of Highleand erratics found in
this area, and on a smaller scale by the discovery of a
fragment of trachyte on the Campsies north of Kilsyth
that hed originated from Meikle Bin to the west (Tho-

mpson,1968) (Pig.3.6). An ice stream moved eastwards
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along the Carron-gEndrick valley and another flowed round
to the nortih of the Gargunnock and Touch Hills. The
general movement of ice across the Campsies from the
north-west is also indicated by the eastern aligunment of
meltwater features on tne Campsie Fells.(Sissons,1963).
Since their direction is mainly governed by the ice slope,
it follows that the ice flowed in thnis direction. 1In the
region of Stirling the ice fanned out, moving south-esst
towards Falkirk and east across Fife (Francis et al.,
1¢70). The former movement near the eastern part of the
Maln Study Area 1s shown by the long axes of drumlins

and strise in tne Plean-Larbert area polinting south-east
(F1g.3.2; Hinxman et _al.,1907; Dinhew,1927; Milne,1963;
Sissons ,1964; Sissons & Switn,19€65).

Ice moved along the southern faece of the Campsles
as shown by sPriase, ice-moulded features along the Kelvin-
Bonny Water valley and the train of essexite boulders
mapped by Peach (1909). This was a continuation of a
large ice stream from Glasgow and Stratnblene. Thils mass
of 1ce moved in an east-north-east direction, and met
ice moving south-east from Stirling in the Denny areea.
(Milne-Home ,1871; Hinxmen et 21.,1907; Fig.3.7).

Esst of Grangemouth in the Secondary Study Area
these two streams of ice merged to flow 2lmost due east.

A number of new methods and additional mapring of trad-
itional indicators of ice movement (i.e. striae and

erratics) have broadly substantiated the views of nine-
teenth century workers. (Cadell(1%l5) found a due west-

east alignment of strise in thne Bo'ness area that
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paralleled ice-moulded landforms in the vicinity.
Farther east along the Forth Valley there appears to be
an increasing northerly component in the direction of
.ce movement as shown by striae and the orientation of
the long axes of ice-moulded landforms (Fig.3.7).

Burke(1969a) carried out a quantitative analysis
of the relief orientation of the Forth Valley. By meas-
uring contour directions in 2 unit arez and deriving a
mean direction for each area by vector analysis, he prod-
uced a map of relief orientation for the Forth Valley
(Flg.3.9). This shows a remarkable correspondence with
the evidence of erratics and striae 1n the area, suggest-
ing that the moulding has been largely the work of ices
Fl1g.3.9 clearly snows the confluence of two ice streams
near Falklirk which then moved eastwards towards Edinburgi.
A mean direction of E 10% was obtained for all the con-
tour directions analysed.

The west-east corrugation of the landscape by
ice appears to have diverted the trend of the valleys
tributary to the Féorth since, "instead of running due
nortn to the sea, as one might expect, the side valleys
run persistently in an easterly or north-easterly direct-
ion" (Burke,196%2,p.58). This does not appear to be a
result of structural control, since the structures trend
roughly north-south.

Wnilst the consideration of ice movements has so
far been confined to ice issuing from the Highlands, the
Southern Uplands also acted as an independent source and

should therefore be discussed. Evidence for the incursion
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of Southern Uplands ice 1lnto the Maln Study Area has not
been found, though chert from sand underlying till in
the Airdrie district appears to have had an origin to
the south (Clough et 2l.,1909). Mclellan(1l969) found
evidence for ice from both a Highlands and Soutnern Up-
lands source in Centrasl Lanarkshire. The confluence of
Highland a2nd Southern Uplands ice therefore appears to
have taken place some way to the south of the Mailn Study
Area, though ice from the latter source must have been
lnstrumental in diverting the flow of Highland ice east-
wards from the Glasgow area.

Similarly in the Secondary Study Area no incur-
slon of Southern Uplands ice took place, although it no
doubt influenced tne direction of Highlend ice. "South-
ern Uplands 1ce would have been able to restrict High-
land ice to low ground, even though it was deflected
eastwards by the more massive Highland outflow when tothn
were at thneir maximum" (Kirby,1966,p.29). The influence
of Southern Uplends ice is best seen in the anticlock-
wise diversion of ice movment in the Forth Valley east
of Edinburgh as shown by the striae and ice-moulded

landforms (Kirby,1969; Fig.3.7).
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CHAPTER &

DISPEESION OF EERATIC FRAGMENTS IN TILL

"Field weasurements in geology are usually
approximate and depend in large part on
the accidental exposures that one finds"
(Xrumbein,1937,p.578).

Two approacnes have become established for
guantitatively determining the proportion of a rock type
in any till. They are stone counting and estimstion of
the percentage weignht of the rock type. By repeated
sampling at a number of sites a distribution pattern
can be bullt up of the dispersion of rock fragments 1n a
specific till.

Stone counting is the quicker of the two methods,
although it 1s more often used for deriving the relative
proportions of different rock types than the proportion
of one particular lithology. Stone counting has been
extensively employed in till studies for many years (e.g.
Craig,1874; Krumbein,1933; Holmes,1952; Jérnefors,1952;
Anderson,1955,1957; Dreimanis & Terasmae,1958; Beaumont,
1971; Szabo et al.,1975). It requires the collection of
many samples of stones from till. Where possible the
lithology of each stone is identified, and the percent-
age of each rock type or group of rock types is calculat-
ed.

Although this method has the advantage of being

relatively rapid compared to other techniques used in
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the analysis of till, it also has a number of drawbacks.
Firstly, there is no agreement as to the number of
stones that constltutes 2 representative sample. For
example, Aruneman and Wright(195%) considered 100 stones
sufficlent while Holmes(1952) counted up to 800 stones
at a single site. Similarly the size of material used
in stone counting varies from researcher to researcher.
Size has been selected on the basis of convenience (e.g;
Holmes ,1952) and in relation to the variety of rock tyres
present in a élngle size grade (e.g. Anderson,1957), but
scometimes 1t appesrs to have been ignored altogetner
(e.g. Kirby,1968). The selection of any particular size
grade is almost bound to exclude or misrepresent the prop-
ortion of one or a number of rock types within a till.
This is due to the fact that for any rock type in 2 ¢ill
there will tend to be one or more preferential size
grades into which the fragments will fall (Dreiwanis &
Vagners,1965,196¢,1¢71; Krbger,1$74). For each rock
type the preferential size grade pattern will differ and
the selection of any one size grade for stone counting
willl never produce & truly representative sample. Fin-
ally the percentage count of a rock type with & relat-
ively distant origin, might locally appear to fluctuate
considerably. Yet in many ceses it 1s not the amount of
distant but the amount of local rock material that 1is
fluctuating, according to the proximity of the source
outecrop and its propensity to rroduee rock fragments of
the size grade that is counted.

In an attempt to overcome the last two problewms,
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some workers have ldentifled and counted fragments in a
number of size grades (e.g. Jérnefors,1952; Gillterg,
1965,1967,1968a,19€¢b; Willman,Glass & Frye,1966; Peau-
mont,1$71). Not only is this method more time consuming
than counting stones in only one size grade, but also the
problem remaine of the fluctuation in amounts of stones
of distant origin according to the proximity of e local,
prolific source of till stones.

A second approach to the qpantitativg deter-
wination of 2 rock type in till has been developed in an
attempt to avoid the problem associated with stone count-
ing.- A nurber of variations nheve been tried, but they
are all similar in that some measure of the absolute
quantity of erratic material has been derived. 1In
Scandinavia absolute metnods per unit volume and per unit
welght have been used since the last century (Lundgvist,
1935). In recent years in North America a numba£ of
investi:ations have been made involving the percentage
welght content of a particular rock type in a till
(e.g. Dreimanis & Vagners,1965,1969,1571; Herrison,1960;
Gravenor,1¢57; Horberg & Potter,1955). This approach
avoids the problems assoclated with stone counting,
except for the size of sample from which to calculate
the amount of erratic material and the fluctuation in
the amount of material with a distant origin due to
large influxes of local bvedrock material. The effect
of these influxes, however, is greatly reduced using
percentage welght methods since the whole particle size

range 1s under consideration and & large influx of local
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material will tend to predominate in only one particle
size.

There are two major drawbacks to tne percentage
weight method. Firstly, the method is restricted to
rock types where the whole size range of materlial can be
extracted from the till. This constraint usually con-
fines the analysis to rock types such as limestone that
can be chemically separated from the fimer fraction. Sec-
ondly, any absolute method, wnether by weight or by volume
of till, is extremely time consuming and often luvolved
(Lundqvist,1935).

Rather than confront the problems associated
with stone counting it was declded that the percentage
welghts of erratic material within varlous size grades

would be calculated.

The pilot study

An opportunity to test the viability of this
method presented 1tself early in the first year of study
when a trench running in & south-west to nortn-east dir-
ection close to a distinctive rock ocutcrop was excavated
near Edinburgh. A pilot study 1iu a research programme
such as this one 1s unusual due to the comstraints of
time. However its usefulness in some contexts must not
bte overlooked. As the pilot study involved a different
rock outcrop from the main study it was hoped that the
most sultable techniques would emerge prior to analysis

on the Lennoxtown essexlte erratics train.
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The rock outcrop concerned was the Dalmahoy
sill, situated 2bout lukm south-west of Edinburgh. The
rocks of the sill form a succession of intrusions of
tholeiites, basalts and dolerite, and comprise " a
single sulte quite distinet from the quertz dolerites
and teschnenites of thne Edinburgh district" (Campbell &
Lunn,1927,p.489). The intrusions crop out c. lkm west
of Balerno. They are associated with the shesllow syn-
clinal fold known as the Dalmehoy syncline and are
situated between the north-eastern flank of tne Pentland
Hills and the Murieston Fault. The thickness of the rocks
amounts to some 45w and they encompass the Ravelrig,
Kaimes and Dalmshoy hills, the latter two forming a
crag-and-t2il feature.

Tne sill consists of a number of differently
classified rocks that vary mainly in terms of texture
80 that positive identification is not difficult. Furth-
ermore the nature of the weathered surface of the rock
means that washed Dalmahoy fragwents from till down to
a size of Z2mm can be identified by eye without the nec-
esslty of breaking each fragment to expose a fresh sur-
face. This results from the weathering within the rock
of the mineral fayalite which becomes partly replaced by
chlorophaelte. A serles of wnite flecks 1s formed whicn
contrast with the reddish-brown colour of the remaining
weathered surface (Campbell & Lunn,1927; Smith,1962).

A gas-pipeline trench was excavated during the
winter of 1973 into the basal till and bedrock in the

vicinity of Dalmahoy sill. The line of the trench,
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running westwards towards the oubtcrop was diverted to

the south-west in order to avoid the maln upstanding pert
of the outcrop at Dalmahoy Hill. It ran over tue oubtcrop
at Ravelrig H1ll, wnere the ground surface 1s not as
steepr or rugged es on Dalmahoy Hill, before changing dir-
ection to an almost sast-west alignment beyond Eavelrig
Hill (Fig.4.l). The general direction of ice movement

in this area is towards a point sligntly north of east
(F1g.3.7). Glacial striae in the vicinity of the out-
cror however, suggest a more nortnerly component in ice
movement direction (Fig.4.l). Thus the line of the
trenchh offered an excellent opportunity to collect

basal till samples for determination of the dispersion

of material with distance from the Dalmahoy sill along
tne genersl direction of ice movement.

The distance over which samples could be taken
eastwards of the Dalmahoy sill was limited because the
eastern part of the trench had been filled in and re-
turned to farmland before the pilot study began. Although
the section of trench sampled had already been partly
filled in, much of the excavated till still remained as
spoil neaps alongside.

These spoil hemps were considered to be repres-
entative of the till in the section of the trench immed=-
iately adjacent to thewm. The 1afllled trencn made it im-
possible to mezsure the variation in the amount of Dalm=a-
hoy material vertically in the till. Samples of about
20kg each were taken ¢. 100m apart, seven to the east of

the outcrop, one on the outcrop at Ravelrig Hill and



another west of Havelrig Hill (Fig.4.l). The last was
collected in order toc determine wnethner any Dalmahoy
raterial had been carried westwards of the outcrops.

In the laboratory the nine samples were first
air-dried. As the waterial began to dry out, the luups
of till were broken up by hand to aild later anelysis.
Once dry, the till sawples were placed in separate steel
drums perforated with apertures of 2mm size. Each drum
was placed on motor-driven rollers and allowed to rotate
until the mwa jority of the fine fraction of the till had
passed through thne apertures in the drum. The fine
fraction was then collected. Any perticle matter still
adhering to till stones was wasned through a 2um aperture
sleve, collected, dried and weighed with the finer mater-
lal that had passed through the apertures in the drum.

The coarse fraction retained in the steel drum
and on the 2mm sieve was placed on the largest aperture
sleve of a nest of sleves of aperture sizes <1, 16, &, 5
and 2rm. This nest of sieves was placed in a "Rotap"
sieve shaker and allowed to vibrate for ten minutes. The
material retesined on each sieve was then welghed separat-
ely. Each of these graded portions was then scrutinised
under a strong light and any fragments identiflied as
Dalwahoy material were placed on one side. After pro-
cessing the whole of each sample, the total amount of
identified and extracted Dalmahoy errstic material over
2mm was welghed.

When the size grades of all nine samples had

been examined in the same manner, the weilght of the



3 "ﬂIHU.l‘Iliﬂ
N Hin

The Position of the

Sample Points

T

x
™
~<

Extent of Daimahey s:ii

Course of trench

Samale points

Contours (metres)

Glacial strioe



Calmahoy material as a percentage of each slze grade, of
the entire coarse fraction in each dried till sauaple,
was calculated.

The results of the analysis are shown in Flg.y.2.
The intervalis between the semple points were not egual
with respect to distance from The Dalmahoy sill, aud the
trench followed 2 sinuous path in this arsa. In order
to oltain a more representative assessument of dispersion
of Dalmahoy frsgments with distance from the outcrop in
the direction of ice movement, a base line wag drawn
ad jacent to the nine sawmple polnts aligned in the assumed
mean directlion of ice movement. The sample points, which
are shown in Flg.4.2, were projected by perrendiculars
on to this line.

Flg.4.2 indicates that the percentage welght of
the fragments i1dentified as Dalmzhoy sl1ll material tends
to decreace with distance from the outcrop:. 1In Flgs 4.2A
and 4.2BP the uprer line linked by open clrcles represents
the percentase weight of Dalmshoy waterial within the
coarse fraction of the till samples bvetween 2mm and l6émm,
and 2omm and 51mm respectively. The upper line in
Filg.4.2C shows the welght of 2ll the Delmahoy material
at each sample point eas a percentage of the whole till
coarse fraction abvove 2mm. The lower lines in Flgs 4.2A,
B and C snow the same welghts of Dalmeshoy material exp-
ressed as percentages of the entlire drlied till semples
below 1l€mm, Slmm and for the whole till sample respect-
ively.

The grapns indicate that the Dalmahoy percent-
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age in the coarse fraction of the till sample provides
the more sensitive reflection of the fall in the amount
of Dalmahoy meterial witn distence from the outcrop.
Had 1t been possible to identify fragments of Dalmahoy
material below 2mm in size, then the lower line mignt
nhave been of greater analytical value.

The upper lines in Filgs 4.2A, B and C show
considerable variation. Flg. 4.2A 1lndicates the most
consistent trend in the dilution of Dalwanoy wmaterial
witn distance from the outcrop, despite a slignt dev-
iatlon at sample point 8. With increasing size of
material in Figs 4.2B and C however, the trend, though
stlll reflecting a characteristic decrease, does show
greater variabllity from one sample to another.

This raises tne gquestion of deterwining the necessary
gize of a till sample to be sure of including a rep-
resentative amount of waterial up to a particular size.
Larlier 1t was stated that tue nine samples were of the
order of 2Ukg wnen moist. The weights of the samples
when alr dry ranged from 16.3kg to 23.0kg. Witn ref-
erence to the recommendations of the Eritish Standards
(1377) represented by a graph in Fig. 4.3, 1t cen be
seen that using the sieve sizes of the present study,
the maximum size of material giving a representative
amount in the sample is 16émm. Figs 4.2B and C include
material above this size limit, and this very probably
explains the greater varliablility in thne trend of the
percentage welgnts of Dalmahoy material. These graphs

illustrate the effect of including fragments of rock
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in the analysis that ere outside the slze limits of a
representative sample of material. The presence or
absence of a single, lerge fragment of Dalmahoy material
dramatically affects the resulting percentage weight of
that materilal.

Many studies of the dispersion of rock frag-
ments in till have show that the sphericity, shape and
roundnesa of the fragments undergo a2 change with distauce
from the bedrock outcrop (see chapter 2). In order to
discover whether these indices and degree of weathering
chaange in fragments of Dalmahoy sill material with
distance from the outcrop, all DPalmahoy fragments retained
on the 8mm and 1l€mm aperture sieves for each sample
were subjected to a number of measurements. These two
size grades ylelded 845 Dalmahoy fragments in all,
providing sample slzes ranging from 49 for sample 9 to
16€ for sample 2. For each fragment indices of spher-

icity, shape,roundness and weathering were derived.

Sphericity

- To calculate this par2meter the long, inter-
mediate and short axes of each fragment are measured.
These axes were first defined by Krumbein (1941s) using
the notations a, b and ¢ respectively for them. In
order to measure these three, the maximum projection
plane of the pebble must be found. If the pebble is
pPlaced on & flet surface, then it will normally rest

with this plane exposed. The b-axis 1s defined as the

82.



shortest axls across the maximum projection plene with
tne a-axis normal to 1it. If the pebble is turned until
the minimum projectlion plane is revealed then this
defines the c-axis (Fig.4.4). The angulsar definition

of the a-axis of a rhombohedral-shaped pebble can lead
to confusion (Fig.4.5). If one looks for the "longest"
axis tnen &3 should be measured. In tne present study
however, the alternative interpretation hes been adopted,
aund ap and by define The a and b axes respectively
(Andrews,1971). It will be noticed from Fig. 4.4, which
shows the three axes for one pebble, that although all
they are mutually orthogona2l they need not necessarily
intersect at any one point (Krumbein,lSula).

The axes were measured by placing each pebble
of Dalmahnoy material on a plece of centimetre grapn
paper. 7Two ratics were then determined. The first is
tne ratio of the ilntermediate to the long axis (b/a), and
tne second is the ratlio of the short to the intermediate
axis (¢/b). Using a chart similar to thet shown in
Fig. 4.6 the point of intersection of these two values
wes determined. The value for sphericity can then be
read off by estimating the value of tne point of inter-
section according to the set of mathematically derived
curves. The resulting sphericity value cen be deterwmined
accurately to the nearest two-hundredths unit (Krumbein,
1941=2). Even greater accuracy can be achieved for
spnericlity using the formula

intercept sphericity (V) =
3
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For the present study the graphical methnod for determ-
ining sphericity was conslidered sufficlently accurate,as
the extra precision obtalned using the formula did not
warrant the greater time involved.

Fig.4.8E shows the mean sphericity of the Dazlma-
hoy fragments for each sample., Little change in sphericity
occurs with distance from the outcrop. The only deviat-
ion frow an almost horizontal line ls for sample 3,where
tnere is a fall in the mean spnericity compared to the
remaining samples., OSample 3 was collected Jjust east of
the Ravelrlg H1ll part of the Dalmahoy outcrop, and con-
talned a significant number of fresh, angular, asymmet-
rical fragments of Dalmahoy material., Although sample 2
was taken from till resting on the Dalmahoy sill it did
not show a similar decline in the mean sphericity, but
recorded a value comparable to the remaining seven samples.
The fact that nc apparent cnange in sphericlty is shown
in Dalmanoy fragments from tne outcrop to sample § can-
not be regarded as unusual, Other work that has indlcated
2 change in the sphericity of rock fragments with dist-
ance from thelr outerop has consldered distances of tens
of kilometres rather than hundreds of metres (e.g.

Dreimanis,1956; Holmes,1%60; Drake,1972).

Shape

zingg(1935) developed a classification of pebble
shapes based on the same b/a and c¢/b ratios that Krumbein

(1941a) used for calculating sphericity. A chart similar
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to that used for deriving sphericity is shown in Fig.yh,?7.
The two ratlos are Joined at the 2/3 value by perpendic-
ular lines that dlvide the chart lanto four shape classes
referred to as spheres, dliscs, blades and rods. 1In a
similar manner to that used for deterwinlng sphericity,
the intersection of tne two ratios b/a and ¢/b for each
pebble 1s located on the chart. The position of thls
point in one of the four divisions indicates the shape
cless of the pebble. The names glven to the four shape
classes are only intended to indicate the general form to
whicn the pebble approxlmates. For example, pebiles class-
ed as spneres on the Zingg chart need not necessarlly be
spherical. These four classes can also be exprsessed in
tatular form (Table 4.1). This is the preferred wethod of
deriving the shape class of a pebble if no grephical

plot of tne results is required.

Tatle g.l Zingg clessification of particle shape
b/a c/b shape
=>2/3 =2/3 discs
=273 >2/3 spheres
<2/3 <2/3 blades
<2/3 =2/3 rods

The percentages of Dalwanoy fragments classifled
as spheres, discs, blades and rods are shown in Flg.4.8A.
In all the histograms the percentages of discs and spheres

are high wnile blades and rods tend to record low percent-
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at Each Sample Point

50 ) Sdl
P | e
<0 ] 1 01 2
n: 92 Wl n=168
30 a0
A 7
20 20
BN Tl el
04 Af:' R il } 1
oD 8 ~

5 s D B R

50 50 50
v,
0 ‘ L0 5 &0 6
n=121 nzl1 e n=92
10 a0 30
72 e VA
20 20 20
10 -I 0] i i 10 : .i \1
0 ! | | o4 0 I |
s D B R 5 O 8 R L3 D 8 R
50 50 50 S
L0 ? o s &0 ] 9
n=71 n=10% n=44
30 30 jo
A A e
20 20 20
i
10 10 | 10 ‘J——-']
o ' a ' 1 g
s o B R 5 p B R s D B R

L S = Spheres D = Discs B - Blades R = Kods l

B. Mean Sphericity against Distance from

the Outcrop

> [ & = a4 & 9 ¢
S&;
<
&
i
4 B B
1 i ¢ 3 "4 8 g9 SAMpa Pt

Filgure 4.8




ages. Drake(l¢72) considered changes in till-particle
morpnology with distance from the source outcrop. ile
found that blades and rods of various rock types were
reduced 1u nusbers with distance from theilr cutcrops
compared to spheres aud discs. lie suggested that crushing
and abraslon in a subglaclal eavironment were dcminant
factors controlling the shape of petbles. Spheres were
least susceptible to crusnting and were actually produced
by abtrasion. They therefore have the most duratle
shapes. On the other hand blades 2and rods were most sus=-
ceptible to crushing owing to thelr elongate shape, '
Uiscs, though not as durable as spheres, were less susdept—
itle to crusulng than blades and rods and could actually
be produced by the breaking up of these two.

| Flg.4.9 shows the comblned percentage of tlades
and rods for each sswmple point. From ssuple 3 to § there
is a2 tendency for this percentage to fall with distance
away from the ocutcrop. Once again sample 3 stands out
from the other samples and shows a higher percentage of
blades and rods. This reflects the fresn, unweatuered
appearance of the Dalmahoy fragments in this sample,

Samples 1 and 2 show low values for the comblned

percentage of blades aud rods, suggestimg & grester
similarity to the sawmples some way to the east of the

outcrop rather than to sample 3, which is the nearest.

Houndness

The third parameter was measured on the E&45

gé.
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fregments using a visual chart developed by Powers(l¢53).
kach fragment was compared with &2 set of photographs of
clay models representing varying degrees of roundness,

and then allotted to one of six numerically defined classes.
The slx classes are defined descript;vely as very angular,
angular, sub-angular, sub-rounded, rounded and well rounded.
The histograms of the percentages for each class in all the
samples are shown in Fig.4.10A. None of the pebbles has
been classified as very angular and only oue pebble from
sample ¢ has been =ssigned to the well rounded class.

The most distinctive histogram is that of sample 3 where
all but one of the Dalmahoy fragments considered have been
deslignated as angular or sub-angular. This suggests that
the fregments in this sample have been little affected

by abrasion and therefore represent fresnly-quarried mat-
erial. Flg.u4.lO0B shows meen roundness for each sample.
Sample 3 stands out as recording a lower mean roundness
than the remaining samples, From sample 3 to ¢ there

does appear to be a tendency for the roundness of the
Dalmahoy fragments to increase. Drake(1972) found that
pebble roundness increased from a low value near the

source to & medium value after a short distance. Eeyond
this, roundness tended to remaln approximately the same

up to 30km eway. He consldered that this reflected the
fact that the "pebbles go through many cycles of change
each mile or so" (Drake,1972,p.2160) as a result of
crushing and abraslion in the subglacial environment.

The increase in the roundness of Dalmahoy fragments with

distance from the outcror could well reflect tune initial
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stage of rapid rounding of freshly entrained bedrock
fragments. Camples 1 and 2 show more similarities to
the results of samples L4, 5 and 6 than sample 3 which is

the nearest to then.

Weathering index

This index allows comparisons to be made of the
extent of weathering in the 845 Dalwmahoy fragments. Three
subjective classes were chosen; "fresh","weathered" and
"rotten". A similar scale has been used by Drake(1971)
in considering Weatherabillity" of till clasts butihe
referred to his three classes as "hard", "soft" and
"rotten". Drake found that for 2§ lithologies the pebbles
classifled as rotten and soft tended to die out with
lacreasling distance from thelr source. He suggested that
this was a result of such pebbles belng less able to
witnstand the crushing and abraslon ln tne subglacial
environmeant then the pebbles that had been classed as
hard.

In the present study a fragment was classed as
fresn 1f the exterual surface showed little or no weather-
lng. 2ecause the weathered surface of the Dalmahoy mat-
erial 1s so distlnctive compared to a freshly broken
surface, this class was easy to distinguish. A pebble
Wwag weatumered if it possessed the familiar appearance of
the weathered rock i.e. wonlte flecks superimposed on a
reddish-brown backiround. Finally the term robten was

aprlied to any pebble tnat could be crushed tetween the
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finger and thumdb or with a light tzp from a hammer.

Table 4.2 Percentages of Dalmahoy fragments class-

ified as fresh, weatnered or rotten

weathering

index 1 2 3 L 5 6 Vi 8 S
fresh - 8.4 35.6 - - 20.6 - - -
weathered 92.4 83.2 64.4 91.7 94.4 75.0 93.1 86.0 83.0
rotten 2.6 B ls- 8.3 5.6 Kb 6.9 14.017:0

The results of the snalysis are given in Table 4.2.
Only two samples include pebbles in all three classes.
These are samples 2 and 6. The pebbles @nalysed in sample
3 are classed as fresn and weathered only, whilst the re-
maining samples record pebbles in only the weathered and
rotten classes.

Once more szample 3 stands out from the remaining
samples by having the highest percentage of fresh frag-
ments (35.6%) and no fragments clsssed as rotten. With all
the indices this sample has constantly shown significently
different results from the other samples. It would se-m
therefore that the Dalmahoy fragments in this sample
represent elther freshly entrained material quarried by
glacial action from the bedrock or, more likely, meterial

removed during excavation of the pipeline trench.

Summary

The main object of carrying out this pilot study
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was to test the techniques involved in analysing the
dispersion of bedrock material in till. As sampling of
the till was possible over only & short distance in the
direction of ice movement, the data were not expected to
reveal results of major importance to the understanding
of subglacial processes. Nevertheless the analysis did
indicate many features that are characteristlic of the
dispersion of rock fragments in till and the effect of
gleclal processes on these fragments.. There are two
main conclusions.

(1) Fragments of material identified as origin-
ating from the Dalmanoy slll become less frequent in till
in the directlion of 1lce movement with increasing distance
from the outcrop. This has been shown to be quite marked
even over the short distance of c¢c. l.5km between the out-
crop and the most distant sample.

(2) The mean values of sphericity and roundness
show no particular trend towards increasing with distance
from the outcrop. Shape indices, however, feflect the
procegses of crushing and abrasion on tne Dalmahoy frag-
ments in the subglacial environment, The blade- and
rod-shaped fragments decrease in freguency witﬁ increasing

distance from the outcrop.

The dispersion of essexite fragments in till

Having dewonstrated the dilutlion of till particles
with distance from the Dalmahoy ouvuterop by means of a

variant of the percentage weight method, attention wes



given to the problem of carrying out a similar but more
extenslive study of the dispersion of essexite material
in till. 1In the lignht of the experlence gained from the
pilot study, a number of techniques had to te modified
and others rejected entirely.

For analysing the dispersiocn of essexite erratics
the arbitrary lmperial sieve sizes of the pilot study
were discarded in favour of a set of standard metric sieve
slzes. The aperture sizes of the sleves were 2, 4, € and
1€émm. The geometric increase of the sleve sizes is based
on a particle size scsle introduced by antworth(1922b).

The slze of samrle collected at each site in the’
rilot study was considered too large for easy handling 1in
the field and latoratory. There wes a restriction on the
number of samples that couvld be taken in the fileld each
day due to thelr cumulative welght, and meny of the pro-
cesses undertaken during laboratory analysis had to be
rerformed twilce or even three times for each sample.
Since a sample of till weighing 3kg would provide s repre-
sentative amount of material up to 16mm in size according
to the British Standards recommendation (Fig..s.3), it was
decided that this particle size would be the upper limit
for detalled analysis. Fleld samples welghing more ﬁhan
3kg were taken to allow for the subseguent loss in welght
when the samples were driled and to allow for the welght
of fragments larger than 16mm in the samples. Dry
welgnts of the till samples ranged from 3.7kg to 7.8kg.
The sm2ller size of the main study samples meant that in

the field they were far easler to tramsport, and in the



laboratory analysis was much guicker. For example, oven-
drying of the sauples was made possible.

During mecnanical separation of coarse and fine
fractions of till in the pilot study, many of the more
fragile rock fragments were broken up together witu the
dry lumps of till. In order to separate the two [ractions
in the sbtudy of essexite dispersion, thne oven-drled samples
were {irst welghed and washed througn a 2mm apsrture sleve.
The coarse fraction was dried, placed on the largest aper-
ture sieve of a nest of sieves of sizes 2, 4, & aud 16mm
and allowed to vibrate in a "Hotap®” sieve shaker for ten
winutes. The material retained on all but the lémm sieve
was welgned, and the essexlite material extracted and
welgned in a2 siwmilar wmanner to tuat employed in tne pilot
study. wnen the essexite matepial was belug extracted
no attempt was wade to distinguisn tetween the porpunyritic
and non-porpnyritic verietles of essexite. For the pur-
poses of tnls analyslis therefore the two outcrops nave
been treated as a2 single source. The fine fraction (==2mm)
of each sample was retzained for later heavy wineral amal-
ysis.

The extraction of the essexlite material from the
coarse fraction of thne till samples proved to be easler
than with the Calmahoy materlial. This was a result of
the groundmass of tne essexlte waterial which weathers to
a white colour, contrasting with the greys aud trowns of
tne majority of tne otner rock fragments in tne till samples,
OCnly 1in the case of the materliel retained on the 2um sieve

was ldentification difficult. laany essexite fragments at
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this slze consisted solely of purple titanaugite pheno-
crysts.

The location of the 23 sites where 28 till samples
were collected are shown in Fig..4.1ll. All the samples are
within @ radius of 6km from the two essexite cutecrors.
They were collected mostly from convenient szections exposed
in the till by streams issuing from the Campsie Fells.

The remalilning samples were taken from sections provided by
limestone quarrying or other human activity. The distrib-
ution of sample sltes is irregular. This is a result
partly of the distributlion of the streams that provided
the majority of the sections, and partly of a desire to
record the detalled varlation 1u the amount of essexite
across the train. Thus samples 4, 5, 6, 8, 9, 10, 11, 12,
13 and 22 form & string of closely spaced sites at rigut
angles to the direction of spread of the essexite mater-
ials

The results of the anslysis are shown in Table L.3.
The highest percentage of essexite material within the
coarse fraction (2-1€émm) in =11 the samples analysed 1is
1.87 for sample 1, which is the sample located closest to
the essexite outcrops. Other samples also record a very
low rercentage welgnt of essexite materlal desplite the
fact that many are located in an area of the erratics
train containing a consideratle number of essexite bould-
ers, many of which have been incorporated in the dry
stone walls (see chapter 5)., In many samples no essexite
fragments were ldentified. Several of these samples were

located in the peripheral areas of the erratics train
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Table L.3 hHesults of the anelysis of tue amcunt of

essexlite material in till

Dry wt. Tctal wt. wt. w wt. sample
of sample material essexite essexite depth

Sample (gm) (2-16um) (gm) (2-1€mm) (gm)(2-16mm) (cm)
1 €ER59,9 2804.5 5% .2 1.80 €0
2 7299.7 32¢8.8 Uel 0.01 20
) €100.8 1703.1 0.5 0.03 20
[ 3644.8 1781.5 Ol 0.02 €0
5 3703.0 1458, 5 0.2 .01 70
6 61237 2863.9 - - 80
? 5626.7 767.C 0.5 0.06 90
e L4El.1 602.9 - - 20
o 4811.9 617.3 0.2 0.03 70
11 1730.2 1466.5 0.1 0.01 80
12a 5238.2 1966.0 - - 30
12b 35L8,5 301.2 ~ - g0
1z2¢ 3960.0 652.4 - - 130
124 4025.8 1287.2 - - 120
12e 5013.8 1165.8 1.2 .10 220
13a Bu63.8 6471 - - 120
15b 4730.1 788.3 - - 180
14 3658.0 1203.2 - - 60
15 6728.8 1692.2 10.3 0.60 60
16 7074.5 3083.7 73 Ce24 €0
17 7806 .8 2887.4 5¢3 0.18 80
18 5208.6 1821n.6 0.1 0.01 60
19 €225.8 84u5.2 0.2 0.02 80
20 6550.0 1703.0 - - 80
21 6751.8 1790.2 - - 80
22 5486.5 346.6 - - 60
24 5506.2 792.6 - - 60

(see chapters 5 & 7). However otner samples containing no
identifiable fragments of essexite are situated close to the
ma jor axis of the train.

The till overlying bedrock to the east of the
essexite outcrops is generally rather thin, rarely approach-

ing a metre in depth. Thus the majority of tue samples
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used for this analysis were taken from exposures less than
a metre beneath the surface. However it was possitle at
site 12 to sample 2 section that was over 2m in depth
before bedrock was encountered. It was hoped that, by
codlecting five samples spaced c¢. 4Ocm apart vertically
over the exposed face of the section, variation in the
amount of essexite vertically within the till could also
be assessed. In all five samples, ouly one fragment of
essexite was found and this was located in tune deepest
sample collected (l2e). Similarly at site 13 two saunples
were tesken vertically from the exposed section of till.
Not a&s wmuch till wes exposed nere as at site 12 and no
esgsexlte erratic materlal was found in tue coarse fractions
of either sample.

Tne low amount of essexite recorded in the sam-
ples is problematical and requires further couslderation.
1t contrasts markedly with the appreciable amounts of
Dalmahoy materlial at corresponding distances from 1ts
source.

This lack of essexite within the 28 samples ana-
lysed made it clear tnat further sampling along simllar
lines was unlikely to further the investigation. If
samples of till from the centre of the erratics traln and
close to the outcrop ylelded mo identifiable fragments of
essexite, then it was unlikeiy that the peripnery of the
train could be delimited witn any degree of accuracy.
Thus following the collection of 2 sample from site 24
1t was declided that future samples would only be analysed

for thelr hesvy mineral content. This meant that the
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sarple size could be further reduced.

