Frontispiece. Roslin Till overlying thick glacio-fluvium _‘
at latslie.
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Table 4.4. There are a number of reasons why such stone counts cannot be
directly compared with those from till: of particular importance is the
transporting process, which causes the comminution of softer lithologies

in & way not necessarily true of ice-borne deposits. For example, the
harder of the many different Carboniferous lithologies are much better
preserved than the softer ones. Bearing this in mind, the high proportion
of igneous volcanic rocks in Table 4.4. is not surprising, but the virtual
absence of the tough Southern Upland greywackes becomes doubly significant.
Of these same deposits, McCall and Goodlet report:

"... abundant Carboniferous sediments, dolerites and basalts; very
abundant 0ld Red Sediments and lavas of Pentland Hill types; and
fairly common greywackes. Felsites are common and Highland rocks
are fairly frequent." (1952, p.408).

This agrees with the evidence in Table 4.4 except in respect of greywackes.
Frozen-ground phenomena. The processes producing frozen-ground phenomena
include frost-wedging, frost heaving and sowme kinds of mass-movement,
notably solifluction. Contemporary frost heaving has been proved for
Tinto niu (23835 ft.) in Lanarkshire (Miller, Common and Galloway, 1954)
.and mild periglacial activity may be experienced in other parts of the
Southern Uplands and just possibly in the Pentland Hills.

In lowland areas of Central Scotland these processes are generally
considered absent under the contemporary climatic conditions, but have
given rise to relict features dating from the glacial period.

Frost-wedges occur quite commonly in the glacio-fluvial deposits of
the area. In all cases they are found at the top of bedded sands. The
filling may be of Roslin Till, or some analogous upper till, or gravel.
The earliest known reference to a frost-wedge is by Richardson (1874) and

Henderson (1874a)in separate papers describing the same section. The
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TABLE 4.4

STONE COUNTS FROM GLACIO-FLUVIUM - LSK BASIN

Lithological suites (%)

Location and Total Carb, ls. Ign.
site number collec— 8s. and Volcanics 0U.R.S. Greywacke Others
tion blaes

Melville Mains
sand pit (91) 520 8 65 5 0 22
Clippens
sand pit (92) 318 41 40 4 0 15
Cameron Wood

esker (93) 152 39 40 4 1 16
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description that may be compiled from the two papers is exactly that of a
frost-wedge, although it is recognised by the authors only as a fissure.
Basal till grades upward into gravel and sand. A wedge-shaped fissure
10 feet deep extends down from the top of the sand, and is filled with the
same "unstratified clayey gravel" (upper till) that forms the top 4 feet
of the section. The edges of the bedded sand and the stones in the
fissure are described as all bending downwards at their junction, in the
way characteristic of true frost-wedges.

Frost-wedges from the glacio~fluviwam underlying Roslin Till were
described by Anderson (1940). At Bilston sand pit, for example, he
recorded a wedge 6 feet deep and 23 feet wide at the top, filled with
Roslin Till. It was largely the presence of these features that provoked
the correspondence between Carruthers (1941; 1942) and Anderson (1941;
1942) previously referred to. Carruthers' assertion that wedges in sand
can be formed and filled with till in one operation is most unconvincing.
The presence of the ice-wedges and absence of any other contortion in the
sands is ascribed by Anderson and later workers to severe freezing of
ground left bare before ice readvanced over the sands.

Further examples of frost wedges in the sands underlying the Roslin
Till have been described by Common and Galloway (1958) who note seven
wedges from Oatslie, Langhill, Bilston, Wadingburn, and Melville Mains
sand pits; and fresh examples were recorded by the writer from Clippens
and Burghlee sand pits.

At Clippens, a frost-wedge was revealed in plan as well as section
during removal of the Roslin Till overburden (fig. 4.23; photos. 15 and

16). The frost wedge &8 exposed had been destroyed at both ends but
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8till measured 49 feet in length. The main wedge was aligned east-
northeast to west-southwest; a branch wedge extended for 6 feet on the
northwesterly side. The wedge tapered downward for 5 feet, the till
filling extending down for 4 feet, with some disturbance of sand for
another foot.