The small quantity of identifisble essexite frag-
ments within the till icmmediately down-ice of the outcrops
poses problems. 1In order to resolve tunis guestion one
must consider those factors tnat affect the amount of a
particular rock type within till. As has already been
mentioned in chapter 2, Anderson(1955,1957) listed these
factors under the féur headings of provenance, lithology,
glacial processes and dilution. Tké

Considering firstly the provenance of the essexite
outcrops, the surface area of the two sources is, as chap-
ter 3 has shown, very smeall. The topoyraphic positions
of both outerops are not prominent in thne lendscape, but
parts of a continuous scarp slope. There is therefore a
difference here between the Dalmahoy outerop and the two
essexite outcrops, since the former is more prominent in
the landscape and of greater areal extent than the latter.
Thus it might be inferred that the lack of essexite mat-
erizsl compared to Dalmahoy material 1is a result of 1its
smaller outcrop area and insignificant topographic posit-
ion. However this does not account for the low percent-
age welghts of essexite material in samples so close to,
and down-ice of the outcrops. Furthermore the number of
essexite boulders in the dry stone walls near these
samples makes it clear that the outcrops have becn sub-
Jected to considerable glacial erosiou.

If one counsiders the effect that the lithology
of essexite might have had on the amount of material in

the till, then there are several features that might
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have caused the anomaly of low amounts of essexite in tune
t1ll compared with relatively high amounts of Dalmahoy
material in the pllot study. One can dilsregard a difference
in the durability of Dalmahoy material end essexite as
teing responeible for the differing amounts in the till
since both are tough, intrusive igneous rocks. However
other features of the essexite rock masses could well be
important. The Jointing characteristics outlined in chape
ter 3 in conjunction with the inherent strength of both
tyres (see chapter 6) have poseibly caused the bedrock to
be quarried easily by ice along the Jjoints, The influence
thet tedrock jointing has on the slze of the same material
found in the till is well known (Cherlesworth,1924; Holmes,
1952; Elson,1961; Krtger,1974; Gry,1974). Subsequent
comminution of essexite fragments during glecial trans-
port might have tended to produce larger fragments.

Holmes found that "lerger stones generally broke into two
pieces instead of many" (Holmes,1960,p.1651). Feaumont
(1967) considersd that coarse greined lgneous material

is generally resistant to erosion and dbreaks down into
sizes greater than 10cm in dliameter. Below this size he
thought that the rock fragments would tend to break down
into individual minersl grains. Thus 1t could be that

the multi-modal size distribution (see p.2¢) of essexite
comprises modes in the mineral grain size and a mode in
the cobtrle and boulder size. This 1s one explsnation

that mignht account for the psuclity of essexlite materlal

in the samples.

The effects that glacial processes might have
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had on the amount of essexlite material are many and varled.
if the mode of transport is considered alone, then the
apparent paradox of a large number of essexite boulders
in the dry stone walls compared to the small percentage
of pebble-size materiel in the till mignt be resolved.
1t may be that the essexite waterial now in the dry stone
walls and in the till hasve been transported in different
ways by the ice sheets. 1In this case tne essexite mat-
erial within the till would nave been dragged intermliti-
ently beneath tne ice or carried near its base, whlle the
cobbles and boulders now in the walls might have been
transported englacially. One would have to envisage a
sitvation in which most of tne glaclially-quarried mater-
ial from the outcrops was cerried up into the ice.

Dilution thnrough the continuous ilncorporation of
other rock fragments, as mentioned earlier 1ln this chapter,
can have a great effect on the amount of erratic material
found in a till sample. However its potentlial as an explan-
ation for the small amount of essexite material seems limit-
ed, since there remains the protlem of a paradoxically
large numker of essexite boulders in the walls. The poss-
ibility of 2 large number of swmall fragments being prod-
uced by the erosion of other outcrops in the vicinity
causing an spparently low value of essexite material can
be discouuted since the coarse fraction of all the samples
was notable for the variety of 1ts rock types.

Another possible explanation for the small
amount of essekite material in tne till arises from the

effect of postglacial processes ou pebble-size fragments



of essexite. It hss already been mentioned in chapter 3
that the groundmass of both essexite rocks weathers to a
pale colour on exposed surfaces. In particles of 2 to
1émm in size the thickness of this weathnering "rind" forums
much of the particle itself. Conseguently some of thne
smoll essexite particles were found to be extremely fragile
and could be crumbled between finger and thumb. This
susceptibility to weathering might have caused many essex-
ite particles to rot completely. This view 1s supported
by the fact that the malority of samples was collected
from oxidised (and therfore weathered) till. However one
point tends to 2argue against this view. Even if the
groundmass of wany essexite particles had been weakhered
to fine material there still should have been a number of
residval lumps of titanauzite phenocrysts, since this
material is relatively resistant to erosion (see chapter
7). These titanaugite phenocrysts, though not as easily
identified as fregmwents possessiang groundmass minerals,
could be relatively easily distinguished.

This issue will be considered further in chapter

¢ together with evidence from chapters 5, 6, 7 and £.



CHAPTER

DELIMITATION OF THE ESSEXITE EERATICS TRAIN USING DRY
STONE WALLS

"les methodes dont on vous parle ne sont
pas tombés du clel® (Cailleux,1961,p.143)

Over much of the Main Study Area the use of dry
getone walls as field boundaries is common. The walls are
scarce or absent on the high and steep parts of the Campsie
Fells, on recent alluvial deposits, raised beach material
and on the pest-covered areas of Millstone Grit to the
north and east of Cumbernauld.

The walls range in height from about 60 to 120cm,
an individual wall usually maintaining a fairly consistent
height unless 1t has been allowed to fall into disrepeir.
The material in the walls, for the most part, comprises
'stones derived from tne surface of the adjacent fields,
shallow ploughing contributing to the available material
(Plate 3). “here the number of loose, surface stones %is
small, either alternative methods of enclosing fields
have been used such as hedgerows or wire, or (where rock
crops out) blocks have been quarried for building the
walls., The size of wall stones varies from cobbles to
boulders up to a2 size that can be physically moved.

Although the walls are repalred from time to
time with new material if necessary, they appear to have

been first erected in the second half of the elghteenth
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century during the major time of fleld enclosure in
Scotland, Few walls were bullt before this time as Loy's
military maps (completed between 1747 and 1755) indicate
(Skelton,1967), for dry stone walls as well as other field
boundaries likely to prove an obstacle to military move=-
ment were accurately drawn on thes maps. Except for a
small area north of Kilsyth, field bcundaries are absent
on the Roy maps that cover the Maln Study Area. Converse-
ly it seems that towards the end of that century dry stone
wells were commonplace in the a&rea, as the entry for the
Canmpslie Parish in the Statistical Account for Scotland
indicates. "Our inclosuresare little better than rickle
dykes, bullt of stones gathered from the land" (Sinclair,
1795,p.342).,

The majority of tne dry stone walls can therefore
be regarded as random samples of stones of & certaln size
range collected from the surface of the adjacent lend.
Where a wall rests on glaclal deposits, the stones withnin
it represent a random sample of glacially transported
cobbles and boulders. The presence of essexite stones
in the walls has already been mentioned in chapter 4.
Since the essexite btedrock has never been quarrled
(Peach,1909), any essexite stones in the wells must have
been derived from the surface of the nelghbouring fields.
Using this basic assumption it was planned to delimit the
essexite erratics train by detaliled investigation of the
frequency of essexlte stones in the walls. withiﬁ the
limits of the train it was hoped that point values rep-

resenting the amount of essexite per unit area of wall
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might be obtalned. From these point values an isarithwmic
map of the decline of essexite erratic material with
distance from the source could then be derived.

Otharhworkers nave regarded dry stone walls in
glaclated terrain as random sawmples of locally-deposited
glaclal erratics. Peach used dry stone walls in tracing
the Lennoxtown essexite boulder train, consliderling tiem
as "composed of surface boulders gathered from the immed-
iate neighbourhood" (Peach,1909,p.27). In Ireland dry
stone walls have been used to trace glaclal erratics from
ore bodies covered by glacial deposits (Marissey & Romer,
1973). Morrissey and Romer agree with Peach in considering
that the stones in the walls have'not been carried far
by man. The locally-derived nature of stones in the walls
is well 1llustrated by an example of fleld boundaries for
a small area in Dorset giveﬁ by Mead(1l96h). Try stone
walls extend to the limit of limestone bedrock whnich is
the only source of stones. OUn the Wealden clay and chalk
strata the walls are superseded by hedgerows and barbed-
wire fencing.

Prior to commencing fieldwork 1t was declded
that an individual well should fulfil the following two
regquirements.

(1) It had to comprise stones gathered from the
ad jacent land and not blocks of quarried material nor
stones from one particular source. In the Main Study
Area these three types of stone can te differentiated
Wwith ease. Firstly the latter two contain only one rock

type whereas walls comprising loose surface stones are
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of varied lithology. Secondly quarried blocks are angular
and often tabular whereas loose surface stones tend to be
subrounded, having undergone abrasion during glaclal trans-
portation. The distinction between these types of wall
meant thet any form of systematic or random sampling of
walls for study from maps or aerlsasl photographns would not
be posslble. If fileld boundarlies had been 3ampied from
maps prior to fieldwork there would have been no way of
knowing firstly whether they were walls, eand secondly,
even 1f they were walls, whether they were sultabie for
analysis. The second problem would also have applied to
the use of aerial rhotographs.

(11) A wall had to be in reasonable repalr and of
sufficient lengtn to make analysis worthwhile. Many
walls that had become grassed over were avoided as were
stretches of wall shorter than ¢. 150m, except where such
walle were the only ones available. Initially a wall
almost lkm in length fulfilling these requlirements and
situated about lkm down-ice of the essexite outcrops was
analysed to test the feasibility of the proposed method
(wall A in Fig.5.1). Since the wall was both close to the
ocutcrops and aligned almost perpendicular to the direction
of ice movement, 1t was hoped that an analyslis of it
might reflect a large chenge in amounts of essexite
over & short distance. The wall extends farther north up
the scarp slope of the Campsie Fells, but this section
was not analysed since it consists only of rock fragments
from the underlying lavas. It was decided that a 10m

length of wall should act as the basic unit of measure-
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ment for recording the presence or absence of essexite
stones. For each 10m unit the height of the wall was
recorded to the nearest 1l0cm togetner with a note of the
presence of any essexlite stones and whether they were from
the porphyritlc or non-porphyritic outercp. These two
types were easy to distinguish where the weathered sur-
faces of the essexlte could be seen. In many cases the
covering of lichens, mosses and other vegetation towards
the base of the wall mesnt that close scrutiny was
required to distinguish essexite stones from the other
rock types. Wlth practice, however, essexite stones
could be quickly ldentified while walking 2longside a
wall (see Momissey & Homer,1973).

Two measurements were =21so made on each essexite
stone encountered. These were the greatest distance (d)
across a stone and the width (e) perpendicular to 4,
btoth measured to the nearest lcm. These two measurements
were made on the actual portion of an essexite stone
that was presented in the vertigal face of the wall
(Fig.5.2). Occasionally during fieldwork two parts of an
essexlte stone were found that had been broken during
the construction of the wall. These were treated as two
stones for the wall analysis. The number of such break-
ages however was small.

To calculate the amount of essexite represented
by the essexite stones in the wall, the results from 10m
sections were combined to form 100m sections. GCaps in
the wall caused, for example, by gates were recorded

during fleldwork and were subtracted from these 100m
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sections at this point. FrFor each of these sections the
area of wall (L x H) and the cumulative "areas" of
essexite (d x e¢) were calculated (Fip.5.2). Then for
both porphyritic and non-prorphyritic varieties the foll-

owing calculation was wade.

i=n
Ey, =2 .(d xe) x 10¥ where n = the
i=1 L' x H number of essexite
stones

The term 10% was included to make all values of E, greater
than 1, except where no essexite ctones were recorded.

The E, values for porpnyritic and non-porpnyritic essexlte
stones are shown ppposite the central point of the sect-
ion of wall they represent (Fig.5.1).

The E, values for wall A ia Flg.5.1 indicate that
the method reflects changes in the amount of essexite
material from a central point to a peripheral part of the
erratics train. The rapid decline in Ep values over the
ahort'dlstanca analysed supports the assumption made
prior to fleldwork that wall stones have not been carried
far to their location in 2 wall. The E, values for the
other walls shown in Fig.5.1 2lso indicate that the walls
represent 2 random sample of the most readily avallable,
loose, surface stones, This i1s particularly well illust-
rated by the wall that encroaches on the southern edge of
the porphyritic essexite outerop. Values of Eﬁ for por-
phyritic stones are extremely high for the northernmost
data point where loose boulders immedlately downslope of

the outcrop comprise 2 lerge proportion of the avallable
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Location of dry stone walls analysed in close proximity
to the essexite outcrops.
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Measurements made on the dry stone walls and an essexite
erratic (shaded).



wall-bullding material. To the south along the wall,
however, E, values decline rapidly to nil, reflecting the
lower frequency of locally asvall=ble essexite stones com-
pared to stones of other rock tyres. HNon-porphyritic
E, values for this wall are all nil. 1In view of the west-
north-west to east-south-east movement of ice in the immed-
late vicinity thls lack of non-porphyritic stonesto the
south of the outcrop is to be expected and lends support
to the argument for local collection of stones for the walls.

Having demonstrated the feasibllity of tihe
method, other sultable walls were analysed in the area
between & polint west of the outcrops and Larbert in the
east, and as far to the north and south in thne Maln Study
Area as was necessary to establish the limits of the
erratics traln, or as was possible in terms of the walls
avallable. Analysis of walls was not continued east of
Larbert because of the large expanse of raised beach
material. Farther to the east of these deposits in the
Secondary Study Area analysis of the walls was not possible
due eilther to their absence or to the unsultabllity of
those walls that were avallable.

Wlithin the area investigated the distribution
of analysed walls was intended to be evenly-sraced. As
can be seen from Fig. 5.3 however, there 2re areas where
anzlysed walls 2re clustered or sparse. The zggregation
of walls west of Denny resulted from the desire to est-
ablish the northernmost limit of the essexite erratics
train which was found to extend some 3km farther north

then 1ts position on the mep produced by Peach (Fig.3.2).
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The long stretchn of east-west aligned walls north of
Kilsyth was anelysed in order to determine whether
essexlte stones had been transported nortnwards across the
crest formed by Garrel Hill and Tomtain. The paucity of
analysed walls along the Kelvin-Bonny Water vallsy
reflects the absence of dry stone walls due to the lack
of avallable stones in the underlylng fluvioglacial asnd
alluvial deposits. North and east of Cumbernauld &nd
east of Deanny there are more walls present than are
shown in Fig. 5.1, but the underlying Millstone Grit
bedrock has resulted in the majority of the walls compr-
ising only stones from this source. Analysis of thnese
walls was therefore not undertaken.

Two sectiones of wall were lnvestigated to the
west of the essexite outcrops to determine whethner
essexite stones had been carried westwards from thelr
source. One section of wall 1s located ¢.100m west of
the lower porphyritic essexite oubtcrop and extends
some 300m up the steep slope of the Campsie Fells. No
essexite stones were found in this wall. Another section
of wall c.3km west of the outcrops was also analysed
and provided a further confirmation of thnls negative
result.

When all the walls shown in Filg. 5.3 had been
analysed the data were prepared for interpolation by the
SYMAFP computer-mapping system (Muxworthy,1972). This
program baslcally requires an input of three variables
(x4, ¥4, 2y), where x4 and y3 are locational co-ordinates

for a data point Dy and zZ, 1s tne corresponding data
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value (Shepard,1968). A two-dimensional interpolation
function is used to smooth the date whilst still passing
through the specified points (Dy). For each location a
value is calculated according to distance and direction
weigntings based on the neighbouring data points. The
number of data points used in this interpolation varies
between four and ten with an average of seven, and is
dependent on the density of points within the area of the
largest polygon enclosed by the data points. The inter-
polation function is defined at every point on a plane
and the computer print-out records isopleths of the sur-
face using priut and, overprint characters on a standard
ten line per inch printer (Fig.5.4). Since the program
will continue to interpolate values outside the smallest
polygon whose closure contains all the data points, which
might lead to erroneous interpretation, a border can be
placed around the data points to prevent thls occurring.
This line is represented by a continuous line of aster-
isks in Fig.5.4 and by & so0lid line around the walis in
Fig.5.3.,

The SYMAP program was preferred to some form of
contouring by hand for two main reasons. Firstly the
data had 8 wide range of values on a locsl scale necess-
itating some form of objective smoothing prior to con-
touring. Secondly, knowledge of glaclier ice direction . =
would have introduced operator blas towards elongating
the contour lines in the supposed direction of ice trans-
port. The SYMAP program, on the other hand, gives equal
regard for all directions.
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The z; values for the data input were calculated
in a simllar manner to that described earlier for the
walls shown in Fig.5.1l. However, since a data point int-
erval of 100m would have led to a superimposition of many
data points in the SYMAP output at & 1:1 scale to the
original 1:25,000 map, intervals of 200m wére used with
the following exceptions. Where analysed walls were longer
than 300m but less than 400m in length, the wall was
equally divided and two data polnts obtained. In a few
cases individual stretches of wall amounted to less than
150m. For such walle one data point was derived and loc-
ated in the centre of the section of wall. The 478 data
points obtained for all the walls analysed are shown in
Fige5¢3.

For each data point six zj values were obtained.
Three values represent calculations of Ey for (1) non-
porphyritic plus porphyritic (i1) non-porphyritic and
(111) porphyritic stones. The remalning three zy values
were for the same three categories of essexite stones
used for the E, calculations but were derived from a difrf-
~erent formula. Thls formula 1is

Ey = _n__ x 107
(LxH)
The term n reprecents the number of essexlte stones in a
section of wall of length L and helght H. The term 107
wag included to make all values of Ey greater than 1, as
for Ep. The additional calculation of Ey was carried outb

since there was no precedent upon which to base the der-
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ivation of the amount of erratic material within a length
of wall. Both E, and Ey values were therfore calculated
to determine which was the more sultable.

The six combour maps of Ep and Ey values are
shown in Figs 5.5 to 5.10. These maps have been redrawn
from the original computer output for the sake of clarity.
Contour intervals based on 2 geometric progression were
chosen for both Ep and Ey values since egual contour
intervals gave rise to only one shading level beyond c.6km
east of the outcrops for Figs 5.5, 5.6, 5.8 and 5.9. The
lack of shading on all the maps indicates areas that have
been interpolated by the SYMAP program from the data points
as not having any essexite stones in the walls.

Fig.5.5 reflects the classic erratics train feat-
ures described by other workers such as Shaler(1893) and
Lundqvist(1935; Fig.2.4). Firstly, a major axis of high
erratic values is evident. <Secondly, the values decline
both along the axis in the direction of ice movement and
perpendicular to it. Thirdly, the train broadens from
the outcrops in the direction of ice movement.

The major axis appears to follow & slightly
sinuous course pointing east-south-east lmmediately down-
ice of the outcrops, then east-north-east up to a point
north of Cumbernauld where it once more turns east-south-
east., The axis ls not central, being closer to tune north-
ern edge of the train.

The contour map shows 2 marked contrast to the
map by Peach(1909; Fig.3.2) in terms of the width of the

train. It appears that Peach mepped only the major axis
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of the train in the Main Study Area whereas tne train in
fact extends a conslderable distance farther north and
south (Fig.9.1).

It is unfortunate that in sone parts of the train,
particularly north-east of the outcrops, tne SYMAF border
encroaches on the erratics train. This was unavoidatle
owing to the lack of walls on the higher peat-covered
areas of the Campsie Fells. Similarly the southern peri-
pnery of the train could not be delimited due to the lack
of suitable walls: hence the continuation of shading up
to the SYMAF border.

The shapes of individual shaded areas in Fig.5.5
and the remaining contour maps are not significant in
thenselves being largely controlled by the spacling as well
as the values of the neighbouring data points. The whole
interpolated surface should therefore be considered rather
than concentrating on the significance of améll areas.

The stendard interpolation procedure has been
1nter:upted in one instance. Immediately to the north-
west of the outcrops an ilmpermeable "barrier" to inter-
polation was set up to prevent a value gradlient being
interpreted between the high values of data polnts east
and south-east of the outecrops and nil value date points
to the west and north-west (Fig.5.4). Without the
barrier, the contour map would nave indicated the presence
of essexite stones west and nortn-west of the outcrops,
which is incorrect. A barrier was placed in the same
position for the other contour waps (Figs 5.6 = 5.10).

A comparison of the six contour wmaps reveals a
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number of similarities. Flrstly, the waps of E, values
stiow few differences from the corresponding waps of Ey
values, except that areas of snading of the latter are
usually slightly larger. Foth calculations therefore
appear to be more or less equally representative of the
amount of essexlite present. Secondly, the porphyritic
and non-porpnyritic contour maps (Figs 5.6 & 5.7) indi-
cate a simllar direction of glaclier ice transport.
Although the wmap for porpnyritic essexlte has few aress
of shading beyond c.6km from the outerop there appears
to be a clustering of such shaded areas towards the
point where the major axls is present in the noan-porphy-
ritic map. Trirdly, botn types of essexite stones show
a rapld decline in E, and Ey values away from the outcrop
until a lower shading level 1s reached, when the values
decline more slowly.

The contour mape for the two essexlte types also
show one lmportant contrast. This is tue difference
shown by the rapid decline in the amount of porphnyritic
essexite stones with distence from the source compared to
the non-porphyritic stones whlich are represented by an
uninterrupted shaded area for some 20km from the outcrop.
This comtrast 1s attributed to the action of glacial
crushing during transport. A difference in the spacing
of parallel Jjoints of the two essexite types has already
been described in chapter 3. In chapter 2 the import-
ance of bedrock Jointing in controlling the size and shape
of glacially transported debris was noted in terms of the

observations of other workers. Gry(l974), for instance,
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has investigated the grain size distribution of some
erratics in Denmark. He concludes that material was
incorporated into the ice and rapldly crushed down to a
size determined by the Jjolnting of the rocks. This
aprears to apply to the two essexite types and would
explain the rapld disappearsnce of porphyritic stones
in the walls down-ice of the outcrop. The closely
spaced Jointing would cause them to become broken down
into stones too small to warrant clearing tnem from the
land and including them in the walls. The boulder-sized,
joint-controlled blocks of the non-porpnyritic varlety,
on the other hsnd, would still be of sufficient size to
be selected for wall-building.

The data input for the SYMAP computer program
is also suiteble for generating SYMVU three-dimensional
graphic displays of the absolute data point values (Mux-
wortiny,1972). The surface representing date values can
be viewed from any azimuth dlirection or elevation. Cer-
tain viewpoints lesd to areas of thne surface being hidden
behind intervening areas of high value. Nevertneless
the resulting diagrams give excellent over-views of tne
data. Figs 5.11 - 5.16 show SYMVU perspective views of
the same data point values that were used in the inter-
polation of the SYMAP contour maps. They are 2all viewed
from the eastern end of the SYMAP border with the outcrops
at the far end of the display. The rapld decline in the
amount of porphyritic essexite (Fig.5.13) with distance
from the source is apparent as is the decline perpend-

icular to the major axis of the train. Figs 5.17 - 5.22
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show the ssme six surfaces viewed from base~level perp=-
endlcular to the elongated side of the area enclosed in
tne SYMAP border. This viewpoilnt illustrates thne cont-
rast 1n tne rates of decline of non-porphyritic and por-
phyritic stones to the best advantage. If curves were
drawn to pass as closely as possible turough the peaks
in Figs 5.21 and 5.22 they would resemble the form of
the negatlive exponential decay curve derived by Krumbeln
(1637) for the Mount Ascutney boulder train (Fig.2.1la).
The SYMVU drawings are, however, not entirely
suitable for this purpose due to the effect of perspective
as well as inaccuracies introduced by the plotting
machinery. In order, tnerefore, to determine whether the
negative exponential function was a close approximation
to the decline in the amount of essexite with distance
from tne source, values for polnts representing this
decline were obtalned from the original dasta. Values
of Ey, rather than E,, were considered preferable for
the calculation of these points since the dlagrams of
Krumbein (Fig.2.la), Dreimanis(Fig.2.1b) and similar
graphs by Gillberg(1965,1967,196fa) and Dionne(1973)
have considered numbers of erratics. All the data point
EN values were allotted to ten equal-width bands with a
common centre on the essexite outcrops, the limits of the
bands: varying in radius from 2 to 20km. The highest
value oecuring witnin each band wss selected . The
resulting ten values of EN for porphyrltic stones are
shown in Flg.5.23 and those for non-porpnyrltic stones

in Fig. 5.24. The highest values were chosen 2s opposed
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Flgure 5.11

SYMVU of non-porpnyritic + porphyritic (E,)
values viewed from the east-north-ecast.



Flgure 5,12

SYMVU of non-porphyritic (Ep) values viewed from
the east-north-eest.
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Figure 5.1%

SYFMVU of rorrhyritic (E,) values viewed from the
east-north-east, ’



Figure 5.1L

SYMVU of non-porphyritic + porphyritic (EN)
values viewed from tne east-north-east.



Figure 5,15

SYMVU of non-porrhyritic (hi.) values viewed from
the east-north-eagt. .



Figure 5.16

SYMVU of rorphyritic (ENJ values viewed from the
east-north-east.



Figure 5.17

SYVVU of non-porphyritic + porrnyritic (E,)
values viewed from the south-south-cast.




Figure 5.18

SYMVU of non-porphyritic (k) values viewed from
the south-south-east.




Flpure 5.1¢

SYNVU of porphnyritic (E,) values viewed from tue
south-south-east.




Figure 5.2

SYMVU of non-porphyritic + porphyritic (Ey)
values viewed from the south-south-east.




Fleure 5.21

SYMVU of non-porphyritic (Ey) values viewed from

tne south-souvth-cast.




Figure 5.22

SYFVU of porphyritic (Ey) values viewed from the
souvtn-south-east.




to mean values, since the latter would vary not only
with the dlstance from the source btut also according to
the number of low data point velues in the peripheral
areas of the train. The values chosen therefore eff-
ectively represent the decay along the central axis of
tone train.

Linear regressions of Ey and log, Ey on distance
from the source were carried out for both porphyritic
and non-porphyritic essexite types. Natural logaritinms,
with 2 base of 2.7182, were chosen rather than common
logarithms so that the results are directly comparable
with those of Krumbein(l1937) and Gillberg(l9€5,1967,1968a).
Correlation coefficients were -0.78 (significant at above
the 99% level) for the transformed values of porphyritic
stones and -0.75 (significant at a2bove the 99% level)
for the traunsformed values of non-porphyritic stones.
These results in both cases gave higher correlation co-
efficlents than for the linear regression of the un-
transformed aata values against dlstance, althougnh for
the non-porphyritic variety this difference was &light.

Krumbein(1937) expressed the negative exponentisal
function as

Y= wb °X

wohere m 1s the value of y when x=0, b is the base of the
exponentisal function and a 1s 2 constant. The equations
of this form that were fitted to the data by linear re-
gression are shown in Flgs 5.23 and 5.24 beslide the curve
they represent.

The constant &8 determines the decline of the
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function. Xrumbein(l¢37) referred to this term as the
"coefficient of boulder concentration®. Gillberg(lg6s)
considered tuat a whole grour of factores sucn as top-
ography, nature of the erratic material and glacial pro-
cesses affected this term. These factors are almost
identical to those suggested by Anderson(l955,1957) whnen
discussing the dispersion of rock types in till, althougn
he 2lso included the nature of the source outcrop and a
factor ne called dilution.

The value of a that Krumbein(1¢37) determined
for the Mount Ascutney boulder train falls between the
vélues of a for porphyritic and non-porphyritic essexite
stones. Gillberg(l965) calculated 2 number of exponential
functions for size grades of varlous rock types in south-
ern Sweden, using at least two curves with different values
of a to describe the decayof size grades of eacu rock
type. He found that 0.060 was a common value for a. The
value of 0.0745 for non-porpuyritic essexite stones is
a close approximation to this figure.

It can be seen from Figs 5.23 and 5.24 that the
data values in many ceses do not lie near to the expon-
entizal curve in contrast to the close correspondence
Krumbein(1937) calculated between the points and the fitted
curve(Fig.2.1la), and a similar relationship in menpy dia-
grams given by Gillberg(l965,1967). In the case of the
curve for porphyritic essexite the dotted line drawn in
by eye would appezr to represent the decline of the stones
better than the calculated exponential curve. The decline

of non-porphyritic stones(Fig.5.24) seems to be =s likely
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as not linear as curvilinear, though as has already

been polnted out, the linear regression gave a margin-
ally lower correlation coefficient for the untransformed
cowpared to the transformed data. If it had teen possible
to obtain an EN value for non-porphyritic essexite stones
closer to the outcrop, as was derived for porphyritic
stones, the nearest data value to the source might well
have been consideratly higher.

It seemwe therefdre that the calculation of the
exponential functions offers little extra in terms of an
ald to interpretation of the rates of essexite disperslon
than the SYMVU drawings (Figs 5.17 - 5.22) and in the
case of non-porphyritic essexite Ey values, the curve 1s
a poor 2approximation of the data. The calculation of
further data points, whicin would have helped t¢ define a
more representative curve, was not viable siuce ilantervals
between data points of less than Zkm would have glven
rise to Ey values corresponding to the peripherzl areas
of the train rather thaa the wajor axis, as i1s the case
with points in Flgs 5.23 and 5.24.

Apart from the few essexlite fragments that nad
been broken during construction of the walls, fleldwork
indicated that the size of non-porphyritic essexite
stones in the walls decreased with distance ffom the
source. Shaler(l1893) found that ore fragments forming
the Iron Hill boulder train decreaszed from an average
diameter of 95cm and a maximum of 170cm &t the source to
an average of 1l7cm and a raximum of 32cm at a distance of

22km. Drake(1972) observed that the b-axlis lengtu of
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Distance decay plot of porphyritic (Ey) values.
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subglacial till pebbles of 29 lithologies diminished with
distance from the source. Foth these workers attributed
the decrease in size to comminution as a result of crush-
ing by glacier ice.

In order to determine whether non-porpnyritic
stones diminished in size away from the outcrop, the
erratics train was divided into 2km rsdlal bands as for
tne calculation of data values for the negative exponential
curve. The (d x e) value for each non-porphyritic stone
was allotted to one of the ten bands according to its
distance from the outcrop. The stones are not always
placed in the same position in the wall with respect to
their long, intermediate and short axes. However, there
seers little reason to suppose that éhere is any system-
atic change in the orientation of stones withnin the walls
over the Main Study Area. Thus the (3 X e) value can be
regarded as an index of stone slize.

The sxallest number of (é x e) values occurred
in the most distant 2km band from the outcrop (18 to 20km)
wnere only 58 non-porpnyritic wall stones were recorded.
To obviate the prossibility of varying sample sizes
affecting the results, 58 randomly-picked (4 x e) values
were derived for the remaining nine bands. Inspection
of the data indicated that each group of 58 stones had a
positively-skewed distribution. Therefore prior to test-
ing for a linear relationship between slze and distance
from the source, each (4 x e) value was transformed by
obtaining the square root in order to approximate each of

the ten groups to 2 normal distribution (Poole & O'Farrell,
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1971; Till,1973). A linear regression of mean (4 x e)
values in each group on distance from the source was
carried out. A correlation coefficlient of -0,78 was
obteined which was significant at above the 99% level.
The slope of the best-fit line (Fig.5.25) indicates that
the mean (d x e) value declines with distance from the
source., Calculated best-fit lines for thne regression of
distance on the mean values of the ten highest and five
highest of the random samples and of the entire samples
in eacnh 2km band indicated a similar trend. This result
suggests that tne non-porphyritic stones underwent
comminution during glacial transport.

A decresse waes also found in the size of porphy-
ritic stones recorded in the walls with distance from tne
source. [lowever the small size of the sample (y4é) and
uneven distribution over 20km meant that the division of
the stone sample into 2km radial bands was not feasible.
Instead the data were divided into stones found within
6km and those found beyond this distance from the outcrorp.
The percentage frequency histograms of the two samples
are shown in Fig.5.26. The percentage number of stones
(<:3000m2) almost doubles beyond 6km from the source.
Using a Kolworogov-Smirnoff two-sample test the difference
between the two distributions was found to be significant
in the two-talled test at above the 99% level (Siegel,
1956). This result corroborates the evideunce of the
decrease in size of non-porphyritic essexite stones in

indicating that tne porphyritic stones have also undergone
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Decrease in size of non-porphyritic erratics with
distance from the source.




comminution as a result of glacisl processes during trans-
portation,.

To determine wnether, as a result of crushing,
the essexlte stones also became less asymmetrical with
distance from the source a simple index of elongation of
wall stones was derived. This 1index is expressed 2s d/e
and was calculated for the 58 randomly-picked non-porphy-
ritic stones 1n each of tne ten 2km radlal bands. Mean
values for each band were derived and a regression of
elongation on distance was carried out. A statistically
significant correlation ccocefficient was not found. The
lack of any trend can be explained in terms of the natuare
of tne index, which represents = three-dimensional form
in two dimensions only. Whereas with the size index the
position of the stone was not importeant, with the elong-
ation index this factor would be cruclial. The resulting
loss of information would have caused the index to be too
crude to indicate any underlying trend in chenging shape
with distance from the source.

Further evidence of the crushing of non-porphy-
ritic stones, however, 18 given by other measurcemente
made on Jjoilnt-controlled stones in the walls. After some
experlence of "wall-wapping" it was noted that many non-
porpayritic stones were placed in the walls such that two
perallel, jolnt-controlled faces were presented. It was
decided that the perpendicular distance bvetween sucu faces
gnould be recorded along with the 4 and e values already
described. In 2ll, 325 joint values were measured to the

nearest lcm. The erratics traln was divided in two along
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2 line approximately 12km from the source, giving rise to
200 measurements within 12km from the outcrop and 125
beyond this distance. The two percentage frequency hist-
ograme are shown in Fig.5.27. A Kolworogov-Smirnoff two-
talled test was applied to the two distributions and the
difference between them was found to be statistically
significant at above the 99.9% level, indicating that the
joilnts measured near the source tended to ke farther spart
than those measured beyond 12km. These results suggest
that crushing wes concentrated on tne smaller joint-con-
trolled blocks during glacial tremnsport. It can be

argued therefore that tnese smaller stones were less able
to withstand the forces acting on them thsn the larger
Joint-controlled stones which became propeortiocnally lsrger

in number with the grester dlstance travelled.

Trend surface analyslis of the data from the dry stone walls

Trend surface anzlysis was devéloped during the
late 1¢50's and early 1960's in the fields of geology and
geoprhysice (Krumbein,1959; Krumbein & Graybill,1%65). 1In
geography it has been increasingly used since that time
due to its relevance to the examination of spatial trends
in phenowena (e.g. Chorley & Haggett,1965; Marcus & Van-
dermeer,1966; King,1967,19€%; Vincent,1969; Beaumont,l1%71;
Unwin & Lewin,1971; Unwin & Hepple,1975). It is "a
procedure for separating... large-scale systematic changes
in mapped data from the non-systematic, small-scale

variation attributable to local effects" (Gittins,1968,
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Histograms showing decresse in the size of porphyritic
essexite erratics with distance from the source.
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P.845). Whereas in simple isarithmic mapping (e.g.
SYMAP contour meps) eachn control point only contributes
information for an area immediately adjacent to it, in
a trend surface local values are damped down and "sac-
rificed" to the overall trend (Chorley & Haggett,l19€5).
King(1967) gives four uses of trend surface analysis;
as a descriptive tocl, for testing a couceptual model,
as a means of predicting =nd as a search procedure for
unsusyected aspects of the data.