A narrower frost-wedge at Burghlee (fig. 4.24; photo. 17) is mostly
filled with slumped sand and gravel, rather than with the overriding till.
The till thickens by about 4 inches over the frost wedge, but otherwise
does not extend downwards. Also in the sand at Burghlee has been exposed
a much broader wedge, filled with till. The filling does not show any
obvious vertical plunging of particles, nor does the bedding of the sand
show the slumping usual in frost-wedges, but continues horizontally
against the till (photo. 18). A set of nearly fifty faint and thin dark
lines in the sand form pseudo-bedding at a steep angle parallel to the side
of the wedge for a distance of three feet. The lines are streaks of coal
dust, coarser nearer the till and becoming finer further away, and the set
of lines is interpreted as a secondary feature due to water percolating
through the sand from the wedge. The feature is regarded as a water-cut
gully, later filled by the readvance till, and is typical of several such
features noted in various sand-pit exposures.

Apart from these frost-wedge fissures in glacio-fluvial deposits,
some curious vertical fissures were recorded by Tait (1939) from central
Edinburgh in basal till. Although these fissures are filled with the
overlying sand, Tait concludes that they are not frost-wddges but tear-
fractures due to the passage of the ice.

Frost-wedges, or fossil ice-wedges, are of considerable palaeoclimatic
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significance. It has been agreed that they indicate the former presence
of permafrost, and recent work indicates that wedges will form only where
the mean air temperature is =6 to -8°C. or colder for many years
(Charlesworth, 1957; Pewe, 1964). In these circumstances, they indicate
that arctic conditions prevailed prior to the readvance glaciation.

Solifluction, implying frost heaving and downslope fllowage, does not
give rise to widespread deposits om low ground in the Lothians, even
though it may be widespread in the Southern Uplands. Strictly, soli-
fluction deposits may include till, alluvium, or glacio=fluvium that has
been moved downslope subsequent to deposition; there is often great
difficulty in recognising any secondary movement of any of these materials.
Local solifluction deposits have been described recently by Tivy (1962)

and Bibby

and by Hagg/TGeogr. Ann., in press), the latter using fabric analysis to
good effect. Although the present study excludes regional solifluction
deposits as such, some of the till fabric analyses give results best
interpreted as the result of solifluction movements, as will be seen by
the comparisén with test solifluction fabrics to be described later.
Vegetation remains. Of much greater palaeoclimatic significance than
frost-wedges are plant remains of interglacial or interstadial age.
These are uncommon in Scotland; it may be that the climatic ameliorations
between glaciations were not sufficient to allow much plant colonisation.
At the time of writing no site has been found where plant remains are
overlain by a readvance till.

Nevertheleas, in the Esk Dasin, vegetation remains have been noted in
a position which at first suggested most strongly that they were of at

least interstadial age. The remains occur at four sites occupied by the



Roslin Till. Two of the occurrences were noted by the writer; and two
were recorded in 1840 by Milne.

The best exposures showing vegetation remains occurred at NT 2668 6555
in a temporary trench (open May, 1963) at the south end of New Pentland
ad jacent to the AT0l1 road. This section has been mentioned previously as
indicating two tills, at one point in direct contact and at another point
‘separated by bedded sand and silt (see figs. 4.7A and 4.7B). The vege-~
tation remains occur within the sand and silt (fig. 4.25; photo 19), and
appeared to have been washed into position. Pockets of matted small
roots occur in the grey silt and exiand up into the overlying yellow sand.
More confined to the sand are numerous thick roots up to 2 inches in
diameter. These are more commonly flat-lying or inclined than vertical.
At two further points along this section, there are more roots in the sand,
up to 1 inch in diameter. These terminate at the top of the sand and are
vertical and sub-divide as though in their original position.

There is little possibility that the uppermost 3i-feet thick layer is
something other than Roslin Till. The site is an almost flat field with
no higher ground immediately adjacent, so slumping onto the site can be
ruled out. The material appears to be identical with that in other
exposures of Roslin Till; and fabric analysis (till fabric analysis 41)
gives a result comparable with other analyses in the neighbourhood.

The second site (NT 273 Bfl) was also temporary (open August, 1962),
being part of an excavation for an extension to the electricity transformer
station at Burdiehouse. Although the section showed the usual succession
of Roslin Till overlying bedded sand with a sharp break between them, the

till is poorly represented, being psrtly washed and with extensive sand
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lenses (fig. 4.26). The vegetation remains in the sand are not exclu-
sively of a pre-~Roslin Till age. Some root remains in a vertical position
may have grown down from the present surface; one root in particular has
obviously done this as it passes from till down into sand, in doing so
deviatingaround a boulder in the till. DBut alsc found were some broken
pieces of tree and some moss or lichen~covered pebbles within the Roslin
Till. These appeared to have been caught up by the readvance glacier

and held with the basal load.