The basic aim is to fit surfaces of increasing
complexity to sets of points in three dimenslions. Each
data point is defined by two spatiasl co-ordinates (U,V)
and a value (z) of the mapped variable. If a trend
varies smoothly over space ite value (i.e. height) at
any particular point can be expressed ln terms of U and
V. The simplest surface that is fitted to the data 1is
an inclined plene. This linear trend surface 1s fitted
by minimising the sum of the squared dlfferences between
tne data point values (z) and the surface in an esn=2lo-
gous menner to fitting 2 regression line in two dimen-
sions (Beird et a8l.,1971). The general form of the
linear or first order trend surface 1s given by

Z =2a + bU + ¢V
where U and V are co-ordinstes defining z and a, b and
¢ are polymomial coefficlents. The direction of the
trend can be calculated from the expression
b

cos 9 =
v b2 4 c?

where @ 1s the angle between the azimuth of the trend
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and the co=ordinsate zxls associated with b.

More complex surfaces of greater flexibility
can be fitted by least squeres method to the data set
and they regulire further coefficients. The quadratic
or second order trend surface assumes four basic shapes;
a dome, a saddle, a ridge a2nd a tongue (Chnorley & Haggett,
1965). It is described by an additiocnal three coefficients
in the form

z =2+ bl +cV + aU° + eUV + £V
The cubic or third order trend surface. is even more
complex and is expressed by ten coefficlents
Z =8+ BU + oV + aU2 + eUV + Vo4 gU2+ %+ 1uvi+ gv3

Surfaces up to the octic nave been used (Bassett
& Chorley,1971), but generally surfaces of higher order
than cubic are regarded as of llttle value since they
defeat the object, wnich is, to reduce complex reality
to its more simplified, basic components for easlier aa-
alysis (Vincent,1969).

The first, second and third order trend surfaces
for the Ey and Ey values of non-porphyritic plus por-
phyritic, porthritic and non-porphyritic stones are
shown in Figs 5.28, 5.29 and'5.30 respectively. A sub-
routine of the Choropletn Mapping Systewm developed by
T.C. Waugh at the Edinburgh Beglonal Computing Centre
was used to produce the trend surface maps (Waugh,l1972).

The goodness of fit of a trend surface can be
determined usling the statistic of the percentage reduct-
lon in tne sum of squares (#ESS) acnleved. This is ex-

pressed as the percentage ratio of the corrected suum of
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squares of the computed trend values to the corrected
sum of squares of the observations (Krumbein & Graybill,
1965; Unwin,1975). The #RSS for the eighteen trend
surfaces produced from the wall data are shown in Table
5.1. To determine whether the fit 1s merely a chance
phenomenon or & significant result indicating a real
spatial trend, a test based on F-ratios can be used.

The significance levels shown in Table 5.1 were obtained
from a table by Norcliffe(1969) in which the minimum
#RBSS required for surfaces based on up to 500 data points
to be regarded ss significent at the 95% and 99% level
is given.

It czn be seen tnat all the trend surfaces are
significant at above the 99% level. Tinkler(l969), how-
ever, has pointed out that a large number of data pointis,
such as were used in the present analysis, more or less
guarentees a statistically significant surface. This
statistic should therefore not be regarded 2s of great
analytical value in the present circumstances, the %RBSS
being of greater dilagnostic value in declding the good-
ness of fitv.

From previous work on erratics trains and frow
tne SYMVU line drawings depicting the essexite erratics
train, the most likely surface to apprroximate to the
data would appesr to be the quadratic "tongue-shaped"
pattern. Table 5.1, however, indicates that the #RSS
attributable to the quadratic component of the second
order trend surface 1s in all cases lower than the JRSS

attributable to the linear component and only exceeds the
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cublic component in the case of the non-porphyritic (EN)
and porphyritic plus nom-porphyritic (Ey) surfaces.
Table 5.1 #BSS and explanation level for the trend

surfaces of the wall data

' . 3 LINEAR +
M9 | LINEAR + @@ | QUADR'TIC +
LINEAR 55 | quADR'TIC | BB | curlc
Explan{ ™ “ Explan. ™°© Explan.

s}

Type | BSS level |ZBSS |ZBSS _level | ZRSS | #BSS level

P(Ey)| .99 0.01 2.61| 7.60 0.01 1.00| 8.60 0.01

e ] S e e S e e e s Gww e S S e | - -

N(Ep)|17.42 0.01 | 8.26(25.,68 0.01 | 9.50/35.18 0.01
N(Ey)|17.21 0.01 [11.26(28.47 0.01 | 9.63|38.10 0.01

e o e e . G |- - - - e e e el e Ee e e e e e

(Epr)|1€.27 0.01 .h'72 20.99 0.01 4.91(25.90 0.01

(Ey) |17.85 0.01 | 6.51|24.36 0.01 | 6.00{30.36 0.01

P = Porphyritic N = Non-porphyritic

The tongue form nevertheless underlies the patt-
ern shown in all the second order trend surfaces (Figs
5.28, 5.29 & 5.30). The low JRSS explanation can in part
be attributed to the inclusion of nil data point values
immediately west and north-west of the essexite outcrops
contrasting with the high values immedlately east of the
outerops. The cublc surfaces in all cases possess a down-

ward gradient west of the outcrops and a complex tongue
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form to the east and north-east of Kllsyth.

Pespite the fact that the first order trend
surface records the highest ZRSS of all three trend sur-
face components, 1t does not seem to be the most approp-
riate model describling the porpunyritic and non-porpny-
ritic data values on theoretical and observational grounds.
Although the major trend of the values is & decline from
west-south-west to east-nortn-east, whicih all the trend
surfaces reflect, tnere is also a reglonal downward grad-
lent to the nortn and south of the mejor &axis, which the
linear surfaces cz2nnot portray. Only tne linesr trend
surfaces of the porpnyritic (E, & Ey) data values show
the major west-soutih-west to east-nortn-east alignment,
the remaining linear trend surfaces recording & soutin-
west to north-east alignment.

These dlfferences do not reflect different direct-
lons of transport for porphyritic and anon-porphnyritic
essexite stones but are a function of tne manner ia wnlch
the trend surfaces have been derived. Ideally data polints
for trend surface analysis should be evenly distributed
(Merriam & Harbaugh,1%64; Unwin & Hepple,1975). In
practice, nowever, this is rarely rossible in the sampling
of spatial phenomena (EKrumbein & Graybill,1965). The
result of uneveun representation of data is to give undue
influence to areas countainling wany polnts relative to
areas in which points are far apart. Some workers hnave
attempted to lessen the effect of clustered data polnts
by using geographic-mean samples (e.g. Robinson,1972;

Gray,1972).
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The distribution of data points shown in Fig.5.1
was analysed as regards its degree of aggregation. A
nearest neighbour statistic developed by Clark and Evans

(1954) was used. This takes the form
B, = Dobs/{0. 5(a/N) " }

where Dobs is the observed mean distance between points
and thelr nearest nelghbour, A is the area and N 1ls the
number of points. A value of O for By indicates 2ll points
at the same location, a value of 1 represents a random
distribution of polints and 2.15 denotes a nexagounal patt-
ern of points which gives rise to the most even distrib-
ution possible (Haggett,1965). The degree of aggregation
was 0,51 for the area of the smallest rectengle enclos-
ing the SYMAP bvorder. The deta points are therefore
aggregated, botn Ep values being on the clustered side of
a random distribution.

The aggregation of low value data points to the
north compared to the scarcity of such points to the
south of the major axis may well nosve had a controlling
effect particularly on the linear trend surfaces of tne
non-porphyritic (EA & Ey) and non-porphyritic plus por-
phyritic (Ep & Ey) data sets. As has already been noted
these surfaces trend south-west to north-eest and tnis is
attributed to the uneven distribution of dsta points.

The porpnyritic (EA & EN) linear trend surfaces on the
other hand show & west-soutn-west to east-north-east
trend which reflects the lack of 2 major axis beyond c.€km

east of the source, leaving therefore a contrast in values
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in thies direction only.

The paucity of data points in the north-eastern
corner of the area enclosed in the SYMAP border has given
rise to & spurious dome in the cublec trend surfaces in
this region. This dome can therefore be disregarded in
interpreting these diagrams as 1t clearly does not relate
to the original data.

Another effect of the distribution of tie data
points lies in the shape of the boundary surrounding
them, 1in this case the SYMAP border. Elongated areas
tend to produce contours on higher order surfaces that
are aligned parallel to the loanger side (Uawin,1975).

The tongue-shaped contour pattern on the second order and
third order trend surfaces may therefore be a fuanction in
part of the elongated shape of the analysed area.

In the case of 2 narrow erratics traln the use-
fulness of trend surface analysls seems questionable.

The shape of the analysed area and the inevitable aggreg-
ation of the data points introduce a number of undesirable
effects. The contrast in values up-ice and down-ice of
the outcrops reduces the 7SS due to the extreme values.
High value areas appear in the higher order surfaces

that do not reflect the original data. Agterbergz(1%6y)
considered that beyond 500 data polats matrix smoothing
methods are to be preferred to the power series trend
surface model. In the preseant analysis this number of
data points was almost attained. Since the interest lies
in the local components rather than the overall trend,

which 1s clear in any case, the SYMAP interpolation
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method is regarded as of far greater value than the trend

surface technique in analysing the wall stone data.
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CHAPTER 6

SIZE AND MORPHOMETRIC PROPEETIES OF ESSEXITE STONES

"SPHEBRICAL AND ROUND=- Als¢ note that there
is a difference between 'sphnerical' and
'round', since aanything spherlical 1s round
and not viee versa; for something may be
round like an egg, yet it is not spner-
ical unless it 1s completely so."
(Robertus Anglicus,1271; gquoted by
Krynine,1956,p.16€1)

In chapter 4, values for roundness, spherlcity
and Zingg shape were derived for erratics from the dist-
inct outcrop of Dalmanoy Hill at different distances down-
ice from thelr source. Llongate particles were suown to
decrease proportionelly in numbers compared to less easily
crushed shapes, but spnericity and rounduess showed no
specific trends. This wasiattributed to the short dist-
ance over which the train of erratics was traced. Initial
fieldwork carried out in the srea down-ice of the Lennox-
town essexite outcrops revealed tnat glaclally and fluvio-
glacially transported essexite stones were sufficiently
plentiful in dry stone walls and exposed sectiocns to allow
an lonvestigation of their size and wmorphometric properties
to bte undertaken. Inspection of the modern beaches along
the Firth of Forth indicated tnat essexite stones were
also abtundant on the foreshnore.

From the literature, tne most lmportant factors
affecting particle morphometry are as follows. Firstly,

the shape of the particle on leaving its source nas a
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significant bearing on its shape at tLhe point of deposit-
ion (Tester,1931; rFettijonn,1957; Blatt,195%9; Drake,1970).
Secondly, the lithological chaeracteristics of tne rock

are important in deterwining the susceptiblllity of a part-
icle to processes such as atrasion and crushing (Fettijohn,
1957). Thirdly, the size of a particle at all stages
during its transport is iwportant in that partlicles of
different sizes respond in different ways to processes
acting in the same environment. This unas been noted by
Sorby(1880), Zingg(1l935), Hussell and Taylor(1937), Plumley
(1648) and Pettijohn(l957) amongst others. Fourtnly, the
nature of the transporting medium 1is important iun determ-
ining particle morphometry. Von kngeln(l930) aud Went-
worth(1936) considered that glaclally transported particles
had a characteristic shape. Waskom(1l958), Sames(1966),
King and Buckley(196€), Eerpesen(1973) and Gregory and
Cullingford(1l974) considered that particles in different
transporting wodes nad definable morphometric character-
istlcs. Fiftuly, the distance of transport and tue effect-
iveness and duration of processes acilng in the transport-
ing mode affect tue ultiwate particle snespe. Sixtnly and
finally, there are chance factors that can influence the
shape of particles such as culpplug against oustacles.

In order, as in the present analysis, to invest-
igate the differences in size aud morphometry of particles
in relation to the nature of tue transporting medlum and
the distance of travel, the other factors (except chance)
snould be countrolled. In many studies wnere tnese relat-

ionsnips nmsve been lunvestigated nowever, little attention
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nas been pald particularly to the influence of initial
shape and lithology. For lnstance, Drake(1972) used
particles from 2% lithnologies to draw general conclusions
about mechanlsms of particle attrition in s subglacial
environment, althougn ne conceded that ldeally "studles
snould be carried out separately for each lithology"
(Drake,1972,p.2164).

In the present analysis these factors nave been
controlled so that varlation ia particle morphometry snd
size could be studied wituln and between the glaclial,
fluvioglaclial and beach environments. Subdivision of
essexlte stones into porpunyritic and nomn-porphyritic types
meant that the Tactors of initial shape and lithnology
could be controlled. As regards the factor of size,
although no restrictions were placed on the size of essex-
ite stones to be measured in tne fleld, the stones were
subsequently divided into size grades for comparison of

thelr morphometric properties.

Field wetnodology

The majority of techniques for measuring wmorphn-
cometric parameters on particles were developed wlth a
view to investigating fluvial or marine deposits. Cons-
eguently, they were designed to deal witn particles
ranging from sand to cobble sizes. A large number of
essexite stones in fluvioglacizal deposita and on the
modern beaches fall within this size raange but many

£lacislly transported stones are more than 100cm in length
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(Plate 4). Thus it was clear that eltner modifications
to existing methods would have to be made or new tech-
niques decvised to cope with the large rangeof particle
sizes. The first alternative was considered preferable
since the use of pre-e«lsting techniques wculd mean tuat
comparison could be wade with reéesults from similar studies.
For the measurement of shape it was prorosed
that the method of Krumbein(l9hla), already outlined in
chapter 4, should be used, in which the long(a), inter-
mediate(b) and short(c) axes are measured. Although
other wethods of deriving particle shape have been pro-
posed (e.g. Bittenhouse,1943; Williams,1965; Ehrlich &
Yeinberg,1970), they have never recelved the wldie accept-
ance that Krumbein's method has. The usual procedure
for measuring particles involves 1ay1ng a transparent
rule over the particle and reading off the length by eye,
and thnis 1s claimed to be tolerably sccurate despite the
problems associated witnh parallax. Howevér, errors re-
sulting from thid cause would be too great winen measur-
ing boulder-sized particles of essexlite. In order to
meesure accurately such large pearticles the device snhown
in Plate 5 was constructed. It consists basically of a
plece of dowelling end two blede-suaped pleces of wood.
One of the blades was flxed at rignt-angles to one end
of the dowelling and the other was free to move along the
dowelling by means of a hole the same diameter as the
dowelllng. Another small plece of wood was fixed to this
movable blade so that it too moved along the dowelling

in order to ensure tnat the blade remalined perpendicular
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to the dowelling. The instrument was found to nave an
accuracy of + 2mm and, due to thne free rotation of the
movatle blade atout the dowelling, it was poesible to
measure between points out of line with the correct
direction of axial messurement yet still waintaim this
direction with the dowelling. For particles with an
a-axis of c.25cm or less the me2surling box described in
chapter 8 was used.

“hilst the method of Krumbein(l94la) for measur-
ing particle shepe 1s generally ePccepted, tne measure-
ment of roundness has for long been the subject of much
discussion, Toundness 1s sald by many to be geometrically
independent of shape (e.g. Wadell,1932; Krurtein,lShls;
Powers,1953; Van Andel et al.,1954; Curray & Griffiths,
1955; Lees,196L; Fleming,1965; Whalley,1972). However
Schwarz and Snane(1969) considered tnat roundness depend-
ed on srhericity, Hussell and Taylor(1937) felt that
srnericlty and roundness were interdependent, and Ehrlich
and Weinberg(l970) argued that the independence of these
two parameters was an @ priori assumption and that 1t
would be better to think that "shape characteristics
operate over a continuum" (Ebrlich & Weinberg,1970,p.205).
Lees(196y) and Whalley(1972) felt that angularity should
be regarded as a separate concept from roundness, but
most workers consider tnem as degrees of tne same measure.

For the purposes of this analysis, roundness "is
defined as a dimensionless function of the radius of
curvature of one or more corners" (Fleming,l1965,p.385).

Its independence of shape can be seen in that "chipping
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of a particle may increamse the sphericity, tuvt it decreascs
tne roundness" (We2dell,1932,p.449).

Three maln approacnes to measuring roundness have
been made. Firstly, tuere are ttue visual comparison charts
which consist of a series of silhouettes or photograrhs
representing varying degrees of psrticle roundness (e.g.
Trowbridge & Mortimer,1925; Russell & Taylor,1937;
“rusbein,1%4la; Fowers,l1953; Belchelt,1961; Lees,1964).

A second technique thal has not been so widely used is
that of Szadeczky-Kardoss(1¢33) in which the perceuntage
of convex parts of the particle =2re estimated. Tnirdly,
there are technigues involving dlrect messurement.
wadell(1932) suggested exrressing roundness as tie ratio
of the mesan radius of curvature of corners to tne radius
of the imscribed circle. Thne other majlor technnique in-
volving direct measurement is that of Caillleux(1¢45), whicn
1s essentially the same as tue technique of VWentworth
(1922a), wﬁere the radius of curvature of the sn=srpest
corner of the perticle in the maximum projection plane
is determined. A targebt of concentric circles of known
dlameter is used to measure the radius of curvature
(Dobkins & Folk,1¢70; Folk,1¢72), snd roundness is ex-

pressed as

B = 2r x 1000
a

where r is tne minimum radius of curvature in the max-

imum projection plane and a 1s the long axis. Thls
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technique has been used by many workers (e.g. wentworth,
1922b; Tricart & Schaeffer,1950; Riviere & Ville,1967;
¥ing & Tuckley,1968; McCanm & Owens,1¢6G; Dobkins &
Folk,1970; Hollerman,1¢71; Dugdale,1972; Gregory &
Cullingford,1974). Dobkins and Folk(1l970) weasured tne
mionimum radius of curvature in thnree dimensions but found
no difference from results in two diwensions, and there-
fore recommended measurement in two dimensions Lecause of
its greater speed.

For the present énalysis the method of Callleux
(1945) was used to measure the roundness of essexite
stones for two reasons. Firstly, it 1s rapid and involves
direct measurement and it has been noted that "simplie
techniques comprising direct measurements" (Griffiths,
19€1,p.497) should be used wherever possible in research
work. Schwarz and Shane(l1969), for instance, conceded
that theilr Feourrier method was tedlious, and the technique
of Wadell(1l932) is likewise lzborious. Secondly, a
great deal of subjectivity 1s involved in using visual
comparison charts (Trowbridge & Mortimer,1925; Eosenfeld
& Griffithe ,1953; Griffiths,1967; Folk,1972; whalley,1S72)
not only in selectingthe class division (Bussell & Taylor,
1937), but alsc because there is a"psychologlical tend-
ency to make the data fit theoretical predictions"
(Sneed & Folk,195€,p.117). S“ome workers have attempted
to overcome thies problem by arranging for associates (o
renumber samples 80 that no preconceived ldeas influence
the results (Pesl & Snepard,1956; Sneed & Folk,1958).

In the present analysls this was not possible since
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measurement had to be completed in the field due to the
size of the stones.

Despite tnese advantazes over other methods, that
of Cailleux(1945) has four main drawbacks. Firstly, not
all workers select the same cormer to measure (Folk,1972).
Secondly, difficulty can result from estimating the
radlus of curvature using a template of concentric circles,
especlally when dealing with boulder-sized particles.
Thirdly, corners may approach segments of parabolas or
hyperbolas rathner than a true circle, snd it 1is therefore
difficult to decide which of the target circles matches
best. Fourthly, with decreasing slze and rounding the
accuracy of the technique diminisnes (Van Andel et 2l.,
1954; Whalley,1972).

The first problem does not lntroduce error into
the present analysis because all roundness measurements
were made by the same operator. Lrrors caused by tue
second and third drawbacks were considerably reduced by
the use of 2 serlies of templates constructed from stiff
plastic sheeting with a notch cut away in the corner of
each template corresponding to a portion of the circum-
ference of a circle of known radius. Twenty templates
with radil ranging from O.5cm to 10.0cm were made. It
was posslible witihh these templates to compare circumfer-
ences of known radii directly with the selected sharpest
corner on 2n essexite stone. Wentworth(1l€l9) used the
same baslic concept to produce a gauge for measuring the
sharpest corner of experimentally abraded particles, but

thls 1s the only othner known example in the literature



of the use of templates, the majority of workers relying

oun target circles. For radii of curvature smaller than
O.5cm, as 1t was not posszible to cut notcnes in thne plastic
sneeting wlth sufficieat accuracy, comparison was made

witn a target of circles of radli ranging from O.lmm to
O.%m ian O.lcm intervals. For circles of such swall

radli the problem of parallax 1s not very great.

The locations where essexite stones were found,
and tne manner 1n wnich they were recorded, varied bet-
ween tne three categories of glaclal, fluvioglacial and
beacn stones. G(lacial stones, so called because they
nave undergone direct transport by the ice without subse-
guent fluvioglaclal transport, were usually found 1iu
association witn tlll. A variety of types of locations
Fprovided the glaclal stones that were measwred. The
ma jority of stones in the Mailn Study Area were derived
from the uppermost line of stones in the dry stone walls.
Fost of the rest were found in piles of stones that had
bteen removed frow tihe flelds following plougning (Ilate
3) and in spoil heaps alougside drainage ditcnes. 1In
the Secondary Study Area glaclial essexite stones were
found 1o the spoll Heap from an oil-pipeline trench
excavated durlng summer 1974 between lalmeny uear Ldin-
turgh 2nd Grangemouth, and in till sections formed during
road improvements near Bo'ness. Only those essexite
stones that had not suffered'breakage as a result of
numan lnterference were weasured. Althougn many glacial
essexite stones dlsplayed surface weathering, the titan-

auglte crystals remained more or less unaltered so that
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measurement of the three axes and the minimum radius of
curvature was still feasible. The locatlon of cach
glacial stone measured was plotted on 1:25,000 sczle
mays and thnelr generallsed distributlion is shown in Filg.
6.:1:

Fluvioglaclal essexlte stones, i.e. those essex-
ite stones assoclated with fluvioglacial gravels, were
found chlefly in abandoned and operating commercial gravel
pits (Plate 6) though dry stone walls bullt on fluvio-
glacliel deposlits also provided a few stones. The dlstri-
bution of measured fluvioglacial stones 1s shown in Flg.
6.2. One stoune not shown in Fig.6.2 was found in a
gravel pit at Straiton (GR 027 665) c.bkm south of Ldin-
burgh.

Marine-modified essexite stones measured in the
present analysis wére found on the foresnore of modern
beaches on both sides of the Firth of Forth. No attempt
wras made to locate individual stones on large-scale maps,
the beaches belng divided into five zones with the locat-
ions of essexite stones hbelng assigned to them (Fig.6.3).
The extent of these zones on both sldes of the Firth of
Forth indlcates the traceable limits of beach essexlite
stones. A comparison of Fig.6.3 with Fig.3.2 shows that
the limits of the distribution extend slightly farther
gast on the southern shore 1n the present analysis than
in Peach's map. It was decided that no attempt should be
made to derive measures of freguency of essexite stones
80 that tne analysis of tne distribution pattern of the

erratics train could be continued from the Main into
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the Secondary Study Area, since these would tend to
reflect beach, as well as glacial processes that have

distributed the essexite erratics.

Hegults and discussion

Using the data derived from field messurement
of essexite stones, various size and morpnometric indices
were calculated for each stone by means of a modified
version of the PEBPROB computer program (Thornes &
Howard,1967). Data input consisted of the a, b and ¢
measures and minimum radius of curvature of each stone in
centimetres, from which the program calculated the phil
values of a, b and ¢, where phil is -logp of the length
(X¥inp,1966). The program also determined the ratios b/a,
¢/a and ¢/b, sphericity (S = cﬁab), axial ratio (AR =
a-b/a-c), flatness (F = a+b/2¢), roundness (K =(2r/a) x
1000), maxiwum projection volume (MPV =(TP6) X abe) and
maximum projection area (MPA =(TPu) X ab).

Mean values of all except the b/a, c¢/a and c¢/b
ratios for various groupings of glacial stones are shown
in Table 6.1. A comparison of the size indices for porpuy-
ritic and non-porpnyritic stones suggest that there are
distinct differences between these two types (Table 6.la).
Mean values of MPV and MPA are considerably higher for
non-porphyritic stones tnan for porphyritic ones. Thils
can be accounted for in terms of the contrast in bedrock
Jointing pattern of both essexite types descrited in

chapter 3. The close spacing of the porphyritic variety
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has tended to give rise to smaller Joint-controlled
blocks than the more massively Jointed non-porpuyritic
rock.

Mean values of F also differ for both varieties
of essexite. The greater flatness of the porphyritic
stones 18 explained by the closer spacing of tne bedrock
Joints giving rise to oblate-shaped, Jjoint-controlled
stones compared to non-porpnyritic stonmes which =re less
asympetrical. Since sphericity and flatness are inversely
related, the lower sphericity values for porphyritic
stones compared to non-porpnyritic ones support this
evidence.

Although mean values of R for different size
grades of stones increase witn decreaslag size (Table 6.1b),
the wmean value for the smaller porphyritic stones is low=-
er than for the coumparitively larger unon-porpnyritic
stone: (Table 6.la). This suggests that the porphyritic
stones, as a result of the bedrock Jjointing character-
istics, have been less able to withnstand thne crusning
forces oprerating durilng glacial traansport than the non-
porphnyritic stones, and are conszquently more angular.

It was pointed out at the begluning of tuis
chapter trnat shape and rcundness are dependent on size.
Therefore morphnometric indices should, strictly speaking,
only be compared for simllarly-sized materlial kefore
making inferences concerning tne nature of processes
operating in an enviroanment. A comparisoa of tne freg-
uency (N) of stones 1ln each size grade of both varieties

of essexlte 1llustrates tre contrast in sizes; the wode
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Table 6.1 Mean velues Of morpiometric and size

varliables for glacilal essexite stones

A(phi)

F§
1y ]
1=

B(phi) § AR F

P + 2250, '~V.13

P 274 =7.33
NP 879 -7.86

-7.27 0.68 0.74 1.90

-6.86 0.67 0.73 1.95
-7.40 0.69 0.74 1.88

R KPPV MPA

123.0 4631 413

111.1 1899 236
126.7 5483 L6E

T ——— —— — — — - S G Wme W R . e S e W S e e mme e m— e w—

(b) Different size

1.6-
3.2cm L
3.2_
6.4cm 30
6.“"
12,8cm 121
1208-
25.6cm 100
25.6cm+ 19

(e) Different size

106"

3.20!!1 LI.
302-

6.4cm 36
6;“"

12.8cm 161
12 -8-
25.6em 525

25.6cm+ 153

grades of porpnyritic

0.81 0.67 1.41

0.72 0.70 1.74

0.67 0.71 1.96

0.66 0.7€ 1.99

0.62 0.77 2.17

grades of non-porphyritic stones

0.71 Q.74 1.76

0:73 0.72 1.68

0.71 0.72 1.81

0.69 0.73 1.88

0.65 0.79 2.05

162.8

141.5

1“2.3

127.0

— e e e e s R s e e e e e e S e s s e e e e e e s e e
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B NPV

89.8 1731
133.9 2488
155.8 1582
106.8 3339
1h4.9 379

108.9 4970

130.9 6942
115.5 5020
L592

4589

143.2
120.5

=
5
Hes

222
295
205
338

93

L43
515
457
456
309

Type N A(pnhi) E(phi) S AR F

(a) Values for different distances frow tne source :
porphyritic stones

0-5km 154 =7.27 -6.76 0.66 0.71 2.02

5-10km 60 -7.55 =7.10 0.69 0.74 1.87

10-15kim 36 =7.28 -6.83 0.70 0.74 1.83

15-20km 13 -7.70 -7.35 0.68 0,79 1.88

20km + 11 -6.68 -6.,38 0,65 0.82 2,02

(e) Values for different distances frow the source :
non-porphyritic stones

O-5km 149 =7.73 =-7.29 0.70 0.75 1.86

5-10km 274 -7.89 -7.41 0.68 0.73 1.91

10-15km 196 -7.85 -7.39 0.68 0.74 1.50

15-2Qkm 234 =-8.01 =-7.55 0,69 0.74 1,87

20km + 26 -6.99 -6.59 0.71 0.78 1,75

(f) Sphericity and roundness values

grades at different distagces

0—gkm
<6.4cm
6.“‘
12.Ecm

12.8cm+

5-10Km
<6.4uCm
€.l=
12.8cm

12.8cm+

10-15km
=6.4Cm

23

73

58

19

36

0.72
0.67
0,64
C.73
0.72
0.67

0.75

143.

131.1

89.4

76.1

163.9

181.9

123.6

155.1

for differeut size
:_porphyritic stounes



Type N A(phi) B(phi) S AB F B MPV MPA
6.4~
12.8cm 16 0.70 170.8
12.8cm+ 1y 0.67 135.9
lg—ZOkm ‘

.licm -
6. L}"‘
12.fcm 4 0.62 8¢.1
12.8cm+ ¢ 0.70 114.6
20km +
—b6.4cm 3 0.81 170.0
€. h=-
12.8cm 6 0.59 133.6
12.8cm+ 2 G.60 150.9

— e — — e e e e e e e e S e e o s e

(g) Sphericity snd roundness values for different size
grades at different distances:non-porphyritic stones

Q- 5km

<:£.ucm 12 0.73 180 6
6.“"

12.&cm 33 0.72 ' 136.9
12.8cm+ 104 0.68 1.6
5-10km

<<6.4cm 1l 0.73 15h4: X
6-‘&"

12.8cm 52 0.70 155.5
12.8cm+ 208 0.68 123:1
10-15km

<&t,4hcm 6 0.75 8¢.0
€.4-12

12.8cm  Lb4 0.70 134.1
12.8cm+ 146 0.68 111.0
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15-20km
< ohcm e

6.4~

12.8cm 25 Q.73 148.6
12.8cm+ 146 0.68 1L2.6
20km +

<6.4CH 5 0.72 113.3
6.h=

12 .8cm 2 0.67 c7.6
12.8cm+ 14 0.73 134.6

for the porpnyritic stones is in the 6.4 - 12.8cm class
(vased on the b-axis length) compared to the 12.8 - 25.6cm
class for the non-porphyritic stones. The mean values of
B for each size grade of porphyritic stones are consist-
ently lower than for the corresponding size grades of non-
porphyritic stones, which supports the view mentioned
atove tnat the porphyritic variety has been subject to.
more comminution than non-porphyritic stones as a result
of the closer Jjointing pattern of the bvedrock. Mean
values of R and & generally increase with decreasing slze
for both varieties of essexite whilst mean values of AR
and F tend to decrease with decreasing size.

Mean values of the morphometric and slze indices
subdivided into distances of 5km intervals from the source
do not indicate any speciflc trend for either variety of
essexite (Table 6.1 & e). Although the wall data showed

thet crushing of botn essexite types had occurred durling
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glacial transport, mean values of MPA and MPV do not
indicate any progressive rceduction in size with distance
from the source. Mean values for otner indices likewlse
fall to show &any systematic trends. The lack of a trend
in size indices may be explained in terms of the varliety
of locations where the measured stones were found.

Whereas tne evidence for the reductlion in size of essex-
ite stones was besed on data from only the dry stone walls,
tne stones represented in Table 6.1 were found in a number
of different locations.

Mean values of R and S for three size grades of
essexite stones are shown in Table 6.1f & g. The mean
syhericity of porphyritic stones up to 6.ucm in size
increases with distance from the outcrop. For the remain-
ing size grades of porpnyritic, and for all size grades
of non-porphyritic stones, mean values of & show no gener-
al trend with distance from tne source. Mean values of
R for all size grades of botn varieties, except non-por-
payritic (<6.4cm), tend to increase over the first 10km
but thereafter show no general trend. Drske(1972) found
that the mean roundness of pebbles from till tended to
maintain a steady value after an initisl rise in a short
distance down-ice of the source. He attributed this to
successive crusining and abrasion during glscial transport
such that pebbles rapidly attalned a dynamic equilibrium
state for rounding. Reaumont(l967) expressed an altern-
ative view and considered that the equillibrium state was
indicative of no further change in particle roundness.

Since independent evidence of crusuning is avallable in
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terms of the wall stone data, it seems that the lack of
a general trend beyond 5km from the source can be attrib-
uted to successive cycles of crushing and abrasion.

Mean values of different grouplings of fluvioglac-
ial stones are shown in Table 6.2. All size indices (i.e.
A(phi), B(phi), MPV and MPA) are considerably lower for
fluvioglacial stones than for glacial stones (Tatle €.2a).
This can be explalned by the fact that the size of stones
in the meltwater environment is limited by the stream
competence whereas the size of glaclal stones can be
extremely large (see chapter 2). The mean value of R
is considerably higher for fluvioglacial stones than for
glaclial stones and this is attributed to the greater
effectiveness of abrasion in fluvioglacial compared to
glacial transport (King & RBuckley,l1968). The wmean value
of S i1s higher for fluvioglaclial stones than for glacilal
stones whilst the wean value of F is lower for fluvio-
glacial stones. This again indicates the ilmportance of
abracsion in the fluvioglaclal environment.

The mean MPV values for both essexite types
show that there 1s an approximate threefold difference
in the volumes, which can be attributed to the contrast
in bedrock Jointing.

Mean values of R for different size grades of the
porphyritic stones (Table 6.2b) show a different pattern
to that of glaclally transported porphnyritic stones.
Although no stones of size 1.6-3.2cm were found, B in-
cresses from 180.5 (3.2-6.4¢cm) to 219.1 (6.4-12.8cm) and

sti1ll remains higher in the 12.8-25.6cm tnan the value
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for the 1.6-3.2cm size grade. This contrasts with the
pattern for glaclal porphyritic stones where R progress-
lvely declines with increasing size. Mean values of R
for different size grades of non-porphnyritic stones
(ravle €.2¢), on the other hand, 4o show a2 simlilar trend
to glaclal stones except that values are consistently
higher for each size grade of fluvioglacial stones than
for corresponding size grades of glaclal stones.

In contrast to the glaclal stones, too few
fluvioglacial stones were measured to enable a division
of the data to be made into five classes representing
different distances from the source. Therefore to in-
vestigate the effect of distance of transport on the size
and morpnometric indices, both varleties of fluvioglacilal
essexite stones were divided ln two at a distance of
approximately 1l5km from the source. Mean MPV values for
pofphyritic stones (Table 6.2d) indlcate that the slze
of stones 1s considerably smaller at distances greater
than 15km than at less then this distance from tue source.
Mean MPV values for non-porphyritic stones are similarly
lower for stones farther than 15km from tne source com-
pared to ones at less tnan this distance. It 1s suggest-
ed that the reductlion 1in size is not the result of intense
comminution of stones during fluvioglagcial transport but
rather a result of stream sorting. Large stones picked
ur near the source by meltwater streaws would not have
tended to travel far whereas smaller stones would have
undergone more preolonged transport.