It is significant that the only other known evidence of vegetation
remains within the local glacial deposits relates to exactly the same area
as the two sections already described. This evidence is of an extremely
early date (Milne, 1840) and the descriptions are unsatisfactory, although
typical of the period. If there were no contemporary evidence, Milne's
descriptions would have little weight in themselves.

Milne's first site is described as being on the west bank of Bilston
Burn, about a half mile north of rentland village, and at about 520 ft.
above the sea. No location fulfills these conditions, but the 500-foot
contour follows the bank of Bilston Burn a half mile south of New Pentland,
and this is taken to be the site referred to (NT 266 648). There is now
no section exposed at this location but the general drift succession in
this vicinity is known to be a few feet of Roslin Till overlying a variable
thickness of glacio-fluvial sand. This was seen in a temporary trench at
NT 265 649 adjacent to the AT01 road. The section drawn by Milne is

reproduced at fig. 4.27. His description of the section is as follows:
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"In the lowest deposit are numerous roots of trees, which shoot down
from the peat, but which do not rise to the surface of the peat.
It is obvioua that the trees have grown in the clay, - if not
before the peaty stratum was formed, at all events before the bed
of sand and the layer of gravel were deposited." (Milne, 1840,
p.326).

The Roslin Till was not reeognised by Milne, and certainly cannot be

reconciled with layer 5, 'boulder-clay; at least 8 to 10 feet thick'.

The most obvious explanation is that layer 5 is the basal till of the
area, succeeded by an attenuated thickness of outwash sand (layer 3), and
that layer 2 is Roslin Till, the stated thickness being apyropriate for
Roslin Till. If this is the case, the vegetation remains are earlier
than both Roslin Till and outwash sand.

The second site described by Milne cannot be located precisely, and
the délcription of the section is so brief that it way be conveniently
quoted in full; it is too short to allow any conclusions.

"About a quarter of a mile above Straiton Mill, roots of large trees,
apparently hazel, are also to be seen in the boulder-clay, =
covered by a deposit of yellow gravel about 3 feet thick. This
spot is 470 feet above the sea." (Milne, 1840, p.326).

Considering these four sites together, there scems to be fairly
substantial evidence for genuine vsgaﬂntion remains of a date earlier than
the Rloslin Till. The vegetation remains are not very substantial in
amount and for the most part are not in their original position. Milne's
peat layer at Bilston Burn would be conclusive if it were a recent report,
but little weight cen be given to much of Lilne's writings. However the
fact that the Bilston-Straiton area is the only one where such vegetation
remains have previously been reported at all must be considered of some

significance. At New lentland the thinness of the glacio-fluvial sand

and silt containing the root remains contrasts with the very thick glacio-



fluvium all about, as at 0ld Pentland, Pentland Mains, and Bilston.

In order to explain the vegetation remains as genuine insterstadial
plant growth, the following conditions would have to be necessary. The
drift at New Pentland conceals the south-westerly extension of the
Gilmerton Ridge. The top of this ridge raised by a covering of thick
basal till (12 feet proved) would then have had to have been at an alti-
tude marginal to the basins of glacio~fluvial deposition all around. A
marginal sitwvation would explain the thin-bedded silt deposit. Root
remains would then have had to have been washed into the quiet silty
margins, The site at Burdiehouse overlies similar fine sand and clay
layers but, by their appearance, the older vegelation remains here would
have had to have been caught up from their position of growth by the
over-riding ice.

The above speculation was ended and a conclusion reached when a
sample of the vegetation remains from New Pentland was taken for dating
by radio-carbon methods. The date given for the vegetation remains, a
collection of the larger root fragments and the matted small roots, is:

4010 ¥ 105 years B.r. (Isotopes Inc., 1965, ref. I - 1837).

This date makes the vegetation remains of Zone VIIb age, or Sub-Boreal
(Alder-oak forest), corresponding to part of the Neolithic period.