Division of the two types of fluvioglacial
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Table 6.2 Fean values of morphometric and size

variables for fluvioglscial essexlte stones

(a)

Tyre N A(phi) B(phi) S AR B B NPV MPA
P +

NP 258 -6.95 =6.54 0.71 0.76 1.75 208.3 1327 165
P 65 =-6.82 -6.44 0.73 0.78 1.68 208.1 582 103
NP 13 -7.00 =-6.58 0.71 0.76 1.78 208.4 1578 186

— - —— W — ——— — — — — — — — — — p— — —— — - w— — Sm—— w— w—

(b) Dpifferent size grades of porphyritic stones

1.6~
3.2cm -

3.2-
601}001 1u 0‘77 0072 1-53 180-5

6o by~
12.8cm 40 0:72 077 X712 219:)

12 08-
25.6cm 10 0.72 0.86 1.71 191.8

25.6cm+ 1

(¢) Different size grades of non-porpnyritic stones

1.6-
‘}'2"'
6.:cm 37 0.75 0.76 1.61 222.3
60‘-}"
12.8cm 8y 0.70 0.76 1.87 221.6
12.8-
25.6cm 56 0.69 0.76 1.86 178.9
25.6cm+ 7 0.68 0.84 1.87 154.6

— o — o e S s S s e e S A e s S e S e e e e e e S e
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N A(phl) B(phi) S AR F MV MPA

Y
e

;é
@

(d) Vvalues for different distasnces from the source
porphyritic stones

<<1 5km 10 -6.73 -6.47 0.73 0.84 1.64 205.3 1150 149
=15km 55 =6.84 ~6.43 0.73 0.76 1.68 208.6 479 95

— — — — - — - e e S m— S w— W e S e e — e w— G — — —

(e) Values for different distances from the source :
non-porpunyritic stones

=>15km 155 -6.95 =-6.52 0.71 0.75 1.76 211.2 1411 172

s e e S e e s S S MR mes S W M e e WM S e e W s e s e e S

(f) Spnericity and roundness values for different size
grades at different distances from source :

porpuyritic stoues

<1 Skm
<6€.4om 3 0.75 124.1

6.“"

12,&cm 5 0.75 224.4
12.8cm+ 2 Q.64 279.1
:}%Ekm

=b.4cm 11 0.77 195.9
6.!“"

12.8cm 35 0.72 218.4
12.8cm+ < 0.72 186.1

(g) Sppericity and roundness values for different size
grades at different distances from source :

non-porpnyritic stones

<1 Skm
<<6.4Cm 5 0.75 2277

60‘*"'
12.8cm 18 0,66 218.0

12.8cm 15 0.69 159.1
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Type N A(phl) B(phi) 8 AR

%}M
<6.4cm bl 0.75 227.7

1=
jro
=
v
<
b4
=

6.15-
12.8cm 66 0.71 222.6
12.8cm+ 48 0.68 181.1

essexite stones (Table 6.2f & g) reveals no specific

trends for sphericity and roundness. Only for the group

of non-porpayritic stones farther than 15km from the source
1s there a trend towards a progressive decrease in R and

S with increasing slze. For the remaining groupings, E

and 3 fluctuate with no apparent systematic trend.

Mean values for size and morphometric indices
of different categories of beach essexite stones are shown
in Table 6.3. The mean value of R for all 941 beach stones
is 212.2, which is slightly higher than the corresponding
value for fluvioglacial stones. The wmean MFV value is
less than 1/4 of the fluvioglacial MPV mean value and less
than 1/50 of the glacial MPV mean value.

Mean values of R for porphyritic stones decrease
with increasing size (Table €.3b). On the other hand,
values of R for non-porphyritic stones (Table 6.3c) rise
to a peak in the 6.4-12.8cm size grade and decline in the
12.68-25.6cm grade. On beaches in South wWales and Scotland,
Pluck(1969) investigated the rounding of the beach stones
in the same size grades that have been used in the present

analysis. He found that "ebrasion is more effective in, .,
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the 64-12€mm size range where the hignest roundness values
are recorded" (Bluck,196%,p.8). The angular nature of
stones larger than 12.8cm, he felt, was a result of
breakage during storm conditions. Thls explanation
appears to account for tne relationsunlp of roundness and
size of non-porphyritic beach stones. Altnough the Firth
of Forth is comparatively sheltered, an eastward movement
of bveacn material is indicated by the accumulation of
beach materia)l on the western side of obstructions on the
beaches. This movement of beach stones would lead to
abresion. Fragmentation of larger stones (= 12.8cm)
would be possible under the rignt conditions, =s Gelkie
(18¢65) noted. "It wight have been supposed that the comp-
aratively sheltered estuary of the Firth of Forth would
be free from any marked abrssion by tne sea, yet even as
far up as Granton, near Edlnburgnh, during a flerce gale
from the northn-east, stones welghning a ton or more have
been known to be torn out of a wall and rolled to a dist-
ance of thirty feet" (Geikie,1865,p.49).

The fact that tne porphyritic stones do not
show the same pattern of R values may be accounted for in
terms of the different bedrock structure. Siunce the por-
poyritic stones were broken down into small slzes by glac-
ial action prior to their arrival on the beaches, the
ma jority of stones of size 3.2-6.4cm are undergoing sec-
ondary abrasion having already been subjected to glaclal
or fluvioglaclal abrasion. Non-porpayritic stones of this
size, on the other hand, are more likely to consist of a

mixture of previously atraded materlal and fregments
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Table 6.3 Mean values of morpnometric and size
variables for beach stones

égés N Afphi) Blphi) S AE E B MEV MPA
r e

NP oyl -6.37 =-5.98 0.74 0.78 1.64 212.2 302 59
T 326 -6.28 -5.90 0.74 0.77 1.63 209.0 241 51
NP 615 =-6.,41 -6.03 0.74 0.78 1.65 213.8 334 63

— e —— — — — — . G— G wem e — — e — —— m— e m— e e m— —

(k) Values for d&fferent sizes of porphyritic stones

106-

3.2¢cw 15 0.76 .66 1.57 272.7
3.2-

6.hcm 177 0.75 0.76 1.62 206.6
6-15"'

12.8cm 125 0e?73 0.81 1.66 206.5
12.8-

25.6cm 8 0.73 0.84 1.66 188.6
25.6cm + 1

(c) Values for different sizes of non-porpnyritic stoues

1.6~

3.2cm 12 0.76 0.73 1.55 21u.1
302"

€.ucm 28l 0.75 0.76 1.62 219.1
60‘4-

12.Bcm 286 0.73 0.79 1.66 219.7
12.8-

25.6cm 31 0.69 0.83 1.83 148.2

— o o e — e o s s s e o R e S e S s e e S e

(&) values at different locations : porpnyritic stones
a 50 =6.31 -5,88 0.74 0.75 1.65 151.2 599 74
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15000 N A(rni) n(rhi) s AR F R MPV . MPA

c 185 -6.33 ~-5.95 0.74 0.78 1.64 216.4 195 50
d 23 -6.,16 -5.73 0.73 0.76 1.68 312.1 101 35
€ 6 -6.,26 -5.68 Q.67 0.67 1.93" 211.7 8y 34

— e — — —— — — — — — — —— — S S e we— S e mms -

(e) Values at different locations : non-porphyritic stones

a 66 -6.20 -5.84 0.75 0.79 1.60 195.3 185 45
b 109 -6.27 -5.89 0.73 0,78 1.67 183.6 241 52
c 378 6,46 -6.06 0.74 0.77 1.64 223,33 278 62
d 4  -6.u4 -6.09 0.72 0.80 1;74 26G.2 356 68
e 22 =6.97 <-6.67 0.74 0.82 1.64 156.5 2095 185

derived from the fragmentation of beach stones larger
tnan 12.8cm, since the supply of large non-porphyritic
stones on the beachnes 1is greater than that of porphnyritilic
stones (Plates 7 & 8).

The mean values of stones from different zones
of the coastline shown in Fig.6.3 indicate that the size
of porphyritic stones tends to decrease from west to east
whilst that of non-porphyritic stones incresses (Takle 6.3
d & e). An explanation of this relationship is problem-
atical but it is more likely the result of beach sorting

than of any glacial processes.

Correlation of morphometric snd silze indices

Tables 6.4 and 6.5 show correlation matrices of

the 1y morphometric and size indices of all the porphy-
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ritic and non-porphyritic stones respectively. PFoth tables
indicate that the majority of the indlices are interrelated
to some extent. For botn essexite types there is a strong
negative correlation of -0.96 and -0.%4 between S and F.
King and Buckley(1968) also found that these indices were
nignly correlated and suggested 28 a result tnat only one
of them 1s needed as an index of stone shape. On the

ssme basis 1t is clear that only one of MPA and MPV needs
to be calculated since correlation coefficients of 0.89
and 0.96 are recorded. The ratios b/a, c¢/a and ¢/b are
highly correlated witn AR, F and F respectively =2nd can
therefore be discarded. A(phi) and B(phi) are highly corr-
elated with a, b and ¢ and therefore aprear to be super-
fluous. There 1s a relatively high correlation between R
and a for porpunyritic stones (+0.85) but for non-porphy-
ritic stones the correlation coeffliclent is negative and
low (=0.21). Therefore, including R, the critical indices

appear to be S or F and MNPV or MPA,

Comparison of morphometric indices for glacial, fluvio-

glacial and beach stones

To 1llustrate the differences in morpnometric
indices between the three categories of essexite stones,
graphical plots of overall and individual mean values of
different size grades of porpnyritic and non-porphyritic
stones for some of the indices are shown in Fig.6.4.
These plots indicate firstly tnat the areas enclosing

mean values for glacial stones have a small overlap with
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arsas enclosing teacn stone mean values. On the other
nand, the aress enclosing mean values for fluvioglacilal
stones tend to overlap to a large extent with those
encloging mean values for beach ctones. Thls relation-
ghlip 1s perhaps better illustrated in the overall mean
values of the tnree categories; 1in each plot the two
overall mean‘values for fluvioglacial stones (F,f) are
located closer to the beach mean values (R,b) than to the
glacial mean values (G,g). The juxtaposition of the
overall mean values for the three categories can be ex-
rlained in the following manner. The processes acting on
glaclal and beach stones produce perticles with relatively
distinctive morphometric properties. Glaclal processes
include crushing and abrasion whilst abrasion is the
dominant process acting on beach material., Abrasion is
also the dominant process in the fluvioglacial environ-
ment but apprarently has not brought about the same degree
of rounding a2s beach abrasion since fhe overall mean
valuee for fluvioglacial stones lie between those of
beach and glaciel stones, which suggests that they retain
some of the charscteristic morphometric properties asssoc-
iated with glacial stones.

‘ The overall mesn values also suggest that the
effect of lithology in determining the wmorphometry of
stones derived from that source remains high in the glacial
and fluvioglacial envirocnments but is slignificantly
reduced winen subject to beach processes. Thils 1s shown
by the relative distances between the overall mean values

for the two essexite types in the three categories.

158,



Mein vaiies of 5ixe grades
BHeach (porpngritic)
. Beacn (noa-porpnyritic)
094
Axial o Fluviogiacial (porphyritic}
ralio & Fluv.aglacial (ron-porphyritic)
° Glaciai { porphyritic)
. Glacial (non-parphyritic)
08
Overall me.n valyes
. ' F 55\_ g Porpry-itic
Al i i
A g 8 .'\\ A G Nen-porphyritic
oo Tt
074 SResf W
A o
T~
&
Sphericity
06 -
0.5 06 0.7 08 -] 10
0.9,
Axial
ratio
0&
0.74
Flatness
Tz 15 25
C
Roundness
2\
Dl
A
s N .o LI
200 Le ey ok A
\ Ne AR
Cm =T NS
(o"'--.,___._.-—-” \‘
'h..“ A
"""-.._,___ L4 [
S i N
S
W00 ==~ ﬁ"'--.__.
“‘“-D
Flatness
2 15 i 20
i zure 6.0
rALio azalinst Fhnerlicl ‘Jd n




Glacial and fluvioglacizl values are consistently farther
apart in all the plots tnan the beach overall mean values.
This suggestis tnat tne initial difference in suape caused
by the contrast in the jointing characteristics of both
éssexlte types hes been minimised. Beach stones, how-
ever, have been derived from €11l and fluvioglaclal de-
rosits flanklng the shores of the Firth of Forth. They
have therefore already unﬁergbne processes acting in one
or bbdth of these environments so that the effect of Leacu
processes has been superimposed on the morphometric rrop-
erties resulting from glaclial and fluvioglacial activity.
Considering the probable long exposure of the beach essex-
ite stones to beach processes (McCann & Owens,196%; Crofts,
1974) and tne similarity of the morphometric properties

of these stones to those of fluvioglacial stoues, the
results from the present analysis support the view express-
ed by King and Buckley(19€€) that desplte the short-lived
nature of the meltwater environment it is very effective

in rounding stones.

Multiple discriminant analysis

Although the plcts in Fig.6b.4 ludicate that the
glacial, fluvioglacial and beach environments can be diff-
erentiated according to certain morphometric properties,
the conslderation of sny single i1udex does not satisfact-
orily distinguish between them. A simlilar situatlon 1is
represented in Fig.6.5. 1If Mj] and Mo are two morpho-

metric indices, A and E are clusters of individual stones
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from two environments and a and b represent the two
overall means or centrolds, there 1s clearly a large
degree of overlaypy along the M, and M axes. [owever by
projecting a line through thne intersecting points of the
two clusters, tne degree of overlap on the line F is re-
duced to a winimum. This search for the measurement
glving tne maximum separation between two populatious is
the basic principle of multiple discriminant analysis.
This 18 a technique tuat has only receatly been used in
geography (e.g. May,1972; Anderson,l974; Matthews,1976).
The tecinlque is most beneficial when there are wmore than
two populations of objects, with several weasurements
made on each object. Tne distinctiveness of each pop-
ulation can be determined in terms of a welghnted combin-
2tion of thne measurements.

In Fig.€.5 line F is a discriminant axis since
it achleves the best separation between the two clusters
by minimising 4/, where d 1s the dlstance between two
overall means and & is the common standard deviation.

For each additionazl cluster 2 new discriminant axis is
reguired. This d/o measure 1s known as the Mahalonobis
distence and two-dimensional representation of Mahalo-
nobis distances between clusters can be made by project-
ing the centroids on to the first two discriminant axes,
wnich account for as much as possible of the discriminat-
ion between the clusters (Webster & Burrough ,1974).

Since Mahalonobis distance is approximately distributed as
chi-square, the degree to which an individual ot ject is

characteristic of its class can be defined statistically.
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efinltion of discriminant asxis.







Where individuals are widely scattered about the class
mean they may be closer to the means of other classes tran
to their own class mean. Confldence circles at glven
levels of probatrllity can be placed around the centrolds
to lndicate tne degrec of overlap between clusters. Full-
er explanation of the technigque and examples of itis use
are given in Casetti(196L4), Healy(1965) and Webster and
Purrough(1lS74). The tiomedical computer program BMDO?M
was used to carry out multiple discriminant analysis on
the glacial, fluvloglacisl and beach data (Dixon,1973).
The calculation is carried out in a stepwise wanner and

8 variable iz selected or delsted according to its F-
ratic. The two-dluwensional plots on the first two dis-
criminant axes of different categories of essexite stones
are shown in F1g3.6.6 to 6.9.

Fig 6.6a and 6.6b show individual plots for the
porphyritic and non-porphyritic stones using all 14
morphometric and size indices. The centroids and ¢5§
confidence circles for the different size categories are
indlcated., For both plots the size index A(phl) zccounts
for more than %0% of the total dispersion with B account=-
ing for the rest. Tables €.6a and 6.6t are similar in
that a greater proportion of the beach and glacial stones
are closer to their centrolds than the fluvioglacial
stones are to the fluviozlaclal centroid. The large
degree of overlap of tne confldence circles indicates
that the differentiation between the three categories is
not large.

Flg.6.6c rsveals a similar pattern of the centroids
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to that shown in Fig.6.4 in that the beach centroids (B,b)
for botn essexite types are closer together tuan the
glaciel (G,g) and fluvioglacial (F,f) centroids. What is
not evident in Fig.6.4, but 1s 1llustrated in Fig.6b.6c 1s
the progressive decrease in distance bebween the cghtroida
for both essexite types from a comparatively 1arge\gap
between the glacial centroids to & progressively ama%ler
gap between fluvioglaclal and besach centrcids. Sinceia
size index (A{phi)) accounts for most of the disperaloﬁ
(Tavle €.6), this progressive decrease indicates that the
differentiation in size between stones of the two esééx-
ite tyres 1s most pronounced for glacial stones and becomes
progressively less for fluvioglacial and beach stones.
This suprorts the view that crushing is the dominant glac-
ial process, which tends to sccentuste the size contrast
Letween the two essexite types by bdbreaking up stones into
Joint-controlled blocks. The dominant process in the
fluvioglacial and beach environments, on the other hand,
1= abrasion which no longer brings about further aiff-
erentiation in terms of size hetween the two essexite
types. Furthermore, the sorting actioun in botn these
environments would tend to lead to esscxite stones of the
same size being found together in the same deposits. The
fact that the centrolds for porphyritic stones are closer
together than the centroids for non-porphyritic stones
can be attributed to the smaller range of sizes of por-
rhyritic stones over the three categories compared to
non-porphyritic ones.

Fig.€.7 stows plots using the seven size indices
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only (i.e. a, b, ¢, A(phi), B(pnl), MPV & MPA), Individual
plots for the two essexite types (Figs 6.7a & 6.7b) indic-
ate simlilar distributions of the three centroids. Once
more A(phl) accounts for most of the dispersion with a
accouniving for tue rest (Tavle 6.7). <The glacial and
beach stones agalin record the higuest numbers of stounes
closest to these centroids, whereas fluvioglacial stones
are scattered between tne three categories.

Fig.6.7c shows a progressive decrease in the
distance between the centiroids in the glaclal, fluvio-
glacial and beach categories. A(phi) accounts for tue
ma jority of the dispersion (95.5%) with ¢ accounting for
most of the rest (3.8%7). The numbers of stones closer to
their own centroids (Table 6.7) illustrates once more
that beach and glacial stones record the highest number,
suggesting that these two categories are the most dist-
inctive, whereas fluvioglacial stones to a large extent
display the size cheracteristics of the othner two
categories.

Fig.6.8 shows plots using only the seven mor-
phometric indices (i.e. b/a, ¢/a, ¢/b, 8, AR, F & B). 1In
Figs 6.8a and 6.8b the fluvioglacial and beach centroids
are close together while the glaciasl centroids are sone
distance apart. Table 6.8 indicates that R accounts for
most of the dispersion with F accounting for the rest.
Once more many glacial and beach stones are nearer tneir
own centroilds thaa tune other two centroids whereas fluvio-
glacial stones are widely dispersed between the three

categories.
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Figure 6.7

glaclal and fluvioglacizl centrecids and $5% confidence
for A) porpuyritic E) non-porphyritic and C) porphy-

and non-porpnyritic stones usling size indices only.
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Fig.6.8c again indicates the progressive decrease
in the distance btetween glaclal, fluvioglaclal and beach
centroids, though it is not as warked as in Figs 6.6c and
6.7c. Cince 3 accounts for most of the dispersion (Table
6.8¢), the close proximity of the centroids of botn essex-
ite types in each category suggests that roundness does
not dlstiugulsan lithological contrasts between tne two
essexite types as well as the size indices. Fig.6.8c also
shows tnat the centrold of one essexite type llies closer
to the centroid of the other essexite type 1u the same
category than to centrolds of the other two categorles.
Houndness therefore appears to be the best measure discrim-
inating between the glacial, fluvioglacial and beacn en-
vironments. Andrews and King(l968), McCann and Owens(1969),
Sames (1966) and Gregory and Cullingford(1l$74) also found
that roundness was the most useful measure that disting-
uisined between processes actlng in different environments.
Andrews and King(l968) and McCenn and Owens(1¢9€9) consid=-
ered that measures of shape, such as sphericity amnd flat-
ness, depend on rock type whereas roundness ls a product
of process. This conclusion is confirmed by the present
analysis.

Fig.6.¢ shows plots using the seven morphometric
indlices with eacn category subdivided into size grades
for botn essexite types. Roundness agaln accounts for
the majority of the dispersion with ¢/b accounting for
most of the rest. The glascial centroids are a ccoumpara-
tively distinctive group but the close proximlity of the

fluvioglacial and bveach centroldes indicates that toney
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Figure 6.8

and fluvioglaclial centroids and ¢5% confidence
orpnyritic P)} non-porphyritic 2ndé C) porphy-
rphyritic stones using morphometric indices
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have similar roundaness characteristics.

As roundness appears to be the best measure that
distingulishnes btetween stones subject to glacial, fluvio-
glacial and bteach processes, differences snould be appa-
réat la frequency histograms of the data. Percentage
frequency nistograms of various size grades of stones of
toth essexite types are shown in Figs 6.10, 6.11 and €.12.
It 1s clear that histograms for glacial stones are dist-
inct from those for the other two categories in that the
ma jority of values for glaclal stones are grouped ianto
low roundness classes. The histograms for fluvioglacial
and beach stones, on the other hand, have fewer stcnes
of low roundaness and a greater range of roundness values
than for glaclal stones. The Histograms for fluvio-~
glaclal and beach stones are also difficult to dlstiagulsh
from one another and thls supports the view expressed
earlier that the dowmlinance of abrasion 1ln these two en-
vironments combined with the low efficiency but long
duration of beach processes on the one hand, compared
to thne short duration but nigh efficleacy of fluvioglacial
processes on the other have led to a close correspondence
in the roundness characteristics of stones in tnese two

environments.

Bulk density and uunlaxlal compressive strength of essexite

In chnapter 5, evidence for the crushing of non-
porpnyritic essexite stones, cniefly along bedrock joints,

was presented. However, the fact that few essexite
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Table 6.6 Data from multiple discriminant snalysis:

(a)

(b)

(e)

(d)

(e)

ell variables

Centroids to whnich porphyritic stones are nearest

g b s

180 41 p
- 16 229 81
f 11 21 33
Froportion of total dispersion accounted for:-
A(phl)=92.8%
B= 7.2%

Centrolds to which non-porrhyritic stones are
nearest :

G B F

674 75 130
B 36 431 148
F 52.. 65 ‘76
Proportion of total dispersion accounted for:-
A(phi)=98.2%
R= 1.8%

Centrolds to which porrhyritic and non-porphyritic
stones are nearest

G B F g b ¢

24 11 §% ¥eRTENY 66
13 e 29 . 6) 257 153
IR 28 . 43 43

- TR HES. |

B H0E TR R LTS uEY

2 6 10 9. .12 286

H o ® = T Q
o
O
-q
[
N
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(f) Proportion of total dispersion accounted for:-
A(phi)=92.1%

B= 4.8%

Table 6.7 Data from multiple discriminant anelysis:
size variables

(a) Centroilds to which porphyritic stones are nearest

g b f

g 165 40 69
b 16 224 g6
f 3 23 33
() Proportion of totel dispersion accounted for:-
A(pnl)=95.4%
B= L.6%
(c) Centroids to which non-porphyritic stones =re nearest

G E F

G 653 66 160
B 25 - 430 160
F W7 70 .6
(d) Proportion of total dispersion accounted for:-
A(pnl)=99.4%
A= 0.67%

(e) Centroids to which non-porpnyritic and porphyritic
stones are nearest

(=]
o
=

g b f

G 526 18 0 194 30 111
B 1y 101 2 K3 253 202
F e ‘R 1 b6 37 53
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G -8 P. g ® £

71 12 0 Sk 27 70
b 6 57 4 15 168 76
f 2 10 2 11 9 31
(f) Proportion of total dispersion accounted for:-
A(pni)=95.5%
c= 3.8%

Table 6.8 Date from multiple discriminant analysis:

morphometric veriables

(a) Centroids to which porphyritic stones are nearest

4 b f

188 41 u5
b 83 149 94
g9 27 29
(b) Proportion of total dispersion accounted for:-
B=95.0%
F= 5.0%
(ec) Centroids to which non-porphyritic stones are nearest

G B F

G 617 120 142
B 199 230 186
F 77 5S4 62
(d) Proportion of total dispersion accounted for:-
R=95.7%
F= L4.3%
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(e)

(1)

Centroids to which non-porphyritic a2nd porphyritic

stones are nearest

Lo B ©

)

g
b
f

G B F £ b f
21y 28 - 93 365 :.98 B
97 81 114 81 135 107
g2. 18 L4 48798 < .86
bl 7 A R6: 183, 2%% 23
§2. 39 53 . 4B 86 n8
10 2 19 ST oy 1

Proportion of total dispersion accounted for:-

R=%94.2%
F= 3.9%
Table €.9 Data_from multiple discriminant analysis:
morphometric variables for different size
grades
(a) Centroids to which porphyritic stones are ncarest
B, &2 83 Dby by by £3. L5 T4
g1 9 8 3 0 1 2 10 2 3
&2 17 .29 3% 2 L 7 14 y 13
g3 10 21 4 1 B 307 30 i 1k
by R9 13 A R6 LA Bl YR - Rl
bo 6 6 14 Eraly 22 185536 7 -18
b3 0 1 1 1 0 2 1 2 1
SRR I SRR P T TR TR S
f, 5 2 2 1 € 2 8 L 10
0 0 2 1 0 2 0 0 6
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(b)

(¢)

(d)

(e)

Gy

Proportion of total dispersion acccunted for:=-

R=71.9%

¢/b=18.9%

Centrolds to which non-porpnyritic stones are nearest
Gy G O3 By By By F Fy Fg
Gy 9 [ 6 0 1 9 L 1 3
G, 27 14 40 10 2 AR8 Y A 23S A3
G3 &7 55 229 20 19 124 41 Ly 59
By 2050 2% . RF G300 A% R0 S8k 18
Ba. . 01Y 21 28 2% 30 i bk 885 . TI27
B3 3 1 7 o v 16 3 1 -
Fi v 3 7 . W ¢ 3 15 € 2
Fy 5 3T 13 3 6 9. 23 6 €
F3 8 &7 22 3 2 7 8 11 10
Proportion of total dispersion accounted for:-

R=81.6%

/b= 8.9%

Centroids to which

stones are nearest

non-porpuyritic and porphyritic

20
59
1;‘.;

N F OO

n
® w w o

QO WS o CF NN O e e N
O . @ QAT e DGRy
[

W

| oo - - SR S o

(@)

SRR - PR e DS = T R - Y s

g8 1
18 ¢
79:9
23 56
2% 31
101
3 10
4 18

5552
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28 51 100 420
11 22 8 11 0
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Gy G 03 By Bo P3 Fi Fo F3 g1 &2 &3 b; by b3 £, f3

x
—

180 1" %50 01 1 3 8 #2504 2, 7 02
g1l50 0 1 0 9 b 4 12 18280 1 b 16’1 5
£37.0.2 0 1 150 6.4 5. 14380 3 2 11%:.7
byi6é 0.3 6.3 ‘17232 7 23198 160 B 10.31 317
Dol 0 . 4B+ 9 18 & 1325 3 K A2 07189 A6 311
bBO 00 &0 Y 0, Xtk 0wl L0 1 T Ok
R P00 BT Q 00y Y 000 PO TR QN2
£4l 050 -0 QRS 5 @ ¥ 1 @078 055 10
§30 0, 2009 BWE QX000 B e UL NS o
(f) Proportion of total dispersion accounted for:-
B=77.7%
c/b=11.8%
Key to symbols
Forphyritic essexite Non-porphyritic essexite
g1=glacial stones <6.hcm Gy=glacial stones <6..icm
go= " y €.4=12,8cm Gp= " " 6.4=12,8cm
ga= » 2 =12, 8cm 03= . b, =12, 8cm
bj=beach stones <6.4cm Bi=beach stones <€.Lcm
bo= * " €.4-12,8cm By= " . 6.4-12,8cm
b3= " " ::12 .80!1} BB"" " N 3""12.80“3
fj=fluvioglacial stones <€.hcm Fi1=fluvlioglacial stones
f2= o " 6.4-12,8cm <6.4cm
fa= . : =12.8cm  F,=fluviogleciz] stones
€.4-12.8cm
F3=f1uv10g1acia1 stones
=]12.8cm

rarticles were present in the till immediately down-ice
of the essexite outcrops implies that this process has

not been vigorous. In chapter 4 it was suggested that
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one of the reasons for lack of essexite fragments may
have been tne strength of the essexite stones which
enabled them to resist the crushing forces operating during
glacial transport. Since no data on the strength of
essexite was avallable, it was consldered desirable to
carry out a standard uniaxial compressive strength test,
In tnis test the force is gradually incressed on the un-
confined specimen in cne direction until fallure occurs.
Four non-porphyritic and five porphyritic essex-
ite blocks were cut from bedrock masses, Care was taken
to eusure that bedroch Jolnts were avolded and, since
compressive strength alters according to the dimensions
of the specimen (Obert et al.,1946), the blocks were
eccurately messured prior to being tested using 2 Losen-
hausen compressive strength test apparatus (FPlate 9). It
was possible with this eguipment to read off the exact
load beling applied at tne time of failure. The results
(Table 6.10) indicate that the mean compressive strengths
of the two essexite types are similar, However the
standz2rd deviation for the strength of the porphyritic
blecks is considerably higher than for the non-porphyritic
blocks. Thie c2n be explained in terms of the different
structure of the two cesexite tyres. In the noun-porphy-
ritic variety the titansuglite crystals are large and
therefore their tendency to fail depends om the align-
ment of the crystal faces: (Farmer,1968); hence the large
dispersion of individual compressive strengthns. The
titanaugite crystals 1In the non-porphyritic variety, on

the other hend, are small and less well formed and

-
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)
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Table 6.1C fesults of uniaxial compressive strength

test on rorpnyritic and non-porpayritic

es=exite

—
fun)
o

lon-porphyritic blocks Compressive strengti(kg/cm?)

1302

1572

1563

lhhh
mean = 1470 standard deviation = 14040

(b) FPorphyritic blocks compressive gtrength(ﬁg{cmz)

1366
1704
997
15%1
1755
mean = 147 standard devisbtion = 208.9
Table 6,11 Uniaxlal compressive sirengtu ol somg

common_rocks (after Fermer,1¢6€&,p.57)

Rock tyrpe Compressive strength(kg/cm?)
Granite 1,000-2,500
Diorite 1,800-3,000
Polerite 2,000-3, 500
Gabbro 1,800~3,000
Pasalt 1,500-3,000
Sandstone 200-1,700
Shale 100~-1,000
Limestone 300-2,500
Dolomite 800-2, 500



Table 6,12 Bulk density of some common rocks (Farmer,

1968,p.15)

Hock type Bulk density (gm/ce)
Granite 2.6=2.7
Dolerite 3.0=3.05
Ehyolite 2.4=2.6
Andesite 2.2=2.3
Gabbro 3.0=3.1
Pasalt 2.8-2.9
sendstone 2,0-2.6
Shale 2.0-2.4
Limestone 2.2-2.6
Dolomite 2.5=2.6
Gneiss 249-3.0

therefore a difference in thelr alignment 1s unlikely to
affect the compressive strength of the block to such an
extent.

4 comparison of the results in Table 6.10 with examples
of the range of values derived for other rock types (Table
6.11) indicetes that essexite is 8 rock of moderately
nigh strength.

Bulk density has a positive curvilinear relation-
ship with compressive strength (Farmer,1968) and is there-
fore another indicator of the resistance of a rock to
crushing. By accurately weighing unweathered fragments

of non-porphyritic and porphyritic essexite and then
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immersing thnem in & graduated flask, the bulk densities
of botn essexite types were determined. A value of 3.05
gm/cc was obtained for porphyritic essexite and 3.06gn/ce
for the non-porphyritic variety. Table 6.12 shows bulk
densities of other common rock types. Only the values
for two other rock types (dolerite and gabbro) egual or

exceed the values obtalned for essexite.

Experiwental abrasion of essexite fragments

It has been shown that abrasion is a particularly
important process in the fluvioglacial and beach environ-
ments. In order to study abrasion and its effect on the
roundness of essexlite stones it was decided that a lab-
oratory experiment should be carried ocut. 1In the field,

a controlled situation is difficult to achleve especially
when dealing witn fossil deposits as with fluvioglacial
and glacial material. However, in the laboratory a con-
trolled situation can be attained by subjecting rock
particles to artificial ebrasion in a2 revolving drum or
similar apparatus.

A number of workers have abraded rock fragments
experimentally in the laboratory. Daubrée(l879) was the
first to use a tumbling barrel to investigate the rate of
wear on rock particles. The most important of his dis-
coveries were that the rate of wear is greater for angular

and large particles than for rounded and small particles,

that wear is a function of abrasion and breakage and that

the observed decrease in the size of particles along a
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stream is a result of selectlve transport as well as of
wear.

Wentwortn(1919,1922b,1922¢) studied abrasion
using a metal drum lined with soft wood. He emphaslised
that many factors control the change in shape, size and
surface texture including size, angularity, rock tyre,
nature of motlion, distance, size and number of assoclated
particles., He demonstrated that roundness increases
rapidly at first and then more gradually, and found that
it was s function of size as well as of hardness.

Marshall(1927) attempted to simulate trne processes
operating in a beach environment. He considered that
"wear" consisted of tnree separate processes; atracslon,
iwpact and grinding.

Krumbein(1l%41b) used a tumbling barrel with a
water feed to study the effect of abrasion on the size,
sphericity and roundness of crushed limestone fragmwents.
His main findings, thot slize is continuously reduced
until ultimately the particle wears away, and that
"roundness and sphericity approach asymptotes" (Krumbein,
1941b,p.4%3) are shovn diagrammetically in Fig.6.13.

Sarmiento(1945) carried out a similar study to
that of Krumbein(1l941lb) on the abrasion of limestone
fragments. Kuenen(1956), in a study of abrasion using a
concrete basin with differently textured floors, sub-
divided the process of wear into splitting, crushing,
chipping, cracking and grinding (i.e. abrasion). tlie found
that large material tends to lose 2 greater proportion of

its welght per unit distance of travel than small material.
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Figure 6.13

Relatlionship between size, roundness and Spherioity,
and distance travelled.




He also showed that the rate of rounding varlies according
to the rock type.

Attempts have been made by Beaumont(1967) and
Drake(1968), for example, to simulate subglacial abrasion
but the correspondence of these experimental processes to
those occurring beneath great thicknesses of ice seems
doubtful due to their inability to simulate processes
that are little understood. In@eed the simulation of
any natural processes by tumbling experiments 1s bound to
bte a poor imitation as Bonney(1888), Krumbein(lS4ulb) and
Kuenen(1956) realised. Nevertheless, it does allow the
effects of abrasion to be studied in isolation.

For the experimental abrasion of essexite mater-
1al it was declided that the revolving drum that had been
used for breaking up the clay aggregates of the till
samples described in chapter 4 should be used. Since an
lmportant factor in determining the shape, sphericity and
roundness of rock particles is size, different sizes of
essexlte fragments were used. Origlinally two size grades
of essexite particles, produced by hammer blows on bed-
rock blocks, were abraded in the drum. However, after
only a short period of revolution many particles were
found to have been broken into pieces.

To avold tnis rapld breakage of fragments which
did not allow a controlled study to be carried out, var-
iously shaped essexlite fragments of two sizes were cut
from a block of the non-porphyritic bedrock using =2
"Cutrock" machine. Three basic shapes in two different

sizes were cut, making 2 total of four large and four
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small "blocks", "blades" and "“triangular blocks".

The total weilghnts of each of the six categories
of shape were derived and the perticles placed inside the
drum together with a welghed amount of particles from a
till sample collected for the determination of 1ts content
of Dalwahoy material (see chapter 4). The till particles
used were those retained on the 32mm, lbom and Smm sieves
in order that the essexite particles would be subjected
to wear from a range of sizes of wmaterial. The steel
drum had a diameter of 17.5cm amd rotated at 40 r.p.m.

After an hour in wotion the drum was stopped and
the essexlite particlesremoved. They were accurately
measured using calipers with a vernier scale which allowed
an accuracy of + O.lmm in the meassurements. The distance
between the sides, edges and corners of all of the cubes
wae measured and the long(a), intermedi=zte(b) and short(c)
axes of the blades and triangular blocks were alsoc re-
corded. The minimum radius of curvature of the perticles
was measured by compsrison with a target of concentric
circles of radii O.lcam to O.5cm. The total weights of
each group of four essexite particles and the total welgnht
of the till particles were recorded. The steel drum was
reloaded and rotated for further periods of 1, 2, 4, 8,

16 and 32 hours, each period of rotation being preceded
by welghings of till and essexite particles and measure-
ment of various axes of the essexlite particles.

The results are shown in Table €.13. Size (1.e.
welght) and roundness values for the two size categories

are shown, but sphericity waes not calculated because



the artificlal shapes chenged little during the experi-
ment. The roundness of the blocks (Fig.6.14; Plates 13 &
14) rises rapidly from an assumed value of 0 up to 2 to
4 hours of rotation, thereafter increasing more slowly up
to 64 hours. For the small blocks, and to a lesser extent
the small blades, roundness appears to reach an asymptote
after 64 hours of rotation. Rounduess values of the
remalanlag categories of particle shapes do not appear to
be approaching a maeximum value after 64 hours of rotatiom.
The roundness values for all tnree shapes of essexite
particles are conslstently nigher for the large particles
than for the swall particles. This corroborates the
results of experimental abrasion given by Krumbein(l%ulb)
and Sarmiento(1l945) who likewlse found that the rate of
rounding was proportional to size. Krumbein(lSulb) how-
ever noted that under natural conditions the competence
of 2 stream may not permit traansportation of large part-
icles wnich will consequently not be as rounded as smaller
fregments. The deviatlons of the polnts represeunting
roundness of particles from a swooth curve as in Fig.6.13
can be explained by the chipping of swall fragments
which resulted in a reduction in rouandness and size values.
The large blocks and blades of both sizes were the only
categories not to undergo culppilong. The small triangular
blocks suffered the most chipping @s a result of thelr
angular corners.

The size of each of the slix categories of part-
icles expressed as percentage weignt are shown in Flgs

6.14 and 6.15. Size decreases rapldly witnla the first
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few hours of rotation but thereafter maintains a slow,
steady decline. Thils supports the evidence of Wentworth
(1619), Krumbein(1l941lb), Sarmiento(1945) and Kuenen(195€)
by indicating that "size will be continuously reduced
until ultimately tne particles will be worn asway"
(Krumbein,1941b,p.493).

Flg.6.14 indicates that the corners of both
emall and large blocks are worn down more rapidly than the
edges and sides. Values for all three measures decline
at a faster rate for the small blocks than for the large
blocks. It might be expected tnat the edges and corners
of the large blocks sunould conversely be reduced more
rapidly as they tend to have a greater roundness thean the
small blocks. This apparent anomaly can be explained in
terms of the difference in the nature of wear on the
large blocks, where it was mainly abrasion, compared to
the small blocks, where chipping also occurred which led
to increased angularity.

Kuenen(1956) observed that tne percentage loss
in weight of a coarse gralned lgneous rock was far less
then for limestone and lavas. The tlll particles used
in the present analysis consisted mainly of a mixture of
sedimentary and fine grained igneous rock. The percent-
age loss in weignht of this meterial was 4l.6% compared
to only 10.57 for the essexite particles. This lndicates
that, desplite the chnipping and abrasion that the essexlte
fragments underwent, they were far better able to with-
stend these processes than the till particles of mixed

lithology.
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Table 6.13 Besults of experimental abrasion of essexite

particles

tiours of rotation

0 1 2 N 8 1® e 61
(a) Rlocks(large)
sides(x) 3.022 3.022 3.022 3.022 3.022 3.015 3,013 3.010

edges (X) U4.221 4,181 4,148 4.130 4.094 L.067 4.007 3.917
corners

(X) 5.085 4.920 4.866 4.815 L4.741 4.700 4.611 4.507
Wwt. (gm) 160.1 159.3 159.1 158.6 158.1 157.0 155.2 152.4

R 0 €6.4 66.4 66.4 66.4 132.7 166.3 199.3

(b) PBRlocks(small)

edges(X) 1.984 1.867 1.857 1.830 1.800 1.765 1.714 1.680
corners

(xX) 2.281 2,159 2,123 2.077 2.032 1.954 1.861 1.792
wt. (gm) 30.1 29.4 29.0 28.6 28.1 26.1 25.2 24.0

R ‘ 0 5448 7340 73.0 73.0 90.3 147.6 147.3

(¢) Elades(large)

a-axis(x) 3.532 3.532 3.532 3.525 3.525 3.522 3.517 3.506

v-axis(x) 1.887 1.877 1.872 1.872 1.872 1.872 1.862 1.860

c-axis(x) 1.345 1.345 1.345 1.345 1.342 1.342 1.335 1.320

wt. (gm) 103.4 103.0 102.4 101.7 101.0 99.1 95.7 1.0

B 0 35.3 56.6 56.8 56.8 113.6 142.2 171.1

(d) Blades(small) I
a-axis (X) 2.557 2.557 2.555 2.542 2.542 2.542 2,527 2,522

b-exis (X) 1.245 1.225 1.225 1.225 1.222 1.222 1,212 1.212

c-axis(X) 0.947 0.947 0.947 0.945 0.945 0.942 0.%42 0.935
Wl (gm) 33.3 33.2° 33.0 32.8 32.5 32:3 32.0 313
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(e) Triangular blocks(large)
a-exds (x) 4.115 4.037 3.977 3.930 3.865 3.810 3.705 3.612
b-exis(X) 2.790 2.787 2.787 2.787 2.787 2.782 2.782 2.780

c-exis (X) 2.072 2,062 2.047 2.045 2.020 2.005 1.982 1.957
wt., (gm) 142,6 141l.4 141.0 140.1 139.0 134.1 134.1 130.5
R 0 49.5 50.3 88.9 76.9 94.4 150.2 208.1
(f) Triangular blocks(small)

a-axis (x) 2,665 2,582 2.532 2.512 2.435 2,162 1.970 1.887

b-axis (X) 1.440 1.440 1.437 1.437 1.375 1.359 1.357 1.350
c-axis (x) 1.407 1.395 1,387 1.372 1.295 1.287 1.157 1.130
wt, (ge) 316 31,0 30.5 28.7 26,0 22,85 20.% .19.%
R 0 33.7 58.8 60.9 50.7 92.5 114.0 136.6

X = mean length measured in cm.

Refore applying the results of the experimental
abrasion of essexite particles to the data derived for
essexite stones in the field, a number of limitations
should be noted. Firstly, as has been mentioned earlier,
the process of abrasion in natural conditions involves a
whole range of complexities with which the results from a
tumbling experiment are not always reconcilable (Ponney,
1888; Gregory & Cullingford,1974). Secondly, some aspects
of the present study differ significantly from other
studlies of experimental abrasion. In the majority of
other studles the sldes of the drum 2re lined with soft
wood in order that attrition between particles can be in-

vestligated, or else the particles are made to move across
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for instance, a simulated stream bed (Kuenen,1956). In
the present study, however, wear has occurred on the
egssexite particles from contact with the steel drum and
otnher particles. There 1s also the point that most ex-
periments have been carried out wlth a water feed (e.g.
Wentworth,1919; Marshall,h1¢27; Krumbein,l941b; Sarmleunto,
1$45; Kuenen,195€), but in the present study water was
absent. Thirdly, only certain shapes of particles were
use”, and the extent to wihich the results are applicable
to the essexite stones measured in the fleld is not eat-
irely clear. Fourthly, the relation of the size of min-
eral grains to the size of porticlesin tne experiment 1is
different to that in the real world situation where thne
mineral gralns are proportionally swmaller. The relatively
large size of winerals compared to the slze of tne part-
icles in the experiment has been partly respoasible for
the cnipplng along cleavage planes.

The most significant result to emerge from tine

experimental abrasion of essexite particles is that

roundness values are generally higher for large particles
than for small particles. Whem: the roundness values for
different size grades of glacial, fluvioglacial and beach
stones are viewed in the light of this statement, many

of the apparent anomalies can be resolved and 2 number

of the tentative views supported. Firstly, the fact

that roundness for different size grades of glacial stones
(Table 6.1b & ¢) decreases steadily with size, thereby
contradicting the evidence from the experimental abrasion,

supports the ldes that crushing is the dominant process
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in the glaclal environment. For porphyritic fluvioglacial
stones (Table €.2b) roundness tends to increase witn size
whicn agrees with the experiment@él abrasion results.
This suggests not only that abrasion is the dominant
process in the fluvioglacial environment but also that
material up to 25.6cm in size was included in the streawm
bedload. For beach non-porprhyritic stones, roundness
increeses slightly up to the 6.4-12.8cm size grede, and
although this is not repsated for porphyritic stones it
implies that abrasion is the important process for mater-
1al of this size on the modern beaches (Table €.3b & c).
However in the 12.8-25.6cm size grede for both essexite
varieties, roundneses falls below the values for the same
slze grades of fluvioglaclial stones, This supports %the
view that fragmentation has occurred on besch stones
larger than 12.8cm as a result of storm conditions whereas
for fluvioglacial stones of this size abraslon rem2ins
the dominant process.

The results from the experimental abrasion,
from the compressive strength test and from the bulk
density analyesis have shown that essexlite is a rock of
relatively high strength that is able to withstand wear
to a greater extent than many other rock types. This
abllity to withstand wear nelps to explain why essexite
stones in the fluvioglacial and beach environments,
although more rounded than glaclal stones, nevertheless
record comparatively low values for the respective eunviron-
ments (cf. King & Fuckley,1968; Crofts,1974). The

relative high strength of both essexite types is consistent

185.



with the view expressed in chapter 5 that glacial crush-
ing of essexlte fragments has been walnly concentrated

along bedrock Joints.
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CHAPTER 7

HEAVY MINERAL ANALYSIS

The results of the dispersion of erratic fragments
in till (chapter 4) indicated that essexite material was
prresent in the till down-ice of the essexite rock outcrops.
In chapter 5 it was shown that essexite stones in the
walls had undergone crushing during glacial transport and
in chapter 6, measurements of roundness on essexite
stones showed that abrasion had taken place during fluvio-
glacial transport. Dreimenis and Vagners(1965,1969,1971)
ergued that crushing of rock fragments or clasts during
glecial transpoft leads to the formation of a2 terminal
grade represented by one or a number of matrix modes.

With a greater distance of travel the matrix mode (or
wodes) increases proportionally to the clast mode.
Similer results were obteined by Gaudin(1926) experiment-
elly.

As a result of crushing of essexite stones dur-
ing glacial transport it might be expected therefore that
e multimodal terminal grasde would be produced, each mode
representing an individual mineral comprising the essexite
rock (see chapter 3). In order to determine the nature
of the dispersion of fine essexite material down-ice of
the outcrops, anslysis of the heavy mineral sand grains
within till end fluvioglaeciasl sand was undertaken. For
the purposes of the present anslysis heavy minerals have

2 specific gravity of more than 2.89.
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The advantage of separating heavy mineral grains
from 8 sample of sand lies in the removal of large quant-
ities of ubiquitous minerals such ss quartz and feldspar
from sedimentary sources. The small residue of heavy
minerals includes detrital material of lgneous and meta-
morphlic origin. There is therefore an obvious applic-
ation of this technique to tracing the dispersion of fine
particles derived from the i1gneous essexite outecrops in
an area covered extensively by sedimentary strata,

The first intensive study of heavy minerals in
unconsolidated materials was made by Boswell(191€) in a
petrological study of North Sea drift deposits. 1In till
studies, heavy wmineral analysis has been mainly used
either to differentiate between till sheets (e.g. Kruger,

1937; Dreimanis et al.,1957; Dreimanis,1960; Moss &

Ritter,1962; Willwan et _al.,1963; Connally,1964) or to
investigaete provenance (e.g. Gravenor,1951; Smithson,
1953; Crampton,l1959; Kalser,19€2; McDonald,1966; Petter-
sson,1968&; Mickelson,19$71; Shilts,1973b).

Since provenance was the main interest in the
present study, one or a number of distinctive minerals
within essexite rock was required 2s an indlcator. As
has already been polnted out in chapter 3, the Mailn
Study Area 1s located within a reglon that includes a
large number of small igneous intrusive outcrops as well
as extenslve areas of volcanic rock that also act as
sources of heavy mineral graluns and contain many of tne
same minerals as essexlite.

Two minerals, however, occurring in both porphy-
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ritic and non-porphyritic essexite were sufficlently
distinctive within tne asrea to be regarded as indicators
of these outcrops. They a&are nepheline and titanaugite.
Nepheline is a rare detrital mineral, lighter than
bromoform (S5.G.=2.89) with a specific gravity of about
2.55-2.66 (Milner,1962). 1t is not an abundant mineral
in essexite (Harker,1960), is difficult to distinguish
from alksll feldspars under the microscope (Cox et al.,
1667) and occurs in the Fintry phonolite, which is a
small intrusive lgneous outcrop situated ¢.6km nortn of
the essexite outerops. It is prone to alteration to
zeolites and cancrinites, and is thus somewhat unstable
and unlikely to be preserved.

Titanaugite forms the dark crystals in essexite
that are large and euhedral in the porphyritic variety
but small and less well formed in the non-porphyritic
tyre. The wmineral has a relatively high specific gravity
of about 3.2-3.6. Although almost indistinguishable
from other varieties of augite in most optical properties,
its colour in plane polarised light 1s characteristic.
The pyroxene group, to which all auglites belong, occurs
about halfway in a teble of minerals calibrated in order
of resistance to weathering. Titanaugite, however, is
"probably the most resistant pyroxene to weathering"
(Ollier,1969,p.56). The mineral also occurs in lerge
quantities in the Campsie lavas (McDoneld,1965). Iliow-
ever the grain size of the lavas is so small as to
obviate the possibility of detrital titanaugite grains

from that source beilng of sand size (YacDonald,pers.comm.).
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The augite minerals occurring in the remalning igneous
intrusions in the vicinity of the essexite outcrops are
non~-titaniferous and generally pele-brown, green or
yellow in colour (Tyrrell,1909; Francis et al.,1970).

Titanaugite rather than nepneline was cnosen as
the indicator for analysing the dispersion of fine essex-
ite material for the following reasons. Titanaugite is
a heavy wmineral whereas nepheline 1s not; analysis of
nepheline would have posed the problem of & flood of
other light minerals. Titanauglte is also far easler to
distinguish under the microscope than nepheline, more
resistant to weathering, occuples a far greater proportion
of the essexite outcrops and is therefore likely to be
in greater abundance down-ice.

During summer 1974 and spring and summer 1975
samples of till and fluvioglacial sand welghing between
1 and 2kg each were collected for subsequent heavy wineral
analyeis. The majority of these were from locatlions in
the Maln Study Area. Of the 117 samples analysed four
were from fluvioglacial sand and the remaining 113 from
till. In the Secondary Study Area five samples were
analysed of which one was from fluvioglacial sand and the
remaining four from till. The till samples in the Masin
Study Area were mainly collected from sections in till
provided, for example, by streams, dralnage ditches and
quarrying activities. In the Secondary Study Area the
till samples were elther from roadworks (samples 30 &
66) or the spoil heap alongside the oll-pipeline trench

from Dalmeny Lo Grangemouth (samples 118 & 119).
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The locations from which till samples were teken
in the Main Study Area were ag evenly distributed as
pessible within and outside the train of essexite mater-
ial as indicated by the previously analysed wall data.
This procedure was carried out in order to define the
limits of the train of titanaugite mineral gzrains and to
produce sufficient data point values for contour mep inter-
polation . Apaert from the closely spaced string of sample
points 13 to 21 and 4 to 6 already mentioned in chepter
L in connection with tracing fragments of essexite, there
is a far more regular pattern of heavy wineral sample
points than of wall stone data points. This is a result
of the greater flexibillty in the choice of sample sites
for heavy mineral analysls compared to the walls. 3Suit-
able sample sites for heavy minerel analysis are common
over most of the Main Study Area whereas suitable walls,
as was discussed in chapter 5, are absent from some loc-
alities. Particular attention wes paild to sampling from
the thin mantle of till on the Campsie Fells in order
that the limits of the erratics traln could be defined in
this area, since no data were svallable here for essexite
wall stones. Two samples were collected from locations
a considerable distance west of the outcrops (samples 74
& 75) in sddition to two immediately west of them
(samples 14 & 33) in order to determine whether essexite
material had been transported westwards from the outcrops
and to check that there was no other source of titan-
augite up-ice of the essexite outcrops. Samples 50 & 51

were collected for the same reasons.



Since no titanaugite grains were identified in
the four till samples from the Secondary Study Area, no
other samples outside the Main Study Area were analysed.

The samples of fluvioglaclial sand in the Main
end Secondary Study Areas were anelysed in order to
determine the nature of the dispersion of titanaugite
grains within these deposits. Unfortunately it was only
possible to obtain samples from peripheral areas of the
erratics train to which these deposits are largely rest-
ricted.

At sample site 12, five samples were taken down
an exposed vertical section of till some 230cm deep. At
site 13, two samples were collected. Samples LO and 41,
42 and 43 snd 46 and 47 were also taken from different
depths at three sites (Fig.7.1). The depth of sampling
in till for heavy mwineral spnalysis 1s important for two
ma Jor reasons. Firstly, the glaclal processes involved
in depositing the till may lead to sequential deposition
(i.e. vertical separsation of material in a section of
till according to distance travelledXBoulton,19702;
Hyvarinen et 2l.,1973). Secondly, mineral grains weather
at various rates. The rate of weathering depends on the
crystal size, shape, perfection and accessibility to the
weathering agent (0Ollier,196%; Birkeland,1974). A
number of workers have placed the commonly occurring
minerals in an inferred order of resistance to weatnering
(e.g. Goldich,1938; Tyler et al.,1940; Brophy,1959; Van
Andel,1959; Smith,1962; Bhattacharya,1963). The effect

of increased weathering on a suite of mineral grains 1is
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to eliminate selectively the non-resistant minerals thus
concentrating the resistant minerals (Dryden & Dryden,
1946; Drelmanis,1958; Van Andel,1959; Stankowska & Stan-
kowskl,1969) so that the heavy minerals are "in = sense,
the survivors of selective weathering" (Sindowski, 1949,
p.9).

The collection of the till samples from different
depths in the same location was undertaken therefore in
order to determine the effect of deptnn on the amount of
titanaugite in the heavy minerel suite. The results of
tids enalyslis will be discussed later in thnis chapter.

The size of send grains used in heavy mineral
analysls varles considerably from worker to worker.
Sindowski(1949) used the fine sand fraction between O.lmm
and 0.05mm. JArnefors(1952) investigated the heavy min-
eral fraction of the materisl passing through the 0.125mm
aperture sieve and retesined on the 0.062mm sieve.
Dreimenis and Beavely(1$53), Dreimenis et 8l.(1657) and
Dreimanis(1960) used the fraction 0.8mm to 0.1 5mm.
Crampton(1959) investigated heavy minerals ranging from
O.2em to 0.02mm in size. Milner(1962) recommended the
use of material less then 0.42mm in size. Pettersson
(1968) used tne fraction 0.105mm to 0.053mm whilst Mick-
elson(1971) concentrated on material passing through the
0.25mm aperture sieve and retained on the 0.0625mm sieve.

Some workers have attempted to overcome the prob-
lem of choice of & suttable size by investigating a number
of size grades. Anderson(1957) included two size grades

of O.5mm to Q.124mm and 0.991lam to O.5mm. Willman et al.
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(1966) used three grades of material; larger than 0.25mm,
0.25 to O.125m0m and 0.125mm to 0.062mm. Enattacharya
investigated neavy minerals in two slze grades, 0.24mm
to 0.12mm and 0.l2mm to O.0bmm on the basis that it "has
been recognised that certain minerals tend to occur in
larger or smaller sizes than others" (1963,p.789).

In the present analysls time did not permit
investigation of more than one size grade of neavy min-
erals. A size grade of 0.25mm to C.l25mm was used
througnout the present study. This size grade has also
been used by other workers luvolved in the analysis of
heavy minerals in till (e.g. McDomnald,1966; Shilts,1¢73a).

The selection of this size grade wes made for
four reasons. Firstly, it was preferable that tne size
cnosen should conform to the geometric scale of silze
grades (Wentworth,1922a) that was used in the analysis
of fragments of essexite material described in chapter 4.
Secondly, thnle size grade meant that single mineral
grains ratner than mineral aggregates would be studied.
Jarnefors(1952) and Young(1966) both used thnis factor in
choosing a2 size grade for heavy mineral analysis. Thirdly,
tuis size of material wes convenient for the latoratory
procedure of neavy mineral separation. Larger mineral
grains tended to become Jammed in the base of the sep-
arating flask. Fourtnly, under the microscope, the size
of the minerals was adequately large to enable identifi-

cation to be made for the most part under low power mag-

nification.
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Laboratory procedure and microscopic anslysis

The colcour of each molst till sample was recorded
in the latoratory using the notation of the Munsell Color
Chart (Table 7.1). Each sample was then washcd turough a
nest of sieves of slzes 2mm, 0.25mm &nd C.l25mm, acd the
fine sand fraction retzained on the latter sleve oven-dried.

This dried flne sand fraction wes coned enéd guart-
ered using a metinod descrited by Krumbein and TFettiljonn
(1938,p.357) until a sample of 15-20gw remained. This
was added tc about 50ce of 1N hydrochloric acld in an
accurately prewelghed 200cc besker and the mixture allowed
to boil. This pretreatment procedure was carried out
slnce examination of ssnd grains beneath the microsccpe
indicated that many of the mineral greins were coated
with authigenic mz=terial, such as iron oxides. Since
this coating interferes with the ppticael identification
of tne mwineral greins it was considered necessary to
remove it prior to neavy wineral separatioun by wmeans of
acld digestion.

wnhen the contents of the beaker nad cooled, the
excess liquid was carefully poured coff, distilled water
added, the sand gralns allowed to settle and the liguid
carefully decented. Thils process was repeated as often
as required to remove the acid, after which the sand
grains were allowed to oven-dry in tne teaker. Accurste
welgning of the besker plus sand was then carried out.

The same procedure was performed ou anothner four
sawples. Then 2 set of five retort stands and separating

195



flasks was set up. BEeneatn each separating flask a filter
funnel containing filter paper wes attached to a retort
stand by means of a clamp and a conical flask was placed
beneath each funnel (Flate 10). With the stop-cocks at
tne base of the separating flasks closed, about 100ce of
fresh bromoform (£.G.=2.89) were added to each flask.
Using a dry filter funnel the sand fraction in a beaker
was poured on to the surface of the bromoform in one of
the sepsrating flasks. The liquid and san¢ grains were
thoroughly stirred with a glass rod and allowed to stand.
At frequent intervals tne browmoform'was restirred in each
flask so that all the grains witn a specific gravity
greater than 2.89 had a chance to sink to the bottom.
After about fifteen minutes, when separation of the light
and he;vy sand fractions had taken place, the heavy
fraction that had accumulsted in the neck of the flask
was run off, by means of the stop-cock, on to the paper
in the filter funnel beneath.

When filtration was complete, the filter paper
was removed and using an acetone wash bottle the heavy
fraction was wasned back into the same beaker that held
the original weighed sand fraction. The excess llquid was
decante? from the heavy mineral grains, the bezker re-
filled witn ecetone and the process repeated as often as
regulred to remove the bromoform, a2fter wnich the heavy
mineral grains were oven-dried. The beaker and dried
neavy minerals were then accurately welgned and the per-
centage of hneavy minerals in escn sample calculated. A

fresn plece of fllter peper was placed in each filter
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funnel and the lignt minerals run into it by opening

the stop-~cock. The bromoform passing through the fllter
paper into the conical flask was poured into darkened
glass bottles for re-use.

Microscopic analysis of heavy mineral greins from
initial samples indicated that of the many opague grains
present, a large proportion were magnetite and llmenite.
Since opague gralns were not the major interest in tne
present analysis, removal of these two minerals was con-
sldered desirable in order that a greater number of non-
opaque mineral gralns could be analysed on a slide. Both
minerals are strongly magnetic 2nd an ordinary horseshoe
magnet or bar magnet is sufficlently strong to attract
tnem (Krumbein & Pettijohn,1638; Dreimanis & Reavely,1¢53;
Milner,1962; Shilts,1973). An electro-magnetic separation
or a more powerful horseshoe magnet (e.g. Crook,1908;
Jéarnefors,1952) was not used since weakly magnetic min-
erals including titansuglte could also have been attracted.

The heavy wminerals frow one sample were spread
on a plece of paper and the magnetic minerals separated
by means of a2 bar magnet placed inside 2 small plastic
bag. As a result of using the bag the magnetic minerals
could be subsequently removed from the magnet with ease.
The magnetic fraction waes then accurately welghed =nd its
proportion of the total heavy mineral fraction calculated.

The grains remalning on the paper were prepared
for permanent mounting on & glass slide. Where there
were too many grains to fit on one slide the sample was

coned and quartered untll e sufficlently small number of

197.



grains were left. Canasda balsam (RBefractive Index = 1.54)

wa2g heated on a cover-slip over & Bunsen flame. After

the balgsam had bolled for a few seconds and cooled suff-

iclently to harden, the cover-sllp was turned over and

rlaced on 8 glass slide that had already been sprinkled

with the heavy mineral grains. The glass slide and cover-

slip were then rehneated over the flame which softened

the balsar once more to allow the trapped air bubbles

to be eliminated. Once cool the excess balsam adhering

to the glass surfaces wos removed with Zylene. The

slide was labelled 2nd stored for microscopic analysis.
For anslysis of tne mounted heavy minersl

grains 2 polarising microscope witn standard festures

was used (see Kerr,195%; Milner,1962; Cox et _al,1967).

Each slide was scrutinised with & low power objective

in a strictly observed manner. Starting in one corner

of a slide a traverse was made along the length of the

slide. Where the horizontal cross-~nalr in the eyeplece

of tne microscope ilntercepted a mineral grain 1t wes

identified and allotted to one of three categories.

These were titanauglite, other non-opaque minerals and

opaque minerals. Where identificetion was difficult a

high power objective was used and the mineral grsin

rotated under crossed nicols in order to investigate

further dlagnostic features. On encountering no more

mineral grains on the traverse the thumb-screw controlllag

vertical movement of the object slide was adjusted two

graduations on the scale and the fleld of view made to

travel in the opposlte direction towards 1ts polnt of
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origin along a line parallel to the first traverse.

With repested traverses to and fro the whole area of

" the slide was sampled. Owing to the extremely weatnered
nature of the mineral grains in some of the samples 1t
was decided that 100 would be the minimum requlrement
for the total number of non-opague grains counted on
each slide altnough otner workers h=ave recommended a
larger number (e.g. Jérnefors,1952; Dreimanis & Reavely,
1953; Bayrock,1962; Willwan gt 2l.,1%963,1966; Fettersson,
1968). If less tnan 100 non-opaque grains, including
titanaugite, had been 1dentiflied on completing exam-
ination of the slide the vertical thumb-screw of the
mechanical stage was adjusted such that previously un-
examined mineral grains intercepted the horizontal cross-
hair. Investigation of the slide was continued until

at least 100 non-opaque grains had been identified,
except in samples 55, 70 and 85, when fewer than 100
gralns were identified owing to the extremely weatnered
nature of the gralns. The results of these analyses
are nowever included in Table 7.1 since relatively un-
weathnered auglite gralns were present on all three
microscope slides. 1In sawmples 23 snd 97 on tne other
hand, the mineral grains were weathered to such an
extent that virtually no non-opaque winersl grains

could be identified. These two samples were dlscsrded:
hence their absence from Table 7.1. Since non-titan-
iferous augite 1s common in the till of the ares and
weathers more readily then titanaugite, its presence

on a slide was used as 2n indication that the sample
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Table 7.1 Results of heavy mineral snalysis

Sam- Grid  Munsell depth ht.slope % % #  Na. mon-
ple ref. (:gig:g (em) (m) (o) zfﬁgy gfgzue tgite gigizg
1 2 3 N 8. 6 ‘s 8 9 10
1 632 792 10¥YR/4/4 60 145 13 5.02 61.3 72.2 133
2 680 788 10YE/8/h4 90 236 8 6.07 92.5 3.8 101
3 684 787 10YR/4/4 90 190 8 2.92 7u4.4 8.1 136
i 661 793 10YE/4/2 60 40O 8 0.10 30.5 11.5 253
5 661 795 10¥YR/4/k 70 419 8 1.04 52.4 7.7 155
€ 660 796 10YR/3/2 80 108 6 9.13 58.2 1.1 185
7 678 788 10YR/8/4 90 236 8 0.40 €3.5 4.5 U447
g 660 781 SYR/3/1 80 168 12 0.8y 69.4 8.9 124
9 660 782 10YR/&/3 70 175 7 0.1y 23.2 6.9 202
10 660 783 10YR/3/4 110 190 7 '0.17 12.0 230 57N
11 660 786 10YR/n/4 80 259 16 4.02 20.3 3. 463
12A 660 780 10YR/u/3 30 152 5 0.50 16.5 3.1 228
12B 660 780 10YB/5/0 90 15 5 0.86 23.1 3.8 286
12C 660 780 10¥B/5/0 130 151 5 1.53 14.1 4.4 365
120 660 780 10YB/S5/0 190 151 5 0.38 18.5 2.0 247
12E 660 780 7.5YR/4/O 220 150 5 0.59 13.5 1.6 315
134 €61 7?77 10YR/3/2 120 130 5 0.65 15.4 1.7 400
13B - 661 777 7.5YB/3/0 180 130 §5 1.53 32.0, 0.9 421
1y 618 797 10¥B/4/4 60 130 18 1.09 38.7 - 174
15 636 788 10¥B/4/4 €60 122 11 1.67 58.7 19.3 150
16 633 791 10YR/3/u 60 146 1y 2.19 74.8 14.0 136
1?7 629 791 10YR/3/3 80 131 8 5.51 50.1 31.5 200
18 637 783 10YR/3/4 60 95 3 1.88 49.8 29.6 287
19 643 784 10YR/G/3 80 145 7 1.34 96.7 ‘21.h 220
20 6u4 786 7.5YR/3/2 80 145 11 2.11 48.6 17.2 197
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1 2 3 b 5 6 7 8 9 10
21 657 788  SYB/3/4 80 259 24 4.13 62.2 10.4 106
22 658 774 10¥YR/3/4 60 91 8 0.10 55.2 4.9 204
2y 659 773 10¥YBR/B/1 60 131 1 0.38 48.7 6.1 212
25 690 805 SYR/3/3 50 381 7 2.82 23.6 1.8 279
26 697 809 SYR/4/2 80 381 9 1.71 36.5 1.0 297
27 697 808 SYR/4/2 170 358 7 2.68 34.5 2.1 189
28 6¢6 806 10YB/3/4 S0 366 12 0.58 27.6 2.6 190
29 721790 7:5IB/4/0 150 152 ' 2 '0.17.1%7.9 0.8 361
830 027 799 S5YB/4/1 + 79 - 0.28 15.6 - 331
31 824 811 10YR/W/3 90 58 3 0.82 15.6 0.7 ul7
32 825 833 10YR/4/3 80 53 5 0.01 14.3 - 216
33 610 800 10YR/3/4 70 145 30 1.04 24.5 - 274
34 634 774 10YR/3/4 80 67 0.54 27.7 2.4 373
35 650 763 10YB/3/4 120 61 O 0.00 31.69 - 194
86 . 721 761 - 10%B/n/3 60 91 16 ‘19100153 - 1589
37 707 760 10YR/4/3 70 130 8 0.04 21.4 - 173
38 839 826 10¥YR/4/2 80 64 1 0.54 50.2 - 101
39 €18 857 10YR/4/1 70 S4 1 0.18 32.5 - 106
80 724 798 10YB/4/2 150 213 7 0.87 71.9 1.6 130
41 724 798 10YR/3/2 600 210 7 1.94 56.8 1.1 174
42 768 813 10YB/3/3 100 165 2 0.79 56.9 3.6 112
43 768 813 10YR/3/1 200 164 2 0.85 30.3 0.9 106
By ~ 722 807 7.5YR/G/2 70 305 7.0.6% 77.5 2.2 178
45 711 805 7.5YR/4/2 80 343 16 1.16 54.7 - 128
46 710 798 10YB/5/0 800 236 7 0.03 23.6 0.8 120
47 710 798 10YE/3/2 700 237 7 0.90 27.4 0.9 106
48 728 806 10YR/3/3 80 267 5 1.63 64.5 1.9 104
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1 2 3 b 5 . 8 7 8 9 10
49 712 796 10YR/3/2 100 213 8 1.20 u44.8 0.6 155
50 634 823 10YB/4/2 150 335 6 5.09 61.7 - 180
51 609 845 5YR/3/3 180 297 18 0.45 60.9 - 136
52 723 823 10YR/3/2 S0 381 10 3.85 78.9 - 112
53 718 823 S5YR/3/4 50 347 9 1.25 78.6 - 124
54 711 818 7.5YR/3/2 70 343 9 0.85 59.0 - 18y
55 706 813 7.5¥R/5/2 S50 419 9 3.93 8&8.2 - 57
56 710 810 7.5YB/4/2 50 399 4 1.03 56.3 0.6 176
s7 718 81y 7.5YB/4/2 50 430 3 0.70 92.6 0.6 171
58 726 813 7.5YB/4/2 50 375 9 1.96 7.4 2.2 186
59 733 8ly 10YB/4/2 50 326 3 0.78 69.6 - 262
60 745 818 10¥YR/3/2 50 338 5 1.01 ‘15.4 2.2 269
61 750 825 7.5YB/4/2 70 305 7 2.92 76.4 0.6 178
62 740 823 7.5¥B/4/2 70 256 2 1.yl 60.6 - 193
63 834 825 10YR/4/2 150 43 7 0.97 82.0 1.0 104
64(s)836 834 - - 83 - 1.81 75.0 - 192
65 816 848 10YR/2/1 150 101 4 0.11 62.7 - 101
S66 153 724 10YR/3/2 + 2 - 1.63 32.4 - 176
67 678 821 10YR/u/2 90 305 4 2.1y 82.5 - 120
68 656 820 10YR/3/4 350 343 6 2.43 72.9 - 112
69 651 815 10YR/3/3 80 450 9 0.8 39.1 - 110
70 656 810 7.SYB/4/2 150 465 9 0.39 75.1 - 66
71 671 81y 10YB/3/2 60 434 14 1.22 60.3 - 151
72 695 826 10¥B/3/3 90 267 13 3.45 34.5 - 216
73 716 833 10YR/3/3 100 247 § 1.82 88.y - 143
74 572 801 10YB/4/2 150 290 25 0.85 85.8 - 101
75 578 7288  SYR/L/#& 60 110 2 0.13 64.3 - 106
76 718 Buy 10YR/3/h4 80 267 16 0.48 69.7 - 100
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1 2 3 n 5 6 2 8 g 10
7. 727 830 10¥YR/N/3 - 80 271 8 1.06 89.5 - 100
78 737 842 7.5YR/u/2 S50 297 11 0.51 11.3 - 322
79 757 Bub 7.5Y¥B/u/2 70 162 9 0.97 16.1 - 187
80(s)748 838 - i 20y = 1,69 51.8 - 216
81 754 841 7.5YR/4/2 100 206 7 0.91 21.4 - 22
82 767 840 7.5YR/3/2 100 177 3 3.86 62.1 - 118
83(s)778 827 “ - 12 - 2.55 84.9 AP & 3
8y 762 834 10YR/4/4 50 259 13 4.70 92.6 - 102
85 763 826 7.5¥IR/3/2 70 268 5 2.02 86.4 - 47
S86(s)955 784 - - 58 - 3.16 68.6 - 122
87 656 799 10Y¥YR/4/1 60 472 16 0.42 75.6 - 108
86 656 803 7.5YB/3/2 80 495 S5 1.27 65.5 - 134
89 674 Bll 10YR/3/h4 50 457 3 2.33 80.9 - 153
90 689 809 10YR/3/2 50 404 4 0.31 41.8 0.6 160
91 700 813 10YB/3/4 50 411 3 0.69 56.6 - 20y
92 627 772 10¥YB/3/4 80 76 3 0.65 58.7 - 165
93 651 768 10YR/3/4 70 53 3 0.41 S50.6 3.2 158
94(s)7u3 781 - - 61 - 0.16 yB.4 - 101
95 686 792 10YR/3/3 70 274 13 0.14 2.94 - 165
96 680 794 7.5Y¥R/3/2 100 366 18 1.60 97.8 1.8 225
98 703 791 7.5YR/4/2 80 221 7 0.52 52.2 1.9 214
69 666 769 7.5YR/4/2 €60 61 1 0,20 %3.2 1.8 16y
100 685 773 10YR/4/3 70 €9 8 0.10 32.4 - 143
101 748 811 S5YR/3/4 60 267 & 1.97 70.4 0.9 111
102 752 BO3 SIR/H/1-1% 1%2 9.0.88 38.8 O . 257
103 776 799 10YR/4/2 200 107 O 0.25 33.0 0.6 158
104 778 801 10YR/4/3 80 122 6 0.16 4l.5 - 160
105 782 812 10YR/3/3 90 122 2 0.32 28.9 - 19y
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1 2 3 o8 6 7 8 g 10
106 797 798 10YR/3/4 90 84 5 O.44 30.8 - 249
107 811 810 7.5YR/3/2 150 76 2 0.35 56.6 - 174
108 785 847 10YR/3/4 60 175 5 20.2 28,6 - 345
109 796 834 10YR/3/3 70 91 13 1.25 52.9 - 219
110 778 827 5YR/3/2 250 146 2 1.28 78.5 - 100
111 699 785 10YB/4/3 80 145 7 ©.10 61.5 1.0 102
112 720 784 10YR/4/4 60 76 4 8.3 64.5 - 311
113 735 788 10YBR/4/4 70 99 8 0.07 39.3 - 30
11 754 788 10YR/4/2 80 91 11 1.27 25.1 - 213
115 752 771 10YR/4/3 100 99 6 0.09 U45.3 - 171
116 795 760 10¥YR/4/2 80 114 9 0.02 30.1 - 100
117 811 774 10YR/3/2 60 107 2 0.29 27.4 - 118
S118 998 786 10¥YR/3/3 + 107 0.19 31.9 - 331
$119 972 796 10YR/3/4 + 78 0«25 61.2 - 175

S = sample 1n Secondary Study Area

(s) = sample in fluvioglacial sand

+ = depth of sample unknown

was not so oxidised that tiltanauglte would be too weath-

ered for identification.