To represent a true interstadial vegetation growth, the date would
have to be at least 10,000-12,000 years B.F., as indicated by other
evidence in Scotland. Although only a single radio-carbon dating was
made, there is no reason for not accepting it at face value. It must
therefore bhe concluded that, in spite of their present appearance in the

section, the vegetation roots must have grown down into the sand from the
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surface of the Roslin Till. This conclusion in turn means that there

were substantial roots in the Roslin Till, all sign of which has disappeared
with time; and furthermore, that the till fabric in the Roslin Till

(fabrie 41), which gives a result not ideal but quite acceptable, must be
the modified pattern resulting from root action.

Follen analysis carried out by W. W. Newey from the centre of the
grey silt layer at New Pentland (fig. 4.25) failed to reveal any recog-
nisable pollen grains. This supports the radio-carbon date in suggesting
that the roots grew into position. [Had the vegetaion remains been washed
into the sand, pollen grains would have been found there in association
with the roots,

There are two further sites, both in the south-west district of
ddinburgh, where vegetation remains beneath till were described in the
nineteenth century (sce Peach et al., 1910, p.329 and Appendix, Part 1C).
At Hailes Quarry, a layer of peat 1-18 inches in thickness was recorded
by J. Geikie in 1878, overlain by sandy clay and thick till. Some of the
plant remains were confirmed as of late glacial age, but the over-lying
material from its description is not conclusively that of a glacial re-
advance. Hailes (uarry is now disused, flooded and inaccessible. At
Redhall Quarry near Hailes {Juarry, a layer of peat between boulder clay
was described by Henderson (1874b) but this description is faulty, the

vegetation being later pronounced of post-glacial age.
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CHAPTER V

TILL FABRIC ANALYSIS: THEORY

"It would probably be vain to take any
one structure in till and expect it
to be universally characteristic."
Mr. Hugh Miller on Boulder-Glaciation,
1884.

Uses of the method. The princi*g} research method used on the glacial

drifts described in the preceding chapter is that of analysing the three-
dimensional fabric of the sediments in situ. This rather specialized
field method has the blanket title of fabric analysis. It is quite
recently that fabric analysis has become a standard field method in
description of glacial drifts; and the mechanics of the method are still
subjeet to revision. There is certainly need of exact methods, as
discrepancies and inaccuracies in results can be traced to differences in
field technique. The fabric analysis technique and subsequent treatment
of data used in this work vary somewhat from those described elsewhere
and 8o are presented here in considerable detail, together with a
synopsis of comparative results achieved by other workers.

Any investigation of the three-dimensional structure of a glacial
sediment will provide some clues to the process of deposition of the
sediment - its genesis., This is most evident in the case of distinctly
bedded glacio-fluvium where the dip of the bedding indicates the direction
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in which the depositing agent - the water - was flowing. In any drift
deposit, the thickness of beds and internal structures within any one bed
will also give clues as to the genesis, as the previous chapter illustrated.
Where there is no bedding or small scale structure, attention is transfer-
red to the attitude of individual particles. A plot of an assemblage of
carefully chosen particles will produce a fabric pattern characteristic of
that deposit.

Fabric analysis is most commonly applied by geomorphologists to till,
but will produce order from apparent chaos in both glacial and extra-
glacial deposits. Till is the name given to one end number of a
continuous sequence of glacial deposits, varying in the amount of water-
washing, and fabric patterns can be found in all members of the succession.
The fabric pattern of a water-sorted glacio-fluvial deposit is produced by
a different agency than that responsible for the fabric pattern of a till,
and each pattern may be characteristic of the process responsible. It
has already been shown that textural graduation between till and bedded
deposits does occur in the field. A corresponding change in fabrie
pattern may be anticipated.

A fundamental use of fabric analysis is therefore in explaining the
processes of glacial and glacio-fluvial deposition. It is surprising
that this use of fabric analysis is as yet undeveloped, for it is unlikely
that anyone will ever see at first hand the operation by which a glacier
of contimental proportion deposits its washed and unwashed products
beneath itself; examinations of the structure of the deposits must be
the next best thing. In spite of the aftractions of this methed,

results of fabric analysis concerned with the genesis of deposition have
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been poor, because the field and laboratory techniques employed have been
excessively crude. The work of Seifert (1954) and Sitler and Chapman
(1955) on microfabrics and G. S. Boulton (pers. comm., 1964) on the
fabriec of clay minerals within till point to the care that is necessary.
Harrison's work (1957b) on a clay till is also among the most detailed;

it combines macro- and micro-fabric analyses with laboratory and englacial
fabric studies in attempting to explain the origin of the till.