As has 2lready been pointed out, titanaugite gr-

2ins are more or less indistinguishable from non-titan-

iferous augite grains in most optical properties apart

from colour in plane polarised light.

Under crossed

nicols, that is with both polarising prisms so poslt-

ioned that their planes of vibration are at rignt angles

to each other, the extinction angle and interference

20 4.



colours are similar. The crystal form, cleavage structure
and relief of both winerals arc also similar.

The colour of titanasuglte however contrasts
with the yellows, greens and browns of other varieties
of augite. The general impression of the colour of the
grains from essexite is purple (Griffiths,1939; Harker,
1960; Bead,19€2), although titsnauglte has also been
described as purplish brown (Hess,1949), mauve (Wells,
1956), violet end red (Milner,1962) and lavender (Krum-
bein & Pettijohn,193€8). The mineral is slightly rleoch-
roic (i.e. the colour changes 2s the mineral is rotated
in plene polerised light) whereas in other varieties of
eugite pleochrolsm i1s weak or absent (Kerr,1959). This
characteristic however was not used as 2 distingulshing
feature owing to the possibllity of 1lncorrect identif-
lcation. Zonal inclusions of small plagioclasses in the
essexite variety of titanaugite on the other hend did
nelp to confirm 1ldentification in cases where they were
present in the wineral grains (Hatch et al.,1961; Fig.7.2).

In order to help positive identification of the
mineral a type slide of fresh titanaugite gralnswés pre-
pared. A portion of a euhedral crystal of titanaugite
was crushed and passed through 0.25mm and 0.125mm sieves.
The grains remaining on the 0.125mm sieve were mounted
on glass slides in Canada balsam as previcusly described.
Where positive identification of 2 grain on a sample
slide was difficult the type slide was placed over the
sample slide and the objective focused on to the type

slide.
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Hesults and discussion

The results of the 122 sawmples analysed are shown
in Table 7.1. In addition to the National Grid Heference
of the sample site, colour of the moist sample according
to the Munsell Color Chart, number of non-opague graine
counted for each sample and percentage welght of hLesvy
minerals, the other data given were calculated in the foll-
owing manner. The percentage titanauglite 1s expressed as
the percentage ratio of titanaugite grains to all non-
opaque grains. (Opaque and non-opaque grains are conven-
tionally counted separately.) The percentage opaque min-
eral grains was derived from 2 combination of the results
of welghings during laboratory procedure and counts made
on microscope slides. The welght of opaque minerals that
nad bteen magnetically removed from the heavy mineral
sample prior to microscopic analysis was also calculated.
To this waes added the "estimated" weight of opaques within
the non-magnetic fraction tnat was mounted on the slide.
Thls estimated welgnt was calculated from the multipli-
cation of the percentage ratio of opsque to non-opaque
minerals counted on the slide by the welght of the non-
magnetic neavy minerals. The percentage opaque mineral
grains was then determined by calculating the percentage
ratio of botn welghts of opaque grains to the total weight
of the heavy minerals.

The slope of the ground surface in the vicinity
of the sample is a slmple measure based on the perpendli-

cular distance between the two adjacent 25ft (7.6m)
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contours. The angle of slope was calculated by simple
trigonometry and rounded to the nearest degree. The
height (0.D.) in feet of each sample site was determined
from interpclation between contours on 1:25,000 scale
maps and converted to the nearest whole metre.

The results of the analyses of heavy minerals
from different depths within till at the same site (samples
12A-12E, 13A & 13B, 40 & 41, b2 & 43 and 46 & 47) indicate
that there is a tendency for titanauglte percentages to
decrease with depth. At slte 12 titanaugite percentages
rise slightly from sample 122 to 12B but fall substantially
towards the deepest sample (12E). At site 13 the titan-
augite percentage i1s halved over a depth of €é0cm. For
samples 40 and 41 and 42 and 43 titanaugite percentages
also decline according to the depth of the sample. At
the site where samples 146 and 47 were taken, on tne other
hand, the titanaugite percentages are approximately equal.
The overall tendency for titanaugite percentages to in-
crease with decreasing depth 1s more probably a result of
selective weathering of minerals rather than sequentiel
glaclial deposition. This point will be discussed later.

For the five fluvioglaclial sand samples no
titanauglte grains were ldentifled within tne heavy min-
eral fraction. This was probably mainly a result of the
peripneral location of the sample sltes wlthn respect to
the ma jor axis of the essexite erratics train although
i1t way also be a function of sorting during fluvioglacial
transport.

In order to determine whether the factors of
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percentage titanaugite gralns, percentage neavy mineral
gralns, percentage opagues, slope, nelght and depth were
interrelated, 2 multiple regression analysis was carried
out. The results of this analysis for all the tl1ll samples
in the Maln Study Ares are shown in Table 7.2. Altnough
sometimes the significance is high, the correlation coeff-
icient indicates that the relatlonship is weak., The sig-
nificant relatlionsnlp hbetween slope and helght is readily
accounted for since the highest sample sites also tend to
be on the steepest slopes. The significant correlation
between percentage opaques and percentage heavy minerals
can be expleined in that the opaque minerals comprise a
large proportion of the heavy fraction in the majority of
the samples. The significant correlations between the
factors of percentage opaques and slope, and percentage
opaques and helght are a function of the greater degsree
of till weathering, and therefore the greater quantity
of opaque minerals, with increasing heignt and steepness
of the ground surface in the vicinity of a sample site.
The negative correlation btetween percentage
titanauglte and heignht is not surprising in view of the
jJuxtaposition of the erratics train and the topography
of the area. However the significant correlation bet-
ween percentage titanaugite and percentage heavy minerals
is ﬂroblematical. It may be that since intrusive lguneous
rocks provide the major quantities of opaque as well as
non-opaque heavy mineral sand grains in the till, the
large number of samples immediately down-ice of the

essexite outcrops combine high titanaugite with high
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opaque percentages. The remalning samples with low titan-
augite values, on the other nand, record a mixture of

high and low opagque percentages.

Table 7.2 Multiple correlation of results from 113

heavy mineral semples from the Main Study

Area
Fercentage
titanaugite -
FYercentage '
heavy mins. +0.16 -
Percentage 1
opaques NeS. +0.16 ~
!
S].Qpe H.F—'. N.S. +0013 ™
L '
Depth HIS. N-Sl N-So N.?‘o ;"'-50
Percentage Percentage Percentsge Slope Helght

titenaugite neavy mins. opaques
N.8. = not significant
: = significant at 907 level

" = slgnificant at 95f level

]

significant at 99% level

In the same manner in which the wall stone data
were treated in chapter 5, the percentage titanaugite

data for till samples 1n the Main 3tudy Ares were
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subjected to two-dimensional interpolation by means of

the SYMAF contour mapping computer program. Samples from
fluvioglacial sands and tnose samples collected from tue
Secondary Study Ares were excluded as were samples 50, 51,
74 and 75 from the Main Study Area. These last four
samples have been omitted as no titanaugite greins were
identified in thelir heavy mineral fraclions and they are
located at some distance frow the malin group of sample
sites that already define the traceable limits of the dis-
persioun of titaunauglte gralns.

In total, 101 data points were used in the prod-
uction of the contour wap shown in Fig.7.3. GSample 12C
was used to represent the titanaugite percentage at site
12. TFor the remalning sites where more then one sample
was collected, the uppermost sample was used ln order
tnat the deptihs of the samples at these sites should
correspond as nearly as possible to the depths of the
renaining sites.

A different border to that used in chapter 5 was
placed around the data poiuts to form a closely fitting
pelygon. The long axis of the area within the border was
aligned in the same direction as the corresponding area
used for the wall stoune data.

The range of titanauglte percentages was divided
in 2 geometric progression in a similar way to the well
stone data so that there was greater differentiation of
shading at the lower end of the range of titanaugite per-
centages than at the higher end. 35ix levels of shadiug

have been used to represent areas where titanaugite grains
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are interpolated as belng present, and no shading rep-
resents areas that have been interpolated as devoid of
titanauglte grains., A barrier to interpclation was imposed
along 2 line immedistely north-west of the essexite cut-
crops and runs in the same dlirection as the long axis of
the area enclosed in the SYMAP border.

Fig.7.3 shows that titanauglte percentages
decline rapldly in the first few kilometres down-ice of
the outcrops; thereafter the decline is more gradual with
titanaugite percentages not exceeding 2.5 except for an
area represented by the second level of shading some 1l4km
from the source. The width of the train of titanaugite
grains appears to be greater lmmediately down=ice of the
outcrops tapering in the directlion of ice trausport. The
true lateral extent close to the outcrops 1s not as large
as it 1s portrayed however, and thls has resulted from
the interpolation procedure of the SYMAP program. The
wide spacing of nil data point values delimiting the
southern border of the train of tltanaugite gralas
(samples 92, 35 & 100) immediately down-ice of the essex-
ite outcrops has merely resulted in enclaves of no shad-
ing surrounded by areas of the lowest shading level.

Apart from 2 small area ilmmedlately north-east
of the non-porphyritic outecrop thne analysis of the heavy
minerals ensbled the extent of the erratics train to be
determined on the high parts of the Campsle Fells where
analysis of essexlite stones in the walls was not poesible.
Owing to the wide spacing of data points however, the

location of the periphnery of the shnaded area representing
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the extent of titanaugite grains 1s not reliable.

The SYMVU thrée-dimensional grapnic displays of
the data are snown in Figs 7.4 and 7.5. In Fig.7.4 the
major axis of the train is evident, running sligntly far-
ther to the south than the alignment of the long axis of
the SYMAP border. Since the absolute values are shown,
the 1line of generally higher titanaugite percentages along
the major axis is apparent as a serles of humps, 2 detail
that i1s not shown in the contour map. Fig.7.5 shows 2
trend of titanaugite percentage peaks that lies close to
a curve described by a2 negative exponential function (see
cuapter 5). In the light of the poor results obtained
for the wall stone data however, an equation was not
celculated expressing the decline of percentage titan-
avuglte gralas wlth distance from the source.

The contour map of percentage titanauglte values
resembles the contour maps of the wall stone data in
terms of three common features. Firstly, the dlrection
of transport is similer for both titanaugite grains and
essexite stones. Nelther of these two size grades of
essexlite material was found westwards of the outcrops.
Secondly, the lateral extent of both size grades are
broadly similar considering the limitatlons of the SYMAP
interpolation procedure. Thirdly, the rates of decline
ol percentage tltanauglte greins and the porphyritic
escexite wall stones are similar in that both contour
maps show a rapld decline in values close to the outcrop
and a less steep decline east of a point ¢.6km down-ice

of the outcrops.
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Flgure 7.4

SYNVU of titanavglte percentages viewed from the
east-north-east.



Figure 7.5

SYMVU of titanaugite percentages viewed from
tr.e south-south-east.




The clarity of the pattern shown in Fig.7.3 and
its strong resemblance to the contour maps of the wall
stone data indicates that any variation in the percentage
of tltanaugite grains in the samples &8 a result of 4iff-
erent depths, and therefore different degreces of weather-
ing, wmust be slignt.

The similarity in the distribution patterns of
the two size gredes of essexite material is in contrast
to the majority of litereture conceming tue distance of
glacial transport of different size grades of material in
till. Dreimanis and Vagners(1965,196%,1971), Krumbtein
(1933), Kruger(1937), Gravenor(1951,1957), Anderson(1957),
Kauranne(1958), Bik(1966), Pettersson(1968) and Gillberg
(1968a) amongst others supported the view that fine mat-
erial in till undergoes a greater distance of travel tnan
coarse material. Thils paradox may be explained in terms
of thne following reasons.

Firstly, 1t might be argued that the slze grade
analysed for 1ts titenaugite content does not correspond
to the terminal grade of that mineral; hence its scarcity
-at distances greater tnan 6km down-ice of the outcrops.
Dreimanis and Vagners (1971), however, showed that the
terminal grades of heavy minerals range from 0.2%mm to
0.032mm, With major modes in the 0.25mm to 0.12%:m and
0.062mm to 0.032mm grades. The size grade used in the
present analysis therefore falls within the extreme limite,
gnd in fact corresponds to one of the major modes. If
the ma jor mode of titanaugite were in the smaller size

grade (0.062um to 0.032mm), then a peak in the 0.25%mm
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to 0.125mm silze grade would still be expected as the
mineral grains were gradually comminuted to finer ter-
minal grade size fragments.

Secondly, there is 2 possibility that the influx
of neavy mlnerals from other igneous sources might have
led to a dilution of the titansugite grains withln the
heavy minersl fraction. Swmitheon(l953) considered tnat
the introduction of a swmall amount of heavy wminerals
could cause a disprorortionately large change in the
neavy mineral assemblage. For the disperslion of titan-
avgite grains however, 2 major influx of heavy minerals
of sand slze would not be introduced into the till
until the Kilsyth area (g. 6km from the source) where
a serles of quartz dolerite outcrops 1is located (see
chapter 3). The percentage of titaunauglte grains is
however already less than 2.5 at this point.

Thirdly, it 1s possible tnat although crushing
of essexite stones has taken place during glacial trens-
port, 28 results discussed in chapter 5 indicate, thne
imherent strengtn of the rock mignt give rise simply to
the breaking up of single stones into a few pleces with
little fine msterial produced (Holmes,196C). However
Beaumont(1967) argued that crushing of coarse grained
lgneous rock fragments of less than 1lOcm in dlameter
gave rise to 2 breakdown into individual minerals. Slnce
porpuyritic essexite tends to become comminuted to
fregments of this size or less as & result of the closely-
spaced joints (see chapters 3 & 5), @ large supply of

minerasl grains could be expected. Furthermore analysis
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of essexite material in the till samples described in
cnapter 4 indicated that many pebtles were of the non-
porphyritic a2s well as porphyritic variety. Therefore
the strength of the rock cannot be the reason for the
low amounts of titansugite in the till samples down-ice
of the essexite outcrops.

Fourthly, 1t might be suggested thet, since
titansugite 1s only one mineral within essexite and the
ecsexite outcrops themselves are of limited areal extent,
the low percentages of titansugite could be expected.
However the high percentages of titanauglte recorded for
samples locsted within = snort distance down-ice of the
outecrops (samples 1, 15, 16, 17, 18, 19 and 20) appear
to contradict this argument. Furthermore titanaugite in
fact constitutes a large proportion of both varieties of
essexite.

Fifthly, the views of Donoven and James(1967)
and Shilts(1973b) might be chosen in preference to those
of Dreimenis and Vagners(1971) et al. to explain the
rapid decline in titanaugite percentages with distance
from the source. These workers considered that the
ma jority of thne fine as well as the coarse till material
undergoes short glacial transport. Donovan and Jawmes
(1967) found that the larger erratics undergo the greatest
distance of travel and Shillts(1973b) showed that the
distribution patterns in till for the boulder and fine
material from various sources in southeastern Cuebec
were similar.

On the other hand, if the views of Drelmsnis
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ang Vagners gt _al. are accepted, the rapld decline in
titansuglte percentages may be explained in terms of
different modes of transport by the glacler ice. Thls
point has 2lready been made in connection with the
analyslis of the content of essexite fragments in till in
chapter 4. Subglacial transport of this material con-
tresting with an englaclel trensport for the lerge num-
ber of essexite stones now in the dry stone walls was
one of the pessible explanations gliven for the unexpect-
edly low a2mounts of essexite in the till down-ice of the
source. The low amounts of titanaugite in the till
appear to lend support to this view. Discussion of this

matter will be continued in chapter S.

Irend curface snalysis

Using the same computer program that produced
the trend surfacesof the wall stone data, first, second
and third order trend surfaces of the titanaugite per-
centages were derived (F1g.7.6). The #RSS for each
surface and the corresponding level of significance are
given in Table 7.3. All three surfaces are sigunificant
at 2bove the 99% level as revealed by tables based on
F-ratics in Norcliffe(1969).

Table 7.3 Percent reduction in sum of squares and

significance levels of trend surfaces of
neavy wineral data

First order quadratic Second order cubic Third order
#BSS s1gnif.  #BSS ¥RSS  signif. #BSS #BSS signif.
14.7 0.01 9.0 23.7 0.01 5.8 2%.5 0.01
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The first order trend surface shows a similar
west-soutnh-west to east-north-east alignment to the
corresponding surface for porphyritic (EA & EN) stone
data. As for the wall stone data the large contrast
between high values immediately east of the outcrops
and low values farther east has controlled the direction
of the trend. The first order trend surface gives
the hignest ZRSS of the three surfaces as for wall =tone
data.

The second order surface assumes 2 broad tongue
form. The low #BSS attributable to the quadratic com-
ponent compared to the linear component results in part
from the large contrast in values for data points close
to the essexite outcrops.

The third order surface 1s in a narrower tongue
form not dissimilar to the trend surfaces of the wall
stone data. Tne fact that the second and third order
surfaces correspond more closely to the original titan-
augite percentages then the same surfaces did to the wall
stone data probably results from the more eveun distrib-
ution of the data points. The value for the nearest
neighbour statistic of Clark and Evans(1954) for the
101 heavy mineral sample sites used in the trend surface
enelysis was 0.77 for the smallest rectangle enclosing
the erea within the SYMAP border, and C.94 for the area
within the border. These two results indicate that the
distribution is not far from being random, which is
represented by a value of 1. Thus the heavy mineral

gample sites are very close to being randomly distrib-
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Second order trend surface

Third order trend surface




uted within the SYMAP border. Since a random or pref-
erably, even distribution of data points 1is required for
trend surface analysis to produce rellable results, the
trend surfaces of the neavy wmineral data can be regarded

as of greater value than the trend surfaces of the wall

stone data.
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CHAPTER 8

EVIDENCE_OF OLACIER ICE MOVEMENT IN THE MAIN STUDY AREA

AND ITS ELELATIONSHIP TO THE ESSEXITE EBREATICS TEAIN

"The narrowed ends of the boulders...
pointed one way, like index fingers"
(Miller,1884,p.178)

The literature discussed in chapter 2 shows
that an erratics treln indicates the overall direction
of former glacler ice movement in an area. Other ice
direction indicators, such as striae, the long axes of
ice-moulded features and the preferred orientations of
till fabric studies on the other hand, reflect local
variations in ice direction. The parallelism of striae,
ice-moulded features 2and till-particle orientatiouns
has been demonstrated in 2 number of studies (e.g. Alden,
1905; Wright,1912; Wright,1957; Gravenor & Meneley,1$58;
Paranowskl,1970; Harris,1972; Walker,1973).

An analysis of these three indicators of small-
scale variations in ice direction was undertaken in the
Malin Study Area with the purpose of comparing the dir-
ection of lce movement shown by them with that of the
essexite erratics train. It was hoped that such a
comparison mignht nelp in the interpretation of the
manner in which the essexite erratics nad been distrib-

uted.
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Ti1ll fabric analysis

Miller Snr.(1850) was probably the first to
note that stones in till tend to lie with their long
axes paralleling the direction of nelghbouring striae.
Miller Jnr. noted that the "longer axis of the stones 1is
often directed in the line of glaciation" (Miller,188y,
p.167). In North America Hind described the orientation
of till stones in 1856 (Elson,1966). Bell(l88&) observed
a tendency for boulders on Swiss glaclers to assume a
longtitudinal position with respect to ice flow. Upham
(1891) described elongeted stones in lodgement till with
thelr long axes parallel to contiguous striae. The first
systematic investigation of till fabrics wes made by
Richter(1932,1933,1936). He established quantitatively
the relationship between preferred orientation and ice
movement and 2ls0 noted a secondary tendeuncy for align-
ment of long axes transverse to flow.

The single most significant contributionm to
the study of till-psrticle orientation was made by
Holmes(1941). He confirmed that stones align themselves
either parallel or transverse to ice flow direction. He
sug:sested that the former attltude resulted from pebbles
being dragged along shear planes in basal ice layers
and at the 1ice-till contact whilst orientation trans-
verse to flow was a result of rolling into positicn by
rotation about the longest axls during total lmmersion
in ice. He also studied the effect of size, shape and

roundness of the constituent stones on the orientation
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with respect to ice flow direction, concluding that
small chenges in these parameters had a profound effect
on the orientation of the stones.

Harrison(1957b) noted angle of plunge or dip
as well as azimuth direction of particle long axes. He
found that there was a tendency for long axes to dlp up-
glaclier and concluded that this had been a direct result
of processes acting 1ln the transporting wedium. Wright
(1957) agreed with this view, finding not only that pre-
ferred orientstion of long axes paralleled the =2lignment
of neighbourling drumlins, but also that the stones had
an up-ice dip averaging 23°.

In Britain the first important study of till
fabrics was carried out by West and Donner(1956) on
tills in East Anglia. Paden-Powell(1948) had post-
ulated two separate directions of 1lce movement corr-
esponding to Lowestoft and Gilpping Advances on the basls
of the lithology of the till matrix. West and Dounner
(195€) inferred the same directions of ice flow from the
results of till fabrics.

Glen, Donner eud West(1957) epplied the work
of Jeffery(1922) and Taylor(1923) on the theoretical
behaviour of particles suspended in a viscous fluld to
explain the alignment of particles in till. Taylor(1923)
had shown that ellipses in a shearing watergless medium
guickly assume a position with the long axis parzllel to
flow but, after a long period, develop & transverse long
axls orientation. Using this evidence Glen et 2l.(1957)

suggested that particle orientation in till occurs by
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viscous flow in glacler ice.

Later work, however, revealed that orlientation
could also occur within lodgement till. MacClintock and
Dreimanis(1964) showed that an ice sheet could cause re-
orientation of particles in unfrozen, overridden deposits
to a depth of 10.7m. Gravenor and Meneley(1958) con-
sidered that fabrics developed as a result of transport
of subglacial till. Detailed studies of modern glacial
sedimentation, such as the work by Boulton(1%68,1¢70a,
1970b,1971), has led to other workers (e.g. Niewlarowski,
1969; Lindsay,1970; McKensie,1970; Drake,1971; Mark,1974)
attempting to distingulsh between fabrics produced by
subglacial, englacial and supraglaclal processes.

Since the early 1960's mucn attention has been
turned to the problems of sampling. Kauranne(l960),
Andrews and Smith(196€), Andrews and King(1968), Johan-
sson(1968), and Young(1969) showed that considerable
variation of preferred orientatlions occurs in till
fabrics over short distances. The size of sample re-
quired to obtain a representative pattern of particle
orientatiocns has been studied by & number of workers
(e.g. Harrison,1957b; Kauranne,l1960; Andrews & Smith,
1966; Young,1969; Andrews & Smith,1970). The effect
of size and shape of till perticles on till fabric
orientation nas received greater attention in recent
years following the early work by Holmes(1S4l), (e.g.
Andrews & King,b1968; Krtger,1970; Ramsden,1970; Drake,
1974).

The problem of operator variznce in sampling
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till fsbrics has tecn investigated during the last decade.
H111(196€) studied the results of a number of operators
measuring the sawme artificlial till fabric. He found that,
althougn wmeasurement erirors on individual particles
amounted to 30° or 40°, the fabric patterns obtalned were
similar. Kriger(1973) in a similar study observed that
most errors resulted from inaccurate measurement of the
orientation of particles with dips of 50° or more.
Statistical treatment of till fabrics has been
the subject of considerable work. Two-dimensional methods
for deriving preferred orientations have been in use since
the early quantitative studies on till fabrics (e.g.
Peiche,1938; Krumbein,1939; Curray,1956; Harrison,1957a;
Kauranne,1960). With increasing interest in the analysis
of perticle dip following the work of Harrison(1l957b) tne
development of mwethods for deriving 2 three-dlmensional
solution has taken place (e.g. Stelnmetz,1962; Andrews &

Shimizu,1566; Ramsden,1970; Mark,1971,1973,1974).

Metnodology

In the Maln Study Area twenty-five t1ll fabric
analyses were carried out. The locations of the sample
sites of these till fabrics are shown in Fig.8.1l. These
sites were distributed as evenly as possible throughout
the Main Study Area but Fig.8.1 indicates that the maj-
ority are clustered along the south- and soutn-east-
facing scarp slope of the Camrsie Fells and this reflects

the availability of suitable till sections in the area.
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Till 1s comparatively thick along the lower parts of the
scarp slope of the Campsies and is accessible at a number
of stream sections. O(n the higher and steeper parts of
the Campslies, however, till is for the most part absent,
thin or covered by peat deposits. In only 2 few localities
do patches of thnicker till exist, and these providel sites
for samples 4, 21 and 24.

No till fabric analyses were possible along the
Kelvin-Bonny Water valley or the Carron Valley owing to
the occurrence of thick alluvial and fluvioglacial dep-
osits. OUmn the undulating ground east and north-east of
Cumbernauld no suitable sites for till fabric analysis
were found, and only the excavatton of an oil-pipeline
trench running north-south across the area east of Denny
gave rise to the avallability of suitable till sections
in the north-eastern part of the Main Study Are=a.

At three sites, two till fabric analyses were
made to determine if there were significant differences in
the fabrics. Samples 1€ and 22 are located & few
kilometres west and north-west of the essexite outcrops
and they were carried out to determine the direction of
ice movement west of the outcrops.

Ideally the winimum depth for till fabric anal-
ysis should be 100-150cm. FPelow this depth postglacial
disturbance of till particles as a result of, for example,
frost action, soil creep and the action of tree roots is
unlikely (Eeaumont,1971). Some workers, however, have
carried out till fabric analyses at shallower deptns.

Harris(1967) investigated till fabrics at depths of less
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than ©0cm, J&rnefors(1952) at 50cm and Cowan(1968) at
depths of 25 to 30cm. In the present analysis all till
fabrics were taken at deptns of greater them 100cm,
except samples 5 and 10 which were sampled at depths of
90cm and 80cm respectively (Table &.1).

Having selected a suitable site, a horizontal
suelf c.30cm? was carefully excavated within fresh till
by means of a mattock. A norizontal surface was used in
preference to a vertical face since with the latter
"there 1s a2 great temptation to select pebbles that are
projecting out of the face" (Andrews,157le,p.ll). Other
workers have also used 2 horizontal surface for this
recson (e.g. Kauranne,1960; Andrews & King,1968; Kirby,
1669; Young,196%9; Lineback,1671).

From this shelf, till matrix was carefully scraped
away with a penknife to reveal the macro-particles. All
particles were excavated and inspected to ascertain their
suitability for inclusion in the till fabric sample. If
two particles were touching they were rejected, as were
all particles known to be in the vicinity of large boulders.
Other workers have further selected or rejected particles
for till fabric analysis on the basis of the a:b ratlo
of the particle axes. An a:b ratio of 3:2 is the most
commonly-quoted winimum figure (e.g, Wright,1957; Burke,
1669b; Kirby,1969%; loung,1969; Krtger,1970; Evenson,1971;
H111,1971; Mickelson,1971), although ratios of 2:1
(Andrews ,1963; Beaumont,1671), 1.7:1 (Mickelson,1973;
Drake,1971) and 1.3:1 (RBamsden,1970) have also been used.

In the present eanalysis, however, the effect of shape on
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the orientation of particles was to be investigated and
therefore particles were accepted if the direction of
thelr long axls could be readily determlned.

The size range of particles accepted for till
fabric analysis varies considerably from worker to worker.
Krtiger(1970) and Mickelson(1971,1973) used particles with
2 long axis length of between 1 and 10cm, J&rnefors(1952)
and Young(l969) stipulated particles less than 10cm and
Andrews(19€63) used a range of perticle sizes hbetween 0.8
and 1l0cm. Andrews and Swmith(1966) only investigsted the
long axes of particles larger than lem while Furke(1969)
and Niewlarowski(196%) measured the orientetions of part-
icles larger than lcm and less than l5cm. Ramsden(1970)
studied particles down to O.fbem in a2 few instances but
usuvally concentrated on perticles larger than 2.5cm.
Kirby(1969) used & size range of (0.5 to 25cm with most
particles btetween 2 and 3cm. Although in the present
analysis no strictly defined size 1imits were adhered to,
the size range of 1 to 15.7cm and an average of 3,lcm do
not differ greatly from the corresponding values guoted
by other workers.

A sample size of 50 particles was used for each
of tne twenty-five till fabric samples. This number of
particles has teen used by many other workers (e.g.
Jrnefors,1552; Hoppe,1952; vWest & Donner,l19¢56; wWright,
1657; Norris,1962; Andrews,1¢63; Day,1971; Mickelson,1971;
Cowan,1968), although 100 particles have been generally
accepted as standerd (e.g.Holmes,1941; Eeaumont,1967; Scott

& St.-Onge,1968; Fenny & Catt,1967; Niewiarowski ,1969;
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"Drake,1971,1974). The swaller sample size was chosen
since tne emphasis was on investigating the direction of
ice movement rather than glecial processes and it wes
therefore "desirable to take 2 large number of samples
with less observations per sample, retner than to increase
the number of till-stones per sample" (Andrews,1971b,
p.325).

The orientation and dip of each selected particle
were both weasured to the nearest 5° using a Suunto comp=
ess/clinometer. Farticles were rejected Af the long axis
wes found to dip at an angle greater them 60°. Some
workerse have also used this limit for measuring dip (e.g.
Kirby,1969; Young,1969), others preferring different
limits of, for example, 70° (H111,1971), 40° (Krbger,1970)
and 30° (Jonansson,1968). Iu the majority of studies the
orientation of all particles has been analysed regerdless
of the angle of dip. Kr#ger(1973) in a laboratory experi-
ment, however, found that accurate measurement of the
orientation of particles with & dip of more then 50° was
difficult. In fact till particles are rarely so posit-
ioned that the dip of the long axis 1s much above 30° ana
during the present analysis few particles had to be re-
Jected as a result of an angle of dlp that was too steep.

The long(=a), intermediate(b) and short(c) axes
were also measured for each particle to the nearest milli-
metre. Thls was carried out using a2 lidless wooden box
c.25m long, from which one end board and one side board
had been removed. The bottom and remalning side board

were covered in milliwetre graph paper with centimetre
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numbering and protected by a clear plastic sheet (Matisto,
1961). Each particle was placed on the bottom board with
one end of 1ts long axls touching the end board. The
lengths of the thnree axes were then read off the graph
paper with tne aid of a second, small, rigid plastic box
which was moved along tne board until it touched the
required point on the particle. Not only was this method
of obtaining the values for the three axes of a particle
more accurate than simply reading off the lengths by eye
from the graph paper but it wes also more rapid.

Although a pair of calipers with & vernier scale
allowing accuracy to O.lmm wes tried, it was found to
have three major disadvantages compared to the measuring
box. Firstly, in & laboratory experiment comparing the
time taken to measure the three axes of 50 particles of
pebtble size, measurement with the calipers took almost
twice as long as with the measuring box. Secondly, with
calipers 1t 1s not possible to ensure that all three axes
are mutually orthogonal. On the other hand, this can be
achleved uslng the measuring box without moving the part-
icle. Thirdly, with larger particles particularly, the
two extreme polints of a particle axis may be some dist-
ance apart in @2 directlon perpendicular to the axis
being measured. Usling calipers difficulty arises in
spanning this distance whilst still walntsining the corr-
ect line of measurement. With the messuring box, how-
ever, the plastic box can be placed at the required point
on the particle without changing the alignment of the

axis belng measured.
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The values of orientation, dip and the three
axes were regarded for each particle on a prepared plott-
ing form and subsequently plotted ou to 2 conventlonal
polar eguidistant projection. This procedure ensures
greater objectivity of particle selection and 1s prefer-
able to either direct plotting on 2 polar net (Harrison,
1957a2) or the use of a till fabric rack (MacClintock,
1959) .

The tlll at each till fabric site waes designated
eitlier weathered or unweathered and noted accordingly.
Weethered till was recognised by its brown colour as a
result of oxidation and generally loose texture compared
to uuweathered till which was usually tenacious, grey
(with the exception of the Campsie Fells where 1t was
reddicsh) end fissile. Occasionally this distinction was
not so clear and although the till was evidently oxidlsed
it was tough and retained 2 fisslile structure. Such
till was nonetheless recorded as weatnered. On the other
hand, the till from which sample 10 wes taken was oxid-
ised, and therefore repgarded as weathered, but 1t was so
stony that 1t nad little in common texturally with the

more clayey tills encountered elsewhere.