The great majority of.puhlished studies including fabric analysis
have been concerned not with genesis but with a second use of the method,
whereby the pattern of the plotted particle assemblage is an indication of
the direction of movement of ice or water respomsible for the deposit.

In other words, the fabric analyses have been used in regional studies of
glaciation in order to indicate the direction of movement of former
glaciers and ice-sheets. Experience has shown that this is a reliable
field-method, and that quite rapid field technique will produce an answer
sufficiently accurate for the purpose. There may be .little practical
connection, therefore, between the method of using till fabric to deter-
mine thc processes of deposition, and the methods empirically determined
for using fabric patterns to interpret directions of former ice and water
movement., Little assumption on genesis need be involved in the second
use.

The fabric analysis work described in this text is broadly designed
to fulfil the second use, in providing information on regional movements.
However, thd measurements were aimed to be accurate enough to allow some
comment on the relation of the fabric pattern to the type of deposit, and

hence indirectly on its formative process.
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Characteristic fabric patterns. The great majority of fabric analyses

in glacial geomorphology have been derived from tills. There is averlap
in experimentation here with solid geology, from till through tillites to
sedimentary structures, and also through the washed glacial sediments to
fluvial structures. As has been described in the preceding section, the
fabrics of glacio-fluvial sediments do show meaningful patterns but, in
the presence of bedding, there is normally less need to be concerned with
such fabrics. The following remarks refer essentially to till, and have
only limited reference to glacio-fluvium.

As is now well known, the disarranged and chaotic arrangement of
particles within till is more apparent than real. Although it is seldom
to be seen from casual observations, particles will normally show a
consistent arrangement, the arrangement depending among other things on
the shape of the particles selected to produce the pattern and the
mechanics of deposition of the till. The arrangement was called a
fluxion~-structure by Miller (1884) who described many forms of it.

For the purpose of determining the attitude of a particle, measure-~
ments are usually taken of the geographical orientation of its long axis,
the a-axis, and often of some other parameter as well. The particles
must first of all be of a shape to have a long axis; the simple-sounding
operation of deciding which is the line corresponding to the long axis of
any particle can in practice produce variation in choice as, for example,
in a jagged oval-shaped particle. The three possibilities of elongation
direction have been listed by Dapples and Rominger (1945) and, in spite
of the infinite variety of shape of elongate particles, it is possible

with some practice to choose the long-axis unambiguously, folle¥Wing one



101.

or other of their criteria.

The shapes of elongate particles have been further classified by many
workers, usually in the stages showing that different shaped elongate
particles have different characteristic attitudes. An early non-vigorous
classification was that of Zingg (1935), the classification used by the
writer in some earlier work (Kirby, 1960). This divides elongate particles
into discs, blades and rods, according to the ratio of the length of their
&=~y b-, and c-axis, and is perhaps the easiest classification to apply,
where only a simple sub-division is required. A more elaborate classifi-
cation of shapes into six types was used by Holmes (1941) in the first
modern ma jor research on till fabric. Holmes showed conclusively that
"stones of certain forms and degrees of roundness have a greater-than-
average statistical chance for deposition either parallel or tranaferse to
direction of transport".

The particular shape of elongate particles is a complicating factor
in analysing the fabric of a till. For example, rod-shaped particles will
often have a long-axis orientation at right angles to that shown by the
less extremely elongated blades and discs, so that the resulting fabric
plot might show two contrasting orientations. Therefore the interpreta-
tion of the fabric results involves understanding the significance of the
part pl&yed‘by the shapes of the particles measured.

The most common element in till fabric patterns is an alignment of
particles to give an overall preferred orientation. The preferréd
orientation is almost always parallel to the direction of former ice move-
ment, and is relied on in a glacial deposit to give the directions of
movement in the same way that a suite of striations will record direction

of movement over bedrock.
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The particles will not all have an identical orientation. In the
words of}?:nior Hugh Miller: '"many stones have veered to this side or
that ..... but these variations often cancel one another out in favour of
the mid-line along which the best index-boulders lay their axes" (Miller,
1884, p.185). See also fig. 5.1; fig. 5.2.

This is the prineipal till fabric characteristic, found by all
workers concerned with the meaning of till fabrics, for example: Richter
(19382); Krumbein (1939} Holmes (1941); Glen, Donner and West (1957);
Harrison (1957b), and Rusnak (1957a). In each case, the direction of ice
movement was proved by other laboratory or field evidence, and the prefer-
red orientations found to agree with this. It must not be assumed that
the orientations at different sites within one deposit will be entirely
consistent in direction. As with striations, there is only a general
accordance within 15—200, even on quite open ground.