Results and discussion

The ti1ll febric data for each site were plotted
on equidistant projections (Figs 8.2-8.8) with lOo allowed
for each orientation measurement as a correction for

magnetic variation west of true north. Orientation is
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represented by the clrcumferential scale and dip by the
radial scale. &rach particle is represented by a dot and
where more than one particle occurs in the same position

a proportionelly larger dot 1s used according to the scale
in Fig.€.2. The perpendicular lines intersecting at the
centre of eacn polar net represent the northn-south and
east-west ordinates. The dots representing particles with
horizontal dip were distributed as symmetrically as poss-
ible on either side of the projectlion.

The stippled, wirror-iwage rose shape superimp-
osed on each of the polar nets gives a rapid visusal
impression of the azimuth directlions of the particle long
axes. The observations have been grouped in 18x10° units
in the sequence 28°-113°, 124°-21}° ete. The addition
of 2#° to units in the sequence 0-9°, 10-19° etc. was
carried out since orientations were recorded to tne near-
est 5° and the introduction of a systematic error was
thus avoided (Xirby,1969). Observations up to 180° were
allotted to the appropriate 10° grouping whilst for those
between 180° and 360°, 180° was subtrascted and the resid-
uval value allotted to the appropriate 10° groupring. The
frequency for each grouping wes then plotted on the polar
nets sucnh that the outer circle represents a frequency of
9 obseryvations. A mirror-image of this 180° distribution
wae then drawn in the other hemisphere. Smaller versions
of these disgrams are shown in Fig.8.1.

Around the periphery of each polar net the orient-
ation of the section from which the till fabric was sam-

pled is shown. This is included to show that by using a
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horizontal shelf the preferred orientation of the till
fabric bears no relationship to the section orientation.
The direction and angle of slopre obtained from
1:10,560 scale maps for the ground surface in the vic-
inity of eacn of the till fabric sites are shown in
Table €.1. A correspondence between preferred orientation
of particles and directlion of slope may indicate a
secondery downslope movement as a result of solifluction
or slumping of till z2nd is therefore of no value in
interpreting former directions of ice movement. Some-
times a downslope 2liganment of till particles may
simply indicate a coincldence of glacial movement =nd
slope direction. The directions of thne preferred orien-
tations of samples 22, 18, 17 and 10 correspond broadly
to the direction of slope in the immediate vieclnity. Of
these, however, only the preferred orientation of sample
10 shows a large divergence from known ice movements in

the Main Study Area (see chapter 3).

Statistical analysis

Although the preferred orientation of some
samples can be estimated from the wirror-image diagrams,
in most samples there is clearly 2 need for an objective
statistical method of obtalining this direction. Many
metnods, both two-dimensionzl anq three-dimensional,
exist for analysing data with a 51rcu1ar or srherical
distribution (see Steinmetz,1962), but since the maj-

ority of workers use only one method for analysing their
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Figure £€.8

Ti1ll fabric samples 24 & 25.
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data tnere is little opporﬁﬁnity for comparing the
results of different methods. In the present study,
nowever, the 25 till fabrics have heen subjected to
analysis by four methods: tne commonly-used two-dim-
ensionzl methods of Curray(1¢56) and Harrison(19¢572)

and the three-dimensional methods of Andrews and Shimizu
(196€6) and Mark(1973).

Two m2jor problems arise from tune statistical
analysis of till fabrics. Firstly tne circular or
spherical (if 2 three-dimensional solution 1s required)
distribution means tnat the data have no natural polnt
of origin. Secondly the ti- or multi-modal nature of
many till fabrics creates problems when deriving a mean
direction.

Some early two-dimensional wethods were dep-
endent on the chosen origin (e.g. Reiche,1938; Krumbtein,
1939). However tne vector summation method of Curray
(195€) is independent of origin and trests the data in
their original circulsr form (Krbger,1670). The method
described by Harrison(1l957a) is based on work by Tukey
(1954) who used a combination of vector summation and
chi-square, and is superior to the simple chi-square of
Kauranne(1¢6C). Both the vector summetion end Tukey
chi-square methods give a2 mesn direction and a measure
of statistical significance. The data are tested ag-
ainst a model of 2 random distribution in the former,
and a uniform distribution in the latter method. 1In
both methods the data have been reduced to a distrib-

ution in one hemisphere prior to 2nalysis. (Although
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the method described by Harriscon(1l¢57a) has provision
for treating the data in e circular form, a sample size
of 100 1s required to carry this out for data grouped in
10° units.)

Andrews and Shimizu(l1%66) employed an adaptation
of Watson and Irving's(1957) vector procedure for calcu-
lating descriptive tecnniques to analyse three-dimensional
orientations with the ald of a computer. They argued
that the conventional horizontal reference plane was not
necessarily the most appropriate for treating till fabrics.
With successive trials they found that a rotation of the
reference plane through 90° on an east-west -axis produced
the highest vector magnitude (i.e. highest degree of
clustering). Andrews and King(l9€68&) used a modified
version of thls wmethod allowing the axis of rotation to
pass througn the area of minimum observations which they
considered was the 'est" compromise. Mark(1l%71) modified
the method further so that the computer program calculated
the maximum vector wagnitude for a series of rotations.
The data are analysed on one hemlsphere and, since vectors
have a 'sense" (i.e. a directed orientation) as well as an
orientation and magnitude, particles dipping below the
horizontal in the other hemispnere must be regarded as
pointing above tne horizontal in the hemisphere being
cousidared'(ﬁark,1971). The computer program alsc glves
values for a parasmeter "CHI-SC." which allows determin-
ation of whether & sample 1s significantly non-rendom at
a given probabllity level, and a parameter "k" which

indicates whether the sample approximates a spherical
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normal distribution.

Ramsden(1970) criticised this procedure and Mark
(1973,1974) pointed out an error in the significance test
assoclated with the rotational vector technique and
suggested an alternative approacn to anslysing till fabrics,
using eigenvalues. The computer output for this tech-
nigque gives the calculated azimuth and dip of the largest,
interrediate and smallest eigenvector, the largest of
these belng regarded as the preferred orientation of thne
data. The level of significance based on randomness of
direction can also be determined from the computer output
using tables in Anderson and Stepnens(1971).

The preferred orientations of a2ll four methods
and dips of the three-dimensional methods are shown in
Figs 8.2-8.€ and in Table £.1. Where the mirror-image
diagram indicates 2 strong unimodal distribution (e.g.
sample 1; Fig.8.2) the preferred orlentation of the four
methnods corresponds closely. On the other hand, where
the distribution is multi-modal (e.g. samples 6, 16, 20
& 23; Figs 8.3, 8.6 & 8.7) or bi-modal (e.g. sample 9;
Fig.8.4) the preferred orientations diverge to a greater
extent.

The levels of significance attached to the
rreferred orientations of the till fabrics do not cor-
respond closely for the four methods. The two-dimensional
methods snow the highest agreement but frequently indic-
ate different levels of significance. As regards the
three-dimensional methods, all thne samples with the ex-

ception of sample ¢ are significently non-random accord-
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ing to the rotational vector procedure and significantly
non-uniform according to the eigenvalue method. There

is clearly more dlscrepancy 1ln thls parameter between the
four methods than there is in the determination of pref-
erred orientatlion. This lack of agreemeut may be a result
of the nature of the tests employed. Steinmetz(1962)
argued that a comparison of the orientation data witn a
randor or unlform distribution is a weak and non-sensitive
test because orlientation measurements are made for the
very resson that an lavestigator expects hls observations
tc be clustered., As a result ne advocates testing dist-
rivutions against a perfectly-oriented model.

Comparing the relative merits of tne four wethods,
the three-dimensional techniques seem to offer nothing
more than can be deduced from the polar nets or from the
results of the two-dimensional techmniques, and can give
rise to misleading results. The following points out-
line the drawbacks associlated with the three-dimensional
methods .

(1) Foth three-dimensional technigues assume @
spnerical normal distribution. As has already been wmen-
tioned however, a till fabric frequently possesses a bl-
modal distribution with a primary mode representing part-
icle long axes aligned 1n the directlon of lce movement
and & secondary mode corresponding toc particles allgned
transverse to this direction. For bi-modal and multi-
modal distributions a "mwean" vector will bte produced
between the two modes, a2s has occurred with samples € and

¢ (Figs 8.3 & €.4). Andrews and Shimizu(l966) attempted
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to overcome thls problem by cutting out the transverse
mode from the analysls, but this is clearly a nlghly
subjective and therefore vasstlisfactory procedure.
Although 2 simllar problem arises from using the two-
dimensional methods, the less complex situstion means
that erroneous results can be easlly detected.

(11) The fact that the particle axes are 2ll placed
in one hemisphere prior to analysis by the rotational
vector procedure means that a clustering of the points
is bound to occur. The test for randomness of directions
based on the length of the resultant vector is therefore
invalid (Bawmsden,1970).

(111) Poth three-dimensional methods have been used
in a situation for which they are not designed. This 1s
also true for the two-dimensional methods, btutl not so det-
rimentsal, since the relatively stralghtforward calculat-
lons involved mean that any inherent faults can be
quickly diagnosed and taken into account during ilnterpret-
ation. For three-dimensionzl methods, with a more comp-
lex situation this is difficult.

(iv) In the present analysis, particles with a dip
exceeding 60° have been omitted from the znalysis 2nd
thus a small proportion of the sample population has not
teen represented.

(v) The orientation data are measured to the near-
est 5° for both azimutn direction and dip. Errors are
involved in extracting and replacing particles prior to
measurement, estimating the position of the long axis,

aligning the compass with this estimated position,
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reading the scale and errors can result from mental and
physical tiredness (H111,1968; Krbtger,1970; Bamsden,1970).
The application of sophisticested three-dimeansional tech-
nigues to data that are approximate is unwarranted.
Furthermore the apparent precision it imparts to the
result is likely to lead to over-interpretation of the
data (Kirby,1969).

For illustrating the preferred orientations of
till fabrics in the present analysis the Tukey chi-square
method has been used (Fig.8.9). There is little to choose
between this method and that of Curray(1956), except that
the former has the advantage that it can also be used for
determining the preferred orientation on 360O as well as
180° distributions. There is in general a closer corres-
pondence between the alignment of other ice direction
indicators and the preferred orientations of till fabrics
from unweathered till than from weathered till. Sfamples
1; 2, 5, 6 and 10 (from weathered till) appear to diverge
significantly from the general allignment of striae in the
vicinity. Two striking departures in the direction of
preferred orientation of unweathered till fabrics (samples
16 & 20) can be explalned in terms of the multi-modal
character of the distribution pattern (Figs 8.6 & 8.7).
However, many other unweathered till fabrics have given
rise to preferred orientations that match the directions
of striae in the immediate neighbourhood fairly closely
(e.g. samples 18, 21, 23, 24 & 25).

The fact that there 1is a difference in the

correspondence between direction of ice mcvement and
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weathered and unweathered till fabrilcs suggests tnat there
has been scme degree of postglacial action affecting the
allgnment of partlicles due to the shallow depth of the
weathered samples. Straw(l1968) criticised Harris(1967)
for sampling till-particle orientations at depths of less
than 90cm and regarded tne results as suspect since the
particles could have been subjected to reorientation by
every day processes such as pedogenesls, mass movement,
frost penetration and biotlic agencies. On the other hand,
the divergence and weak orientation strengtnh may reflect
for some samples an atblation origin (Niewiarowski,hb1969;
Drake,1971).

The size of sample considered necessary for a
reliatle picture of the alignment of particles in till
varies from worker to worker. A few researchers, rather
than rely on precedent, have investligated the protlem of
a sultable sample size. KHauranne(l1960) found little diff-
erence in the mean direction given by sample sizes of 25,
50, 100, 200 and 500 particles but noted a large differ-
ence in the significance attached to each sample size
and recommended that 300 to 400 measurements should be
carried out. Harrison(1957b) measured 410 particles and
concluded that any randomly chosen three increments of
25 consecutive measurements were sufficlent to glve the
direction of the preferred orientation. Andrews and
Swith(1$66) showed that there was little difference in
the confidence cone around the preferred orientatlon
with increasing sample size. Andrews and Smith(1970)

considered that 10 to 25 particles might be enocugh to
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show the mean direction. Beaumont(1967) measured 100
particles but felt that 25 particles gave an apprcoximste
indicatlion of where the preferred orlentation lies.
Young(1969) found that for till fabrics with = clesr
orientation pattern the wmeasurement of 25, 50 or 10C
rarticles gsve virtually no difference in the direction
of the preferred orientation although strength values
varied. Sometimes the flrst 5 or 10 particles gave a
good approximation of the alignment found where 100
particles were used.

In order to investigate the effect of size of
sample on the direction and strength of the preferred
orientation of till fabrics in the present analysis two
samples of high strength, two of moderate aund two of low
strength were selected from the till fabrics. Using the
vector summetion method of Curray(1956) the samples were
recalculated from the first 5, 10 and 25 particles meas-
ured. The results indicate that with 25 particles =&
good approximation of the preferred orientation found
for 50 particles csn be obtalned for the moderate and
high strength samples, but for one of the low strength
samples (sample 20) there 1s a large divergence (Table 8.2).
Values of strength increase with the halving of sauple
size to 25 for low strength fabrics whilst for moderate
and high strength fabrics values elther f211 or, for
sample 3, incresse only sligntly. With decreasing sample
silze however a greater strength value 18 required before
the orientzation can be regarded as slgnificant, and

therefore an apparently high streungth value cowblaed
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with a small sample size does not necessarily ilmply a

significently orientated fabric.

Table 8.2 The variation in preferred orientation and
orientation strength with different sample
sizes

sample 50 25 10 5

Strengthn no. particles particles particles particles
or. str. or. str. or. str. or. str.

25 77° 19.0% 86° 34.8% 78° 35.7% 71° 38.6%

Low
20  115° 12.8% 163° 20.7% 170° 24.8% 163° 16.1%
16 879 28.47 90° 24.37 65° 17.9% 60° 26.6%
Moderate
b 122° 34.0% 142° 32.0% 122° 28.4% 157° 20.0%
11 94° uy.7%  97° 25.8% 115° 49.4% 107° 26.9%
Hlgh

3 115° 30.7%2 117° 31.4% 124° 42.97 125° 26.6%

When 5 and 10 particles are used tne difference
between the three types of fabrics 1s accentuated. The
maximum dlvergence of preferred orientation witn 5 or 10
particles 1in nigh strengtn samples from the value obtain-
ed for 50 particles 1is 210. in moderate strengtn samples
350, and in low strengti samples 48°.

These results corroborate those obtained by
Young(1969) in a similar study of the effect of sample
size on tne strength and direction of preferred orient-
ations of till fabrics. He found that a good approxim-
atlon of the 2lignment with 100 particles could be ob-
tained for 4 out of € weak, moderate snd high strength

samples using the first 5 or 10 perticles. 1In the
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present analysis 3 out of 6 samples give sicilar pref-
erred orientations for § or 10 as for 50 particles
(samples 3, 11 & 25). It is significsnt thet 2 of these
3 samples =are in the nigh strength category.

From thls analysis 1t may be argued that if
only an approximetion of till fabric orientation is
required, the measurement of 10 particles will suffice,
provlded that there 1s a strong preferred orientatlon.
Using a series of such analyses over a till section the
degree of variation of elignwent of till perticles, and
therefore the reliabllity of a single maln analysis, can

by determined.

Dip an=lysis

The dip values for all the till fabric samples
are shown in histogram form in Fig.8.10. There 1is a
concentration of dip measurements in the low value classes
wlth the mode occuring four times in the 0-5° class, nine
times in the 5-10° class 2nd eight times in the 10-15°
class, which accounts for 21 out of the 25 samples. Mean
values of dip range from 12.5° to 20.7° and the mean
value of dip for 211 the szmples is 16.30. This compares
witn mean values of 7?° obtained by Krbger(1670), 11° by
Holmes (1941) and Young(1969), 14° by wWest and Donner(1%56€),
15° by Burke(196%b)and 23° by wWrignt(1957).

Tc determine whether particles trensverse to the
preferred orientation are more steeply dipping than those

rarallel to it, eacn till fabric was divided into ma jor
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and minor gquadrants based on the Tukey chli-sguare pref-
erred orlientation values. The four barbs on the outer
circle of each till fabric sample in Figs 8.2 to 8.8
denote tne limits of these guadrants.

A total of 357 out of 1250 particles measured
lie in the minor quadrant. The overall mean value for
dip is 17.1° compared witnh 16.0° for the £93 particles
in the major quadrant. When the particles are sub-
divided into weathered and unweathered categories, the
mean dip of the 123 minor quadrant particles is 15.3°
compared with 15.8° for the 212 ma Jor quadrant particles
from weathered till, and the mean dip of the 234 minor
quadrant particles from unweathered till is 18.0° com-
rared witih 16.1° for the €51 major quadrant perticles.
There appeasrs tc be a lower mean value of dip for the
unweatnered major quadrant particles compared with tne
minor quadrant particles, which suggests that the pro-
cesses responsible for orienting particles transverse
to the direction of ice movement may also cause them to
e more steeply dipping. However, for only one sample
(s=mple 9) is there 2 merked transverse mode and there-
fore the majority of the minor quadrant particles meas-
ured are somewhere between the two positions (i.e.
rarallel to ice movement and perpendicular to it).

A number of workers including Harrison(1957%),
krignt(1957), Krbger(1970) and McKensie(l970) have
found a preferred up-ice dip of till particles. Krbger
(1270), however, pointed out that reference to the

norlzontal plane when consldering preferred dip can be
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misleading and that reference to the subglaclal slope
should be made. Analysis of up-ice dip was not carried
out for the till fabrics from the Main Study Area due to
the difficulty of determining the appropriate reference

plane.

The relationship of shepe and size of till particles to

preferred orlentation

Holmes(193€,1941) meintained that slze, shape
and roundness of particles affected tue long =2xis orient-
ation in relation to ice flow directlion. Streamlined
particles tended to show psrallel orientation wanilst
asymeetrical particles tended to deviate from this direct-
ion. Increased size of the long axis also tended to give
rise to parallel orientation and greater elongation led
to a trausverse orientation of the particles.

Andrews and King(1968) analysed tue effect of
size and snape on particle orientation in till. They
found that "the elongated snd rather smaller stones tend
to snow stronger preferred orieﬁtation tnan tue larger
and more rounded stones" (Andrews & King,1968,p.452).

Krtger(1970), like iiolmes(1941), found that
streamlined particles show a strong preference for parallel
orientation with ice flow direction. In centrast to
Holmes(1941) however, ne found that greater elongation of
particles gives rise to parallel rather thaun transverse
orientation. He also su gested that long axis orient-

ation parallel to ice flow tends to decrezse wlth
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increasing roundness.

Remsden(1¢70) investigated a:b ratios of part-
icles giving the most reliable estimate of ice flow dir-
ection and concluded that a:b ratios of 1.3:1 or more give
tne most reliable indication of former ice direction. He
also considered that "larger pebbles do display a far
gsmaller amount of scatter then 40 smaller ones" (Ramsden,
1570,9.109) .

Drake(1974) investigsted the shape of particles
sccording to Zingg's(19¢35) definitions (Fig.4.7) in relat-
ion to direction of 1ice movément. He found that rods and
hlades showed strong parallelism to ice flow directicn and
that the fabrics of spheres and discs were weak. In con-
trast to the work of Holwes(1941), he found that the
transverse allgnment w=s a product neitner of extreme rods
nor blades, but of particles close to the common ianter-
section of the four Zingg snape classes,

To invesltignie the relationship between share 2nd
preferred orlentation in the present analysis, the Zingg
shares for the 1,250 till particles measured snd the
deviation of each long axlis orientation from tne preferred
orientation of the sample according to the Tukey chi-square
metnod were calculated. As ice flow direction varles over
the Main Study Area 1t wes not possibtle to determine tue
divergence of long axis orientation from this parameter.
Table €.3a shows the deviations of =211 particles me=sured
and the deviations of particles from unweathered till only.
Tarle €.3b shows the mean devistions of the particles clas-
sifled as spheres from unweatiered till in Table &.3a, and

of tne 81 randomly-chosen discs , blades and
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rods from unweathered till. The results do not indicate,
as mignt be expected, that sprheres and discs are more
weakly oriented with respect to 1ce direction tnan blades
and rods. Table 8.3b suggests tne opposite relationship,
i.e. that spneres and discs are more reliable indicators

of preferred orientzation.

Table 8.3 The _mean deviations of spheres, discs,

blades_and rods from preferred orientation

SPHERES DISCS BLADES RODS
Mean Vean Mean Mean

N dev. N dev. N dev. N dev,

(a) unweath. 81 33.2° 106 30.6° 219 31.1° yuy 32.5°
t111

unweath. + 181 3u.4° 195 31.5° 267 31.8° 607 34.0

weath. till

- wm wm e mm e mm SR e e e R mm S me mR wa mm  mm e ms s SE s w=m s W W w

(b) unweath. 81 33.2° 81 29.4
t111

As a further investigation of the dependence of
orientation on particle shape, regression analyses were
carried out of preferred orientation against size (2-axis
length of the particle), b/a ratio, c¢/b ratioc and Krumbein
sphericity for the 850 particles from unweatnered till.

In the light of previous work, a significant correlation
btetween preferred orientation and the b/a ratio might be
expected. However, 211 the results were statistically
insignificanut except for the regression of preferred
orientation on c¢/b ratio, wnich gave a2 weak correlation

coefficient of +0.075 that was nevertheless significant at
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the 957 level. Tnis suggests that the less oblate tihe
particle, the more likely 1t 1s to show orlentation
parallel to the preferred orleuntation of tne till fabric.
The very weak relationsnip indicated by the correlation
coefficient, however, means that little or no relisbility
should be placed on tnis result.

If 1t 18 accepted tnet the more elongated till
particles tend to lie witn tnelr long axes parallel to ice
movement, the contradictory results obtained in thne present
analysis can be explained by one, or & combination of tue
following reasons. Firstly, tne cholce of particles for
measurement was made on the tasis of whether the long axis
could be easily determined. Filg.8.11 indicates that sel-
ected partlicles are clustered close to tne intersection
of the four Zingg shape classes. Analysis of the relation-
snlp of perticle snape to deviation from the preferred
orientation might not ve expected therefore to yleld sig-
nificant results, since tue particles have a narrow range
of shapes. Secondly, the preferred orientation of tne
sample 1s not necessarlily equivalent to ice direction,
Thirdly, the factors of shape that particularly affect
alignment of till particles may not have been umeasured.
Holmes (1941) maintained that small chenges in, for instance,
roundness and surfsce form could significantly alter the

orientation of till particles.

Z2trice and ice-moulded features

The majority of the striae shown in Fig.8.9 have
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been derived from 1:10,560 scale Geological Survey maps,
whilst the remalnlng ones were found durlng fieldwork
(Flate 11). Altnough the processes responsible for the
formation of strise are understood, tuose forming the
flutes, drumlins and crag-and-talls ccomprising ice-moulded
features are points of conjecture (See Hussell,18%5; Alden,
1905,1911; Dyson,1952; Gravenor,1953; Hoppe & Schytt,1953;
Kupsch,1$55; Grevenor & Meneley,1958; Lemke,1958; Schytt,
1959; Smalley & Unwin,1968; FParanowski,1970; Gluckert.1973;
Shaw & Freschauf,1973). The accepted view is that the
deposition=21 forms were produced during the later stages

of occupation by active ice since any alteration in ice
flow direction would quickly remould the features (Wright,
1912; Hughes,1964).

In the Main Study Area, dissection of:sowe ice-
mouided forms by meltwater and postglacial streams has
meant that the true alignment of individual features is
difficult to determlne even tnough the overall direction
of a group of features is clear. Therefore to avoid
erroneous results only the long axes of the clearer examples
of ice-moulded features were determined and located on

1:25,000 scale maps.

Vecteor trend analysis of the lce direction indicators

Altnough a general ilmpression of glacier ice flow
direction can be gained from Fig.8.%, no direct compar-
ison with the essexite erratics train is possible. It

was consldered desirsble therefore to derive a regional
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trend of the dlrectional date. The application of 2 straignt-
forward trend surface technigque i8 not feasible wheu deal-

Ing with 2zimuth dlrections due to tne clirculzr form of

the distribution. However, Fox(1967) and Loberts and Mark
(1970) nave developed computer programs based on orthogonal
polynomial trend surface techniques specifically for use

with directional data, 2 method known as vector trend ana-
lysis.

The computer program used in the present analysis
is 2 sligntly modified version of the one glven by Fox
(1967). 1t is limited to gridded dsta so that non-gridded
data must be grouped intoc cells prior to analysis, with a
maximum of & rows and € columns of cells. For each cell
a direction cosine is determined according to methods
discussed in Stelumetz(1962). Polynomial coefficlents
are used to compute trend values for each grid cell and
trend surfaces up to the quintic can be produced. The
program gives the vector mean azimuth for each cell, the
percent reduction in tine sum of squares (#RSS) of each
trend surface and the Z-squared array.

The Maln Study Ares was divided into grid cells
to prepere the data for computer snalysls. Following
experimentation, the grid cell psttern shown in Fig.8.9
was selected using 3 X Jkm squares based on the Urdmnance
Survey National Grid. This was found to be the best con-
figuration of grid cells that included at least one 1ice
direction indicator in each cell while not exceeding 8
cells 1n sn east-west dlrection.

All trne allgnment data for strise and ice-mculded
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lfeatures were included but only the preferrcd orleantatiouns
of till fabrics frow unweathered till witn a significant
orientation at above tne S0% level (Tukey chi-sguare
method) were used. This mecant tnat out of the 17 unweatn-
ered till fabrics, 3 (samples 7,20 & 25) were excluded
from tne vector trend enalysis. Trend surfaces that
included all the uvnweathnered till fabrics differed only
slightly from those shown iu Figs 8.12 and 8.13.

Fig.8.12 shows vector mesn azimuth directions for
each cell and first, second and third order trend surfaces.
The line of the major axis of tne essexite erratics train
drawn from the contour map of porphyritic plus non-porpny-
ritic (Ea) values (Fig.5.5) is also snown for comperison.

The 7RSS for the trend surfaces are shown in Table £.4.

Table .4 rercentayre reduction in sum of sguares for

vector trend analysis (8 x 3 grid cells)

ist.Order Quadratic 2nd.Order Cubic 3rd.urder
15.1 22.2 37:2 29.1 66.1

The map of vector mean ezimuths (Fig.£.12a) indi-
cates a general west-east trend of ice movemeut in the
area. witnin this oversll flow there are a unumter of dev-
lations. The srrowe in the two top row, nortu-west grid
cells are directed towards tne south-east compared witn a
west-east direction in the two rows of grid cells between

Lennoxtown and Kilsyth. In the rows of grid cells ruaning



east from Kilsyth to Denny the vector wmean azimuths indic-
ate a divergence of ice flow to the north-east and scuth-
west around the higher parts of the Campsie Fells. 1In

the top two row cells between Denny and Larbert, however,
there 1s a marked clockwise rotation of vector meen szimutis
towards the south-east and soutn-south-east.

The first order trend surface (Fig.8.12b) reflects
the underlylug west-east alignment of the data over tue
Main Study Area with a slignt anti-clockwise shift of the
trends iu esch cell from west to east. The low ZBSS (15.1)
suows that there is a large amount of variation not a2cc-
ounted for by this trend surface. The map of residuals
from this surface (Fig.8.13a2) shows that the greater part
of the variation is accounted for by the north-west =und
nortn-east corners of the grid indicated by 2 strong pos-
itive (i.e. clockwise) deviation.

The second order trend surface (Fig.8.12¢) shows
a more complex pattern than Fig.€.12b. The trend follows
a sinuous course from west to east. Arrows in the cells
farthest west point south-east. Near Kilsyth they are
directed north of east, in the two top row cells between
Denny and Larbert they are directed south-east and east-
south-east and in the two cells in the lowest row they
roint east-north-east. If 2 compsrison of thne course of
tnese arrows 1s made with that of the major axls of the
erratics trein there is a siriking corres ondence. The
higner ZESS (37.2) of the second order surface indicates
that the quadretic component adds considerably to the

explanstion given by the linear component. The residuals
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(Fig.8.13b) indicate large positive deviations in the north-
east corner and in the central two cells of the grid cor-
responding to the divergence of ice around the nigner
parts of the Campsie Felis.

The third order trend surface (Fig.8.12d) reveals
a sligntly more intricate sinuous pattern than the second
order surface, The addition of 2%.1 by the cubic compo-
nent to the ABSS of the third order surface means thet it
accounts for 66.17 of the variation i1n the original data.
The arrows in the nerth-west and north-east corners of the
grid are turned fartner clockwlse tham lun the second order
surface, thus reflecting more closely the alignment of the
vector mean azimuths (Fig.8.122) for these aress. In the
central four columns of cells the arrows rotate gradually
in an anti-clockwlise direction from west to east, reflect-
ing tne influence of the Campsie Fells in controlling the
direction of ice flow. The reslduals of this surface
(Fig.£.13c) indicate that the only major deviations of the
vector mean azimuths from the third order surface corres-
pond toc the directions in the central two cells.

Since there is such a close correspondence tet-
ween the seccond and third order surfaces and the allgument
ofthe major axis of the erratics train 1t seems reasonable
to infer thnat the essexite erratics nave been transported
by the same glacier ice that produced tue striae, lce-
moulded features and preferred orientation of till part-
icles. Furthermore the strise, ice-moulded features and
ti1l fabrics have almost certalanly resulted from tue move-

ment of the last 1ce to be active within the area (1.e.
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the latter stages of the Devensian glaclation). Therefore
the formation of the erratics tr2in can 2lso be assigned
to this time.

From the second and third order vector trend sur-
faces and from what 1s otherwise known of ice movements
in the Main Study Area (see chapter 3), it secms that the
interaction of two ma jor ice streams occurred in the Denny
area. One stream moved southi-ea2st and east from the Hign-
land edge across the area gradually turning towards the
north-east =2long the Kelvin-Boanny Water valley, the other
moving south-east from Stirling towards Denny and Falkirk.
In order to analyse the direction of movement of the ice
that transported tne erratics train, the last two columns
of cells were excluded from the trend surface analysis,
since tnese cells reflect the movement of ice flowing
soutn-east from the Stirling area.

The vector mean azimuth directions for each cell
(Figz.8.14a) show a strong anti-clockwise rotation for the
columns in a west-east direction. The high ZBSS (74.2)
for the first order surface lndicates this strong trend

(Table €.5; Fig.8.14b).

Table 8.5 Percent reductlion in suw of sguares for

vector trend analysis (6 x 3 grid celis)

1st Crder Quadratic 2ud. Order Cubi

74,2 16.5 90.7 6.6 97.3

3rd. Order
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The quadratic component explains 2 furtner 16.5%
of the variation in the dasta making a total of 90.7 ZRSS
for tne third order surface. The cublic component explains
6.6% of the variation so that the third order surface leaves
only 2.7% of the variation of the original data unex-
plained.

The higher #ESS of the 6 x 3 grid compared with
the € x 3 grid is a result of the omission of data refect-
ing the movcment of ice from the Stirling srea leading to
2 better approxim@tion by the trend surfaces. The arrows
at the eastern end of the 6 x 3 grid however, deviate
more from the line of the major axis of the erratics train
than tne arrows at the corresponding polnts in the trend
surfaces based on the & x 3 grid. This supports tne view
that the alignment of the erratics traln represents the
overall direction of ice movement since the ice stream
moving south-east from the Stirling area is clearly an

important factor.
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CHAPTEER 9

FORMATION OF THE EBBATICS TRAIN

"though the passage from cause to effect
involves no special logical problem,
the reverse process does" (Skellam,1953)

This chapter deals with the possible glacial pro-
cesses responsible for forming the Lennoxtown essexite
erratics traln in the light of the evidence from the
present investigation. The followling eight points summa-
rise the most lmportant pieces of evidence.

(1) Gtssexite erratics have been carried obliquely up
the steep south-facing scarp of the Campsie Fells from the
outerops (g. 120-290m 0.D.) to an altitude of 41l7m at a
point north of Brown Hill some 3.5km down-ice of the out-
crops. There appears to be little or no variation in the
maximum altitude to which porphyritic and non-porphyritic
stones were carried, despite a difference in the altitude
of the two outcrops.

(11) Both porphyritic and non-porphyritic stones have
undergone crushing and,to a lesser extent, abrasion during
glaclal transport. Crushing is indicated by the rapid dis-
appearance of porphyritic stones and by the reduction in
the silze of non-porphyritic stones in the dry stone walls
down-ice of the outcrops (see chapter 5). The initial
increase in the roundness of essexite erratics from both
outerops and lack of a trend in tnis index beyond 5-10km

in the down-ice dlirection suggests that abrasion has
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taken place, but that it 1s of secondary importance to
crushing (see chapter 6).

(111) Eedrock fragments of both varietles of essexite
and tlitanaugite mineral grains rapidly become scarce in
the till down-ice of the source. On the other nand, non-
porphyritic essexlite stones are still common in the dry
stone walle along the ma jor axis of the erratics train for
up to 20km from the outerop.

(iv) Althougr the majority of the lower till-covered,
south-facing slopes of the Campsie Fells in the Main Study
Area have been subject to ploughling so that the topmost
layers of depoeits have been disturbed, in a few locatlons
the original sequence remains undisturbed. This sequence
is well displayed at the site of till fabric samples 11
and 12 (GR 724 798; Plate 12) , where a layer, no more
than 50cm thick consisting wmainly of boulders and cobbles
with intervening pebbles and gravel, overlies thick dep-
osits of clayey till. A simlilar sequence of deposits was
found at the site wnere till fabric sample 16 was taken.
Here 2 thin mantle of stones rests upon oxidised clayey
till that merges into unweathered till at depth.

(v) The individual fans of erratics from both out-
crope are distributed in a similar fashion, except that
the limits of the fan of non-porphyritic stones (Fig.5.6)
extend slightly beyond those of the fan of porphyritic
stones.

(vi) The width of the erratics train, as for many
erratics trains described ln the literature, tends to

increase with distance from the outcrops. Immediately
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dovwn-ice of the source the train is narrow (tnough the
exact 1limit of the nortunern boundary was ludefiuatle due
to the lack of suitable walls); near Cumbernauld it 1s
more than Skm wide and near Edinburgh it is about 20km
broad. In the Maln Study Area the essexlite erratics nave
been spread from the ocutcrops in an arc extendling tnrough
uu°.

A comparison of the essexite erratics train as
revealed by the present investigation with the wmap gilven
by Feach(190%; Fig.3.2) is shown in Fig.%.1l. Using the
evidence of Peach(1909), many have cited the L ennoxtown
egsexite erratics train as an example of a narrow, linear
erratics train reflecting a consistent direction of glacier
ice movement. The present lnvestigation indicates, how-
ever, that Peach(190%) only mapped the extent of thne major
axis of the train in the Main Study Area. It is clear
therefore that an explanation of the formatiom of tue
erratics train must account for a considerable degree of
lateral spreading of the essexite erratics.

(vii) The major axis of the errstics train is closer

to the northern than to the southern periphnery. This 1is
particularly well illustrated at a distance of some 12km
from the outecrops. At this point the northern limit of
the train is c.3km from the major axis, wnhereas the south-
ern limit is more than 6km from the major axis. The
abundance of analysed walls north of the major axlis of thne
train at this distance from the socurce makes it likely
that a tolerably accurate definition of the northern limit

has been achleved. On the other nand, the lack of suitable
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walls to define the éouthern limit means that the difference
in the distances between the two limits and the wajor axls
may be even more marked them 1s indicated by the present
investigation.