From careful field observation, it was recorded by Bell (1895) that
in till ... "the sharper or lighter end of the boulder points in the
direction towards which it was being moved, and the broader or heavier end
in that from which it had come", This tendency for boulders to lie with
their larger end up-current has also been noticed and recorded as the
'tear-drop' effect in fluvial deposits (Dapples and Rominger, 1945). If
the tendency is normal to all tills, then this and the main characteristics
above would together serve to determine source direction uniquely.

However the evidence here is equivocal. Nowhere has the writer recognised
this effect in the field. And, on the contrary, Miller (1884, p.167),
records that "the pointed end is frequently, but by no means always,

towards the ice".
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An alternative preferred orientation in a till fabric is one
transverse to the flow direction. This never exists as a single peal,
but only together with the longitudinal orientation, which it may however
exceed in magnitude. In the writer's experience this transverse
orientation can often be immediately related to the shape of the
particles, a particularly elongated shape being well adapted to rolling
around its a-axis, as has been mentioned. Holmes' detailed study (1941)
also suggested that the particles' inherent shape should determine
whether they adopt longitudinal or transverse attitudes, with very
elongate particles adopting a transverse attitude. Contradicting these
views, woerk by Virkkala (1951) in Zast Finland showed that the more
elongated the axis, the more clearly is the particle orientated in the
direction of glacial flow. But Virkkala's conclusion may be biased from
working with Finnish metamorphic lithologies, where extremely elongated
particles are uncommon.

Experiment by Glen, Donner and West (1957) indicated that particles
in a flowing liquid for a protracted period will build up a transverse
peak irrespective of their shape, this following after the normal parallel
orientation resulting from a short period of flow, The existence and
strength of a transverse peak may thus be related to the time the
particular process of deposition is operative. Since this work was done
with particles in a flowing liquid, it may not be true of ice deposits.
However, as support to their thesis, Glen, Donner and West pointed to the
transverse orientations found in narrow bands of till. In anticipation
of the full till fabriec results, it may be stated here that none of the
four analyses in thin band tills in this study showed exceptional trans-

verse peaks.
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At least one other worker in modern times does not find transverse
orientation at all. In spite of the extreme detail of the work carried
out by Harrison (1957b) on a clay till, he does not mention and obviously
does not find a transverse orientation; but describes instead a
horizontal girdle of axial plots with a single clear maximum parallel to
former ice movement. It will be seen in describing the results of the
writer in a later section that a horizontal girdle is often present, but
a transverse peal shows through this. Harrison's results are consistent
with the theory he proposes for the formation of till deposits whereby
the till fabric is inherited from the englacial fabric, but are not
consistent with other studies,

The orientation of the a-axis is the most meaningful particle para-
meter to use in regional studies of glacial drift. A second useful
parameter is the inclination or dip of this a-axis to the horizontal«

In the case of fluvial deposits, it is clearly recognised that particles
tend to dip upstream into the current, the attitude of least resistance
to water movement. Examples of this can usually be seen in the stony
beds of rivers at low water, and is mentioned as commonplace and
correctly accounted for as early as 1859 by Fleming. The phenomenon has
also been investigated in many field and laboratory studies, of which
those of Rusnak (1957a) and Schlee (1957) are representative.

It has been assumed that inclination of particles up-current is a
property true also of tills, and if this is so, then the dip direction
of a majority of particles aligned parallel to the direction of former
ice movement should provide a second means of locating source-direction,

the first being the “"tear-drop" effect mentioned earlier.
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Little attention has been paid to accurate field measurement of dip
of till particles in ground moraine. The limited field evidence for
this, which is summarised by Wright (1957, p.57), suggests there is no
strong pyreference for plunge either im the inferred up-glacier or down-
glacier direction. The strongest support for the assumed dip up-glacier
is by Dreimanis and Reavely (1953) who found that "the long axes of most
stones dip slightly against the ice flow", but have no numerical observa-
tions to support this. The direction of dip haa been found by West to
be very varied (pers. comm. 1962), while Hoppe, who has done much pioneer-
ing work with till fabriec techniques in Scandinavia, agrees that the dip
is often misleading in regional analyses (pers. comm., 1963). The
results of several thousand measurements of dip by the present writer are
discussed in the next chapter. The conclusion will be seen to agree
with the ma jority opinion above, and with earlier work by the same writer
(Kirby, 1960).

In the light of these comments it is seen that the measurement of
simple parameters will produce an indication of trend of former ice move-
ment, for example, either west-east or east-west. This it will do very
adequately. The unique direction of movement can not be inferred with
the same facility, and in practice it may be necessary to rely on other
internal features of the till or quite separate field evidence to resolve
this.

Till fabric analyses have occasionally been employed on till forms
other than featureless ground moraine. For example, fabric analyses of
orientation and dip have been used to investigate hummocky till (Hopye,

1952), drumlins (Wright, 1957), and cross-valley moraines (Andrews, 1963).
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In each case the results are strikingly individualistic and considerably
help to explain the genesis of the features being examined. However, in
the case of the drumlins and cross-valley moraines, the features were
already recognisable as such from their siting and appearance; only in
the case of the hummocky till did the fabric analyses serve to suggest
the original identity of the hummocky till, as ice-pressed forms.

Difficulties in interpreting till fabric results. The "strikingly

individualistic" till fabric results mentioned above show how possible it
is to have patterns of very varied appearance. Where there is a relation-
ship between an unusual fabric and a particular type of till landform, as
in these cases, then the result is welcome and no problem arises. But
quite often, a till fabric derived from seemingly featureless ground
moraine, will show an anomalous pattern where a regular fabric pattern
would be thought most probable. Both West (pers. comm., 1962) and Hoppe
(pers. comm., 1963) admit to finding inconsistent patterns, particularly
isotropic diatributions, (showing a random orientation), and to ignoring
them in regional etudies. The writer also has produced a small number
of isotropic fabrics.

In certain cases an isotropic or anomalous orientation fabric can be
traced to the selection of particles. It has long been known that the
attitudes of particles are influenced by neighbouring stones (Miller, 1884).
The particles most likely to have the regional preferred oriéentation are
the 'dominant' or larger particles; the matrix between them will frequently
show a streamlined flow pattern around the larger particles (see fig. 5.3).
The flow pattern, which is essentially similar to that in such lavas as

trachyte, is best seen in thin section, as illustrated for example by
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LIST OF PHOTOGRAPHS (Cont.)

Vegetation remains beneath Roslin Till, New Pentland.

Typical till fabric site, showing preparation of section
and the equipment used.

Preparation of block of till prior to removal to
laboratory for fabric analysis.

Glacial drainage channel 92.
Gorge of River North Esk, letrean of Auchencorth.
Ice-contact slope and kettle hollow at Straiton.

Corbie's Craig, a small crag-and-tail on Blackford Hill,
South Edinburgh.
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Sitler and Chapman (1955) and by Ustry and Deane (1963). Unly where the
matrix is free from dominants will the finer particles in it register the
true regional direction.

An example of this is thought to be provided by till fabric analysis
30 from Swineburn. In this case most of the dominant particles are
cobbles and boulders too rounded to be used, and too close together for
the matrix not to be affected. In this material it is not possible by
the methods used to obtain a preferred orientation. The same disturbance
of the matrix by the longer particles has been shown in the case of
fluvial deposits by Schlee (1957).

Ruling out unhelpful particle shapes, personal errors of selection
and the effect of secondary movement of the deposit, other anomalous
results must be significant in terms of the mode of till deposition, but
such significance is pot understood. Variations from strongly orientated
to randomly orientated particles within a seemingly homogemeans rround
moraine deposit have to be explained in terms of a general theory of till
deposition but this is not yet available. The long-established majority
opinion regarding deposition of till favours lodgment or "plastering-on".
The process of deposition of till by lodgment has never been proved
satisfactorily but the argument is supported by the occurrence of paired
deposits, the lower called lodgment and the upper ablation till. These
are far rarer, in the writer's experience,Jthan normally suggested, for
example, by Flint (1957, p.120). If known examples of this associated
pair proved on re-—examination to be something else, this would lend
strength to the second hypothesis that till is deposited by slow melting

out from the debris-charged basal zones of stagnant glacier ice and that
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the fabric is inherited from that fabric developed in the transportational
environment. This conclusion is based in the work of Harrison (1957b) on
a comparison of englacial and ground moraine fabrics, and based in the
work of Carey and Ahmad (1961) on more theoretical considerations.