(viil) The alignwent of the major axis of the erratics
train corresponds closely with the overall directions
shown by small-scale indicators of ice movement (i.e.
striae, ice-moulded features and the preferred orientat-
ions of till particles). Since these indicators denote
glacier ice movement during the last stages of active 1ice
in the area it seems reasonable to infer that the erratics
train was also formed at thls time. The curvilinear course
of the mwajor axis immediately down-ice of the outcrops
(F1g.5.5) and the increasing northerly component in the
elignment of the ice direction iundicators suggest that
the direction of glacler ice movement was greatly influen-
ced by the steep scarp fece of the Campsie Fells.

Using the evidence outlined in these eight points
it is proposed to show that the essexite stones found in
the walls were mainly carried within the lower layers of
ice, distributed in 2 fan as a result of deflection around
subglacial obstacles and subsequently deposited as an
ablation mantle, The essexite material in the till, on
the other hand, is regarded as having been transported at
the base of the ice.

At this point it is useful to clarify the con-
trasting characteristics of material deposited by lodge-
ment and by ablation. Lodgement till is transported and

deposited from the undersurface of the glaclier ice.
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Crushing and abrasion of the particles are intense.
Ablaticn till, on the other hand, is deposited from mat-
erial "in traunsport witnin or upon the terwminal area of a
sohrinking glacier" (Flint,1957,p.122), has a character-
istleally loose texture and usually lacks a preferred
orientation of particles (Ogilvie,1904; Drake,1971). It
is derived chlefly from debris transported in the lower
layers of 1ice, ususlly no wore then a few wetres thick,
and from material on the upper surface of the ice. Since
ablation till consists of the load at the time of ice sheet
decay, 1t is usually thin.

The present investigation indicates an ablation
origin for the majlority of the essexite stones in the dry
stone walls. The"™ablation theory" readily accounts for
the transport of esszexite stones obliquely up the steep
scarp slope of the Campsle Fells. The steepuness of the
slope seems to exclude the possibility of the transport of
essexite stones at the bedrock-ice interface. Nelther
does it appear feasible that upwerd transport could have
occurred as a result of shear plane movement within the
glacler lce. It has been argued that such movement takes
place mainly as a result of active ice overriding stagnant
ice (Worcester,1939; Bich,1943; Clayton & Freers,1967;
Parizek,1969) or as a result of ice being forced to rise
over a topographic obstruction. Parizek(1969) maintained
that dead ice could survive beneath thick ablation dep-
osits in uplend areas and that active ice on lower ground
would override this stagnant 1ce dragging basal debris up

along shear planes. This seems 2n unlikely explanatlion of
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the upward transport of essexite stones; although there is
evidence for sowe ablation material on the Campsie Fells,
it i1s relatively thin (Thompson,1968) and therefore un-
likely to have reduced ablation to any great extent. As
regards shear plane formation having taken place as =
result of ice rising over a major relief feature, it 1is

not difficult to eunvisage this having occurred where an
obstruction lay perpendicular tc the path of ice flow.
However where, as for the Campsie Fells down-ice of the
outerops, the angle between the alignment of the feature
and thet of ice movement was swall, it seems more reason-
able to assume that ice would simply have been deflected.
Furtner evidence, to be dlscussed later in thnis chapter,
contradicts the 1dea of essexite stones having been carried
up into the glecier ice heyond the bottom layers and there-
fore movement of the essexite stones along shear planes
does not seem feasible.

Opinions differ as to wnether crushing and
abrasion are lwportant processes in an englacial environ-
ment. Upham(189€) noted that englacial material was gener-
ally less sbraded than subglacial material. Gry(1974)
considers that the long transport undergone by some
erratics has resulted from their being rapidly crushed at
the base of the glacier ice to a size determined by the
Jointing characteristics of the rock, and thersafter teling
carried highner up into the ice where crushing was less
intense. Henderson regarded ablation material as having
"been transported gently with little grinding and crusning"

(1972,p.57). On the other nand, Preimanis end Vagners
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(1969,1971) maintained that particles in an englacial
position still undergo comminution, thnough to a lesser
extent than in a subglacial position. Lister(1958) con-
sidered tnat the gradually decreasing size of material
upwards through the Admiralty Gletscher in Greenland was
indicative of englacial crushing of material. The evidence
of both crushing and abrasion on essexlte stones in the
walls does not therefore rule out the idea of thelir being
transported in an englacial position.

The contrast between the small amounts of essex-
ite material 1ln the clayey till and the relative abundance
of non-porphyritic essexite stones 1n the walls down-ice
of the outcrops is compatible with the ablation theory.
Preimanis(1658) found that surface ore erratics frowm Steep
Rock appeared to be equally abundant 13-15km as 0.6-2.5km
down-ice of the source, but pebbles in the till decreased
rapidly in numbers. Dreimanis and Vagners(l969) noted
that ablation debris often contalns a greater prorportiocn
of material that has undergone long transport than lodge-
ment materlial. It 1s suggested therefore that the differ-
ence in the abundance of essexite material in the walls
and in the till can be attributed to an englaclal trans-
port for the ma jority of the wall stones compared to a
transport at the base of the glaclier ice and subseguent
deposition by lodgement for the essexite erratics found
in the clayey till.

Further evidence of an englacial transport for
the wall stones ls given by the narrow layer of stones

overlying till in a few undisturbed localities. Flint
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(1957) regarded similar layers of coarse material as lag
concentrates, formwed by sheetwash or deflation of a till
surface. Frost-heaving of till stones has also been
suggested as a2 possible cause of such layers. In the

Main Study Area, however, frost-heaving does not account
for the layer of stones since the underlying till, thnough
cften showling signs of weathering in the form of oxidation,
nevertheless retains its fissile structure. Furthermore,
the stone mantle caunnot simply represent a residual layer
of material derived from widespread removal of till because
it consists of many large stones of a2 slze tnat are appar-
ently uncommon in the underlying till. Shilts(1¢73b)

used similar evidence to support the 1ldea of an ablation
origin for a "boulder mantle" deposited as a result of the
Lennoxville glaciation in southeastern Quebec.

To invoke an ablation origin for the escexite
stones now in the walls, it is clear that the ablation
mantle must have formerly been more widespread than 1t is
today. Unfortunately the disturbance of the superficlal
deposits by man has meant that no confirmatiom of this is
possible from field evidence. Nevertheless the observat-
ions of others suggests that the 1dea of a wldespread
cover of loose surface stones 1s not without some support.
On 2 Journey through this part of Scotland in 1784, Faujas
St. Fond remarked on the great abundance of surface boul=-
ders (ref. in Geikie(ed.),1907). Nimmwo(1880) and Milne-
Home(1913) made simllar otservations at various locations
in the Main Study Area. In recent literature concerned

with aspects of the glacial geoworphology of the area
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the idea of an ablation origin for deposits is recurrent.
Thompson(1968) considered that the lack of dry stone walls
together with the presence of loose, angular stones on
the Campsles, contrasting with the many dry stone walls
and pauclty of surface stones on the lower slopes was
evidence for ablation moraine. Purke(l969b) frequently
encountered an upper layer of sandy clay with stones in
exrosures in till in the Secondary Study Area, and dis-
cussed the possiblity of an ablation origin. Sissons
(1968,196%) was also in favour of an ablation origin for
till in an area to the north-west of Glasgow and in the
vicinity of Grangemouth.

Attention is now turned to the problem of an
explanation accounting for the lateral spreading of erratics
with distance from the outcrops. This will be dealt with
by considering separately each of the wajor theories out-
lined in chapter 2 and determining to what extent the evi-
dence derived from the present investigation 1s explained.

Since the essexite erratics appear to have been
distributed during the last phase of active ice in the
area, the erratics train could not have been formed by
ice flowing in different directions during separate
glaciations (cf. Buell,1878; Petersen,1899; Bamsay, 1912;
Hausen,1914; Hyvarinen et al.,1973) or during the same
glaciation (ef. Milthers,1913; Hucke,1l¢37; Edelman,1951;
Gillberg,1965). A further argument against the idea of
two glaciations being responsible for the spreading of
the essexite stones 1ls that the speed of weathering of

the basic igneous essexite fragments would be too rapid
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(Hyyrpa,1948). Furthermore no evidence exists for ice
flow in & direction otner than that snown in Flg.3.7.

The idea, put forward by Sauremo(1924), that fans
of erratics cen be formed by fluctuations in the direction
of ice movement towards a retreating lce margin does not
account for the gradually broadening fan of the easexite
erratics train, since the small chenges in the dlrection
of ice flow would redistritbute erratics close to the out-
crops to the same extent as erratics some distance down-
ice of them. Had this been the chlef way in which the
essexite errafioa had teen spread, one may 1magine that
the erratics tralm would have consisted of 2 narrow, constant-
width belt comprising a strong concentration of stones,
flanked on both sides by nerrow strips where the number
of stones rapldly decreased 1ln a direction awsy from the
central belt.

The hypothesis invoking meltwater as the main
agent responsible for spreading erratics into a fan shape
is unable to account for the lateral spread of essexite
stones for three major reasons. Firstly, the meltuater
cnannels that have been wapped in the Maln Study Area
are parallel or sub-parallel te the directiocn of ice move-
ment (Sissons,1963; Thompson,19€¢8) and for this reason it
seems unllkely tnat they could have been responsible for
the considerable lateral dispersion of essexite erratics
indicated by the present investigation. Secondly, as for
the previous hypothesis, meltwater action would be equally
effective in spreading erratics near thelr source 2s at

some distance from 1t, thus tending to lead to a narrow
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telt rather than a broadening fan. Thirdly, the fact that
erratics nave been carried northwards away from the wajor
axls of the train in an uphill direction also tends to
argue agalinst the idea of meltwater redistribution.

The hypothesis put forward by Teumer(1927; Fig.
2.7) of a wandering centre of ice motion causing the fan
shape of erratics trains does not seem to be applicable
as an explanation accounting for the essexite erratics
train for two reasons. Firstly, the main centre of ice
sheet flow in Scotland appears to have been the Eannoch
Basin. No evidence exists to indicate that the centre
shifted to any great extent and even i1f there had been a
change in 1ts position, it seems unlikely that such a
movement could bring about a chenge of u4° in the direct-
ion of ice movement to form the Lennoxtown essexite erratics
train at a distance of several tens of kilometres.
Secondly, all of the erratics trains that have been care-
fully mapped show broadly the same pattern, with a major
axls representing a nigh concentration of erratics flanked
by areas of gradually decreasing erratic concentration in
a direction away from the major axis. As 1s shown by the
SYMAP contour maps, the Lennoxtown essexite erratics train
is no exception in this respect. For this pattern to te
formed, Teumer(1927) envisaged the centre of motion follow-
ing a complex, specific course. GSuch & change in the
centre of ice motion, however, would clearly not lead to
all erratics tralns having the same pattern with a major
axls flanked by peripheral areas of low concentrations of

erratics. This hypothnesis can therefore be re jected since
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it can only account for tne formetion of one erratics
train distributed as a result of ice flowing from a centre
of motion, whereas in fact several typlcal erratics trains
have often been mapped radiating from the the same centre
(e.g. Hausen,1914).

The hypothesis that an erratics train forms as a
result of ice movement controlled by major topographic
features (e.g. Perry,1870; Saksela,194¢) does account for
one of the observed features of the Lennoxtown essexite
erratics train. The curving course of the major axis
immediately east of the outcrops 1s shown in all the SYMAP
contour maps of the wall data given in chapter 5 and by
the contour map of titanaugite percentages in chapter 7.
It corresponds.to the alignment of the scarp slope of the
Campsie Fells in this area and, since the striae and ice-
moulded features (Fig.8.9) also show this curving course,
it seems reasonable to infer that the scarp slope of the
Campeles caused the ice stream flowilng through Strathblane
to diverge around 1t. However, whilst a major reliefl
feature might divert the direction of ice flow, which is
shown in the distribution pattern of erratics, 1t cannot
account for the rapid widening of an erratics train from
its source.

On the other hand, the theory put forward by
Lundqvist(1935; Fig.2.4) appears to be attractive since
i1t accounts for many features of the Lennoxtown essexite
erratics trein. There is one drawback to his theory, how-
ever, and this is the proposal that during glacier thinning,

ice would be forced to flow around hill masses thus
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spreading the erratics. For the cssexite erratics train
the greatest amount of lateral spreading has taken place
to the south of the major axis where the hill masses are
small. It seems ilmprobable that ice would contlnue to be
active whilst sufficiently thin to flow around such hill
.masses, and would more likely have stagnated.

If, however, Lundgvist's concept of thin ice
flowing around hill masses 1is replaced by one where the
basal layers of relatively thick, active ice are diverted
in 2 similar manner around subglacial obstructions, then
the lateral spreading of the essexite erratics can be
explained. Large-scele divergence of ice, like that indl-
cated by the radial alignment of drumlins in the Wadena
drumlin field (Wright,1$57), cannot be accepted as explain-
ing the essexite erratics traln because the striae and ice-
moulded features indicate a parallel direction of ice
movewent down-ice of the essexite outcrops. On the other
hand, divergence of ice flow around small-scale subglacial
obstructions, as nas been indicated by, for example, the
alignment of striac on roches moutonnées, can account for
the laterel spreading of erratics. The concept 1is well
known (e.g. Demorest,1938; Edelman,l1949; Kupsch,1955;
Weertwan,1957; Fig.2.3) in terms of bedrock obstructions
but only recently uas firw evidence come to light to
establish that the same process of divergence takes place
around drumlins (e.g. Savage,1968; Walker,1973).

Down-ice of the essexite outerops the lower slopes
of the south-facing scarp of the Campble Fells are

mantled in thick deposits of glacial drift (Fig.3.8) and
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much of this material has been moulded by the ice into
drumlins or drumlinoid features. South of the Kelvin-
Fonny water valley there are a number of upstanding out-
crops of quartz dolerite as well as ice-moulded forms in
drift. There is therefore a sufficlently large number

of subglacial obstructions to produce a hign degree of lat-
erzl spreadlng of essexite erratics south of the major

axis of the erratics train. However on ascending the steep,
south-facing scarp slope of the Campsies the thickness of
the drift decreases rapldly and for the first 3km or so
down-ice of the essexite outcrops the scarp presents an
almost ‘uninterrupted smooth face rising some 4OOm above the
Kelvin EBiver.

With respect to this description of the down-ice
area of the essexite outcrops, the major exis of the erra-
tics train more or less follows the dividing line between
the thick deposits of glacial drift to the south and
glacial deposits that are eilther thin or absent to the
north. The lateral spreading to the south of the major
axis appears to have taken place for essexite material
within the till as well as for the essexlte stones now
found in the walls. Since the essexite material in the
t11l is regarded as having been transported at the base
of the ice, there 1s no difficulty in invoking the diver-
gence process to explain its distribution in 2 direction
away from the wajor axis of the erratics train. However
for the essexite stones in the walls, a difficulty arises
slnce other evidence indicates that the majority of these

erratics have been transported englscially. If these
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stones were carried to high levels in the ice then the
divergence of the basal layers of ice would have had little
or no effect in distributing them in a direction at var-
iance to the aliganment of the major axis of thne train.
It is proposed therefore that these stones underwent en-
glacial transport in the lower layers of ice so that they
were diverted aroumd subglacial obstacles as a result of
plastic deformation of the ice in whlch they were embedded,
The more limited nature of the lateral spreading
of essexite erratics to the north of the major axis can
be explained in terms of the paucity of suitable subglac-
ial obstacles. From the contour map showing the distrib-
ution of wall stones of both types of essexite (Fi1g.5.5),
it 1s clear that the areas of shading representing a
marked nortnward extensicn of the traceable limits of the
erratics trala correspond to the locatlons where interrupt-
ions in the smooth face of the Campsies occur. For example,
where the alisgnment of the scarp slope of the Campsies
changes direction from east-south-east to east-north-east,
the 1ce-moulded rock knoll, known as Erown Hill, stands
out from the main mass of the Campsie lavas. Here, to
Judge from the contour wmap (Fig.5.5), part of the ice
stream flowlng along the scarp slope became diverted north-
wards on to Plea Mulr. From the evidence of both titan-
augite percentages and wall stone dats, this body of ice
did not succeed in flowing into the Carron Valley but
instead followed the course of Birken Burn rejoining the
main ice stream that flowed along the southern scarp of

the Campsies between Laird's Hill and Garrel Hill (Fig.3.6).
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Eetween Carrel Hill and Touwtain, where the Caunpsies once
more preseunl an uninterrupted high bvarrier, the essexlite-
bearing ice stream appears to have been confined to the
southern slopes since neither essexite stones nor titan-
augite gralns were found to the north of these hills.
Between Tomtain and Denny Mulr, however, the expanse of
high ground of the Campsies narrows and falls in helght
by almost 150m before rising agalu by 50m on Denny Muir.
This decline in the height of the ridge separating the
Carron and Bonny Water valleys appears to have been suff-
icienl to allow an incursion of the ice stream flowing
along the southern slopes of the Campsies into the Carron
Valley. This 1s indicated by the existence of essexite
stones in the dry stone walls on Denny Muir and as far
north as the outwash terraces of the Carron Valley.

It appears therefore that the mwajor element in
the topography (i.e. the Campsie Fells , and in particular
the southern scarp slope) has been important in con-
trolling the extent to which the essexite erratics were
spread laterally from the direction of ice movement. The
mdnor elements, such as drumlins and rock knolls, on tne
other nand, seem to have been instrumental in actually
causing the lateral spresding by divergence of tihe lower
layers of ice around them. The effects of divergence of
the ice 1n spreading essexlite erratics a further c.lkm
and c.2km away from the major axis at Brown H1ill and Denny
Mulr respectively glves credence to the idea that the far
more extensive lateral spreading of essexite erratics

gsouth of the major a2xis could have taken place as a result
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of plastic deformation of the ice around a series of sub-
glaclal obstacles.

Furthermore the fact that the ice stream flowing
along the Kelvin-Bonny Water valley was apparently able
to move on to the Campsie Fells and into the Carron Valley
supports the view expressed earlier in this chapter and
elsewhere that the formation of the erratics train in the
Main Study Area took place duriung the last stages of
active ice. At this time the ice on the higher parts of
the Campsles would have begun to stagnate whilst 1cé in
the intervening valleys would still have been active and
therefore capable of flowing on to the higher ground
where the nature of the rellef permitted. It 1s suggested
that Brown Hill and the low col between Tomtain and Denay
Muir offered the necessary ilnterruptions in the smooth
steep face of the Campsies to allow ice carrylng essexite

erratics to diverge northwards on to the higher ground.

The amount of removal of essexite represented by the

essexlite stones measgured

Many workers, on observing a large number of
sizable erratics down-ice of an outcrop, have often
rerarked on the considerable depth of removal of bedrock
that these rock fragments must represent. For example
Peach, noting the number of essexite boulders down-ice of
the Lennoxtown outcrops, maintained that "considering the
number of boulders observed, and the fact that these must

of necessity be merely 2 small proportion of the total
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nunber derived from the intrusion, the result is somewhat
surprising. If thls may be taken as an indication of the
transport of material throughout the whole Strathblane
Valley, the amount of modification which the valley has
vndergone at the hands of ice must nave been very consider-
able" (Peach,1909,p.31).

In the present analysis, with many large erratics
in the sample of 2,352 stones measured (Plate 4), one
might also be of the opinlon that these stones must repre-
sent a considerable amount of removal of essexite bedrock.
However, the total removal of the porphyritic and non-
porrhyritic cutcrops represented by these stones amounts to
only 0.02mm and 0.2%mm respectively. This was calculated
by summing the MFV values for all the porphyritic (665)
and non-porphyritic (1687) stones measured. Thus despite
the impression given by large numbers of visible erratics
that this materlal alone indicates considerable bedrock
removal, 1t has been shown here tnat when subjlected to
acourate measurement the results illustrate that the mat-
erial in fact representes only 2 very small amount of bed-

rock ercosion.
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CHAPTER 10

CONCLUSIONS

Five gquestions were posed at the beginning of
this investigation. These concerned (1) the distribution
patterns of essexite fragments from both essexite outcrops,
(11) the changes in the size and morphometric properties
of essexlte stones as a result of glacial and fluvioglac-
ial transport and beach processes, (1i1) the distribution
pettern of titanaugite sand: grains, (iv) the pattern of'
ice movement shown by striae, ice-moulded features and
till-particle preferred orientations and (v) the formation
of the erratics train.

(1) Two methods of determining the distribution
pattern of essexite fragwents in the vicinity of the out-
crops were used. One, undertaken following a pilot study,
involved calculating the percentage welgnt of essexite
fragments (2-16mm) in samples of till both up- and down-
ice of the essexite outcrops. The analysis revealed that
essexite fragwents were absent in the till samples up-ice
of the outcrops and scarce in the till down-ice of them
even where sampling sites were located close to tne out-
Crops.

Using the dry stone walls in the vicinity of the
essexlte outcrops as random samples of the larger glaclally
transported essexite fragments, the distributlon of essex-
ite erratics was traced for ¢.20km from the outcrops. The

SYMAP contour maps of the distribution patterns of porrhy-
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ritic and non-porphyritic erratics (Figs 5.9 & 5.10)
indicate the famillar erratics train pattern with the con-
centration of stones gradually decreasing in the direction
of ice movement and decreasing more rapidly in a direction
perpendicular to this. The major axes (i.e. the areas
representing high concentrations of essexite stones) of
the distributions for porphyritic and non-porphyritic
stones follow & curvilinear course immedliately down-ice

of the outcrops wnich corresponds to the allgnment of the
steep scarp face of the Campsie Fells at this point.

This is interpreted as indicating that the glacler ice
distributing the erratics was deflected by the scarp face
of the Campeies. The distribution of non-porphyritic
stones indicated that there is a marked asymmetry in the
erratics train with the major axis closer to the northern
than to the southern periphery. The data obtained for

the dispersion of porphyritic stones gre inadequate to

confirm the asymmetry for this variety of essexite.

Apart from these similarities there is one major
contrast between the two distribution patterns, namely
that the porphyritic essexite stones become scarce in the
walls far more rapidly 1n.a direction down-ice of the out-
crops than do the non-porphyritic stones. The rapid
decline in the numbers of porphyritic stones is attrib-
uted to the close spacing of the bedrock joints (Plate 1),
which meant that these stones were guickly crushed
down during glacial transport to a size that was too
swall to be useful in wall-building. The joints in the

non-porpnyritic variety of essexite, on the other hand,
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are more widely spaced (Flate 2) so that glacially crushed,
Joint-controlled blocks of essexite were sufficiently
large to be included in the walls.

(11) The changes in the size and morphometric prop-
erties of essexite stones during transport in various en-
vironments nas shown that different processes act in the
glacial, fluvlioglacial and beach environwments and are
reflected in the results obtained from the measurement of
these properties. Crushing in the glacial environment 1is
indicated by a steady decline 1n the trend of the mean
values of E, for non-porphyritic stones in the walls with
distance from the outcrop. The decline in the proportion
of nomn-porphyritic wall stones recording short lengths
between parallel Joints with distance from the source
suggested that crushing is concentrated on smaller frag-
ments during glacial transport.

Abrasion durling glacial transport has been shown
to be a2 subsidlary, but active process affecting essexite
stones by the increase in thelir roundness over the first
5=10km of travel from the outcrops. Beyond this, however,
roundness fails to show a clear tendency either to rise
or fall and this has been interpreted @s being further
evidence that crushing occurs during glacial transport,
since the latter will tend to produce angular fragments.

Abrasion has been shown to be the most important
process acting in the fluvioglacial environment by the
higher value for mean roundness compared with tnat for
glacial stones. The mean size of fluvioglacial stones

was also found to be considerably smaller than of glaclal
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stones and this has been attributed to the restriction in
the size of particles imposed by the competence of the
meltwater streams, a constraint that does not apply to
glaclally transported stones.

From the results of roundness obtained for essex-
ite stones found on modern beaches of the Forth it has
been concluded that abrasion 1s also the major process
taking place in the beach environment. The size of beach
stones is smaller than fluvioglacielly and glacially
transported stones. This has mainly been attributed to
the greater degree of sorting that the beach stones have
undergone compared with fluvioglacial ones which have been
subject to less sorting, and with glacial ones which have
undergone no sorting.

By plotting the mean values of several morpho-
wetric indices for difrgrent slze grades of glacial,
fluvioglacial and beach stones (Fig.6.4), it has been
found that the areas enclosing size grade means for fluvio-
glacial stones overlap both with areas containing mesns
for glacial and beach stones.

When the data were subjected to multiple discrim-
inant analysis (Figs 6.6-6.9) the centroids for glacial
and beach stones of btothn varieties of essexlite were
farthest apart, indicating that they were wmost distinctive
whilst the fluvioglacial centroids were inbetween the
centroids for the other two categories, showing that
fluvioglacial stones had characteristics in common with
glacial and beach ones. A gradual decrease in the distance

between the centroids of the two essexite varieties
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within the same category has been noted from the glacial
centrolds which are farthest apart, to fluvioglacial cen-
trolds which are nearer, to beach centroids which are
closest together. This has been interpreted as indicating
the nature of processes acting in the different environ-
ments. During glacial transport the dominant process was
crushing which would tend to accentuate the contrast in
the size of the porphyritic and non-porphyritic joint-
controlled blocks. On the other hand, the dominance of
abrasion and the sorting action occurring in both the
fluvioglacial and beach environments would tend to lead

to fragments of 2 similar size being found in the same
deposit. Using only the morphometric indices (Fig.6.8;
Table €.8), roundness accounted for most of the dispers-
lon and, since the centroids for each varlety of essexite
are closer to the centroids of the other variety within
the same category than to centroids in any other categories,
1t has been concluded that roundness is the most sensitive
index differentlating between processes acting in the
glacial, fluvioglacial and beacn environments. Shape and
size indices, on the other hand, tend to accentuate lith-
ological contrasts rather than differences in processes.
From the correlation coefficlents derived from the cor-
relation wmatrices based on the size and morphometric
indices, 1t 1is suggested that, espart from E (roundness),
the other important measures are MPV (maximum projection
volume) or MPA ( maximum projection area) and S (sphericity)
or F (flatness).

An experimental abrasion test of various shapes
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and slzes of essexlite particles indicates that asymmetrical
particles are most susceptible to chipplug, that large
particles become rounded more rapidly than small particles,
and that roundness for all particles increases rapidly at
first and then more slowly with time.

A uniaxial compressive strength test revealed
that essexlte 1s a rock of moderately high strength with
mean values of 1487 kg/cmz for the porphyritic and 1470
kg/cm2 for the non-porphyritic variety. Bulk density
values of 3.05 gm/cc for porphyritic and 3.06 gm/cc for
non=-porphyritic essexite are in accord with this. These
results substantiate the idea that the essexite stones
have been subject to crushing mainly along the bedrock
Joints during glacial traansport.

(111) The analysis of the distribution pattern of
titanaugite sand grains in the till in the vicinity of
the outcrops showed, like that of the distribution of
essexite fragments in the till, that they are absent 1in
the till up-ice of the outcrops and become rapidly scarce
in a direction down-ice of the outcrops. The SYMAP con-
tour map of the number of titanaugite greins expressed as
a percentage of the non-ppraque heavy wineral fraction
(Fig.7.3) reveals a slimilar direction of transport to
that of essexlte stones in the walls and a rapid rate of
dilution with distance from the outcrops in a2 down-ice
direction.

(iv) The till-particle preferred orientations, striae
and long axis alignment of ice-moulded features in the

area up to 20km down-ice of the essexite outcrops show a

278.



similar trend to the alignment of the major axis of the
erratics train when the directional data are analysed
using a vector trend surface technique. This correspond-
ence nas been interpreted as indicating that the erratics
train was formed by the same ice that gave rise to the
striae and ice-moulded features and, esince these normally
reflect the direction of movement of the last active ice
in an area, the distributicn of the erratics has also been
assigned to tnis time.

(v) The formation of the erratics train has been con-
sldered in terms of two related problems; the means of
transport and the manner in which the erratics were spread
into a fan. In chapter 9 it was concluded that the
scarcity of the essexite fragments and the unexpectedly
raplid decline in the percentage of titanauglite grains are
indicative of a transport at the base of the ice sheets,
From the evidence of the abundance of non-porphyritic
stones along the major axis of the erratics train up to
20km from the source, the rapld upward transport of stones
of both ecssexite varieties on to the Campsies and the exist-
ence of a thin layer of coarse debris overlyling clayey
till in certain undisturbed locations, it has been postu-
lated that the majority of the essexite stones now in the
walls were transported englaclially and subsequently dep-
osited as part of a thin ablation mantle. The disrersion
of essexite erratics in a direction at varlance to the
alignment of the major axis has been attributed to the
divergent flow of basal 1ce around subglacial obstacles.

The levels at which the erratics were carrised witnln the
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glacier ice must therefore have been restricted to the
lower layers in order that the observed considerable lat-
eral spreading could have taken place. The contrast in
the extent of spreading north and south of the major axis
appears to be a result of the lack of subglacial obstacles
combined with the obstructing nature of the steep slope of
the Campsies to the north compared to the south where sub-
glaclal obstacles in the form of drumlins and bedrock
knolls are frequent and the general relief is uninhibiting
to ice movement. Only at two points where thne smooth
steep face of the Campsies is interrupted has the ice
carrying the essexite erratics been able to diverge north-
wards. The extent to which this ice was able to spread
northwards at these locations suggests that there was
little resistance to wovewent in this direction from other
ice on the Gampsies, 1t is suggested therefore that the
ice sheet was wasting at the time so that ice was thin or
stagnant on the Campsies but active on the lower ground.

Apart from the conclusions already mentioned
that are of general interest, a number of other points
have emerged from this investigation that are relevant to
the study of glacial and fluvioglacial processes.

Filrstly, the short distance over which essexite
erratic material becomes scarce within the till together
with the evidence of its rapid fanning down-ice of the
source helps to explain the local origin of the majority
of till particles,.

Secondly, if it is accepted that essexite erratics

underwent lateral spreading as a result of divergence of
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the basal layers of glacler ice arouné subglaclal obstacles,
then the extent to which the erratics nave been spread in
directions at varience to that of major ice flow bears
witness to the considerable plasticity of the bottom layers
of an ice sheet.

Thirdly, the close correspondence between the
roundness characteristics of the fluvioglacial and beach
essexlte stones supports the view expressed by King and
Puckley(19€8), amongst others, that the meltwater environ-
ment 1s extremely effective in rounding perticles since
the essexite stones in the meltwater streams would have
undergone fluvioglacial processes for a relatively short
period compared to the time the beach stones have lLeen
sublected to beecu processes.

Fourthly, from the evidence already outlingd it
appears that crusning and abrasion do affect perticles in
englacial trensport, crushing btelng indlcated bLy the

decline in the me=n L, values for non-porphyrlitic stones

in the walls with distance from the source (Fig.5.25) and
abrasion being shown by an increase in the roundness of

essexite stones over the first 5-10kw of tramsport down-

ice of the outcrops.

Methods and techniques

This investigation hes relied to a large extent
on the use of a variety of techniques in the field and in
analysis of the results. A fewremarks will now be made

on the usefulness of these techniques.
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Firstly, tinls investigetion has highlignted the
problems assoclated with attempting to trace an erratics
train by analysing samples of till for thelr content of
erratic material., The problems inc¢lude the arbitrary
decision of the size of samples, how large samples should
be close to the periphery of the train and how to remove
the erratic fragments from the rest of the till sample.

Secondly, the "wall-mapping" tecnnique euployed
for tracing the erratics train proved to be extremely
valuable. There seems to be little advantage, if only the
distribution pattern of erratics is required, in deriving
values of Ejp and 1t is suggested that Ey should be used
to measure the concentration of erratics at a point because
it can be more rapidly determined in the field.

Thirdly, the tlill-particle orientations were a
ugeful adjunct to the data otherwise avallable in the form
of striae and ice-moulded features on the directlon of
ice movement 1in the Main Study Area. However, from the
variability of the preferred orientations of the till
particles in the present investigation 1t 1s apparent that
they should be used in conjunction witn other evidence of
ice movement rather than be relied upon for deriving ice
flow directicns on thelir own.

Fourthly, the two instruments used in the messure-
ment of tne a, b and ¢ axes (pp. 132 & 227) and the teuwp-
lates of radil for measuring the minimum radius of curv-
ature on cssexite stones proved to be extremely useful in
determining these parameters with speed and accuracy.

However, a more robust material for construction, such as
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a light metal alloy, would be preferable to the materials
veed for the instruments in the present investigation.

Much use has been made in the analysis of the
results in this investigation of computer-based statist-
lcal tecnniques. The SYMAP contour interpolation tech-
nique proved to be invaluable in deriving an objective
representation of the wall data and the titanauglite per-
centages. There was one drawback and this was the problem
associated witn the uneven spacing of the data poluts
such thnat the relative size of an area representing a
certain level of shading depended 2s much on the spacing
of the neighnbouring points as on their values. The SYMVU
three-dimensional plots were useful frowm an illustrative
rather than an analytical viewpolnt.

Trend surface analysls has been applied to the
wall data, titanaugite percentages and the directional
data (i.e. striae, ice-moulded features and till-particle
preferred orientations). For the wall data and titan-
augite percentages, the technique has been considered
unsuitable due to the problems assoclated with the elong-
ate shape of the area analysed, the large number of data
points, thelir uneven dlistribution and the large variation
in thelr values over short distances. It has been con-
cluded that the greater flexibllity of the SYMAP technique
gives a better representation of the form of the erratics
train. For the directicnal data, on the other hand,
vector trend analysis proved to be very useful in deriving
the regional trends in the direction of ice movement.

The three-dinmensional statistical techniques
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devised by Andrews and Shimizu(1966) and Mark(1¢73) for
deriving preferred orientations and dips of till particles
nave been regarded as unsuitable. It has been concluded
that these techniques tené to lead to "over-analysis" of
the data and that the two-dimensional technliques of, for
example, Harrison(1957a) and Curray(1$56) are to be pref-
erred.

On the other hand, multiple discriminant an&lysis
was a cousiderable ald in analysing end illustrating 4iff-
erences between glecilally and fluvioglacially transported
essexite stones and stones that had undergone beach

proccesses.
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Plate 1

Porphyritic essexite outcrop

Plate 2

Non-porphyritic essexite outecrop



Plate 3

Stones removed from the surface of a fleld
after ploughing in the Maln Study Area

Plate 4

A large non-porphyritic essexite erratic (right)
and porphyritic essexite erratic (left)
(GR 678 787)



Plate §

A non-porphyritic essexite erratic from
fluvioglacial deposlts near Bonnybridge
(GR 817 800) being measured

Plate 6

Commercial gravel pit in fluvioglacial deposits
near Bonnybridge (GE 81y 802)



Plate 7

Typical porphyritic (left) esnd nom-porphyritic
(right) essexite erratics from the beaches of
the south side of the Firth of Forth

late 8

— e

r-|

An unusually large non-porphyritic essexite
erratic found on the foreshore of the Fi
of Forth, near South Queensferry



Losenhausen apparatus used for determining the
compressive strength of essexite

Apparatus
grains

sand

heavy mineral



Plate 11

Striae on the Campsie Fells (GE 703 808).

Their direction is indicated by the
alignment of the hammer shaft

Plate 12

Ablation mantle overlying thick deposits of
clayey till (GR 724 799)



Plate 13

Blocks, triangular blocks and blades prior to
experiwental abrasion. Scale is 1l0cm 1n length

Plate 14

Blocks, triangular blocks and blades after 64 hrs
of experimental abrasion. Scale is 10cm in length
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