Research at the moment is not sufficiently advanced to allow all=-
embracing conclusions on the genesis of till. Until the mechanisms of
depositions are understood, isotropic patterns will continue to be a
puzzle in areas of ground moraine lacking distinct surface morphology.

One clue has been provided by till fabric analyses from ground moraine
in an area shown by other evidence to be near a continental ice divide
(Kirby, 196la). Two analyses here show no preferred orientation, and it
has been argued that this may be indicative of deposition under semi-
stationary conditions at the point where ice begins to flow outwards in
opposite directions. But this specialised case will not explain the
great majority of isotropic patterns.

On a wider scale, the effect of topography in influencing direction
of ice movement is well documented. The general direction of ice move-
ment of a thick ice sheet is outward from the ice divide, which does not
necessarily correspond with the topographic divide (Flint, 1957; Ives,
1959; Hoppe, 1959). Local relief of a few hundred feet does have some
modifying effect on flow direction, as shown by the differential flow of
the Greenland ice sheet, but always subject to the overall contrel of the
ice divide. Thinner ice, as at the beginning and end of a glacial
period, is much more likely to be controlled by local relief. If
glacierization started by amalgamation of cirque-glaciers, then during

the development of the ice sheet, the movement of the coalescing glaciers
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would be controlled by the local valleys and hills. During the maximum
glaciation, the movement is controlled more by the regiomnal ice centre.
During glaciation, if there were active glacierization to a fairly late
stage, the movement of the residual lobes would again be controlled by
local relief.

Two directions of ice movement, relating toc the maximum and waning
periods of glaciation, have been demonstrated in central and northern
Scandinavia (Strgm, 1956; Hoppe, 1959) and in central Labrador-Ungava
(Kirby, 196la).

In consequence of this, in certain localities a single thick till
may show different directions of particle orientation, reflecting the
control exerted at different times by the ice divide and by the local
topography. In theory, the till could show different orientations at
its base, middle and top, assuming a lodgment mechanism of till emplace-
ment. This variation in orientation of particles is analogous to the
variation in striation patterns that can be produced by the oscillation
of an ice-front (Chamberlin, 1888).

In east-central Scotland, with a similar climatic regime but less
local relief than central Scandinavia, some control of the direction of
ice movement by local relief might be expected; and in this way, there
could be achieved considerable variation inbrientation within a single
thick bed of till.

There are a number of entirely localised factors that modify till
fabrics and so present further difficulties to the interpretation of
fabric patterns. The first of these is the effect of local topography

and local slope. The fabric of a till deposited on a slope will be
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affected by the slope. If the ice movement affecting the till were normal
to the contour of the ground, then only the dip of the particles would be
influenced by reflecting the underlying bedrock surface. If the ice
movement were oblique to the slope, then it is possible for the a-axis
orientation to be influenced as well as the dip, possibly producing the
vector resultant of the directions of ice movement and maximum slope.

Thus, an analysis seeking a true regional movement should be sited on
level ground, away from hill slopes.

A quite different factor that might have influenced the till fabric
is that of secondary movement of the deposit. The effect of frost heaving
in producing an isotropic pattern is discussed briefly by Kirby (196la).
It is found near the surface in areas with many annual freeze-thaw cycles,
but can be avoided by working below the active level. The effect of soil
development, roots and burrowing fauna can be avoided in the same way.
More insidious in the case of a slope site is the effect of soil creep
or its frozen-ground equivalent, solifluction. A down-slope flow of till
will be indicated by a rearrangement of the particles so that their a-axes
are orientated parallel to the flow (Lundquist, 1949; Hoppe, 1952;
Harrison, 1957b). A strong orientation downslope should therefore be
regarded very critically. Where this downslope orientation is likely to
be the regional direction also, the dip of the particles may be diagnostic
in separating them. As has been noted above, however, the dip of the a-
axis in undisturbed till is not reliable; but in certain solifluction
deposits, the a-axes are imbricated towards the source of movement
(Hoppe, 1952; Harrisomn, 1957b). Further evidence to help in separating

the fabrics of till and soliflucted till is given in the next chapter,
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where the fabrics of true solifluction deposits (head) are deseribed and
compared with till solifluction fabrics.

Historie till fabric discoveries in the Hdinburgh area. The earliest

work on the glacial fabrics mentioned above is of Richter in 1932, but in
fact, Richter's conclusions represent a rediscovery of relationships
noticed long before. The original obhservations were by some of the
pioneers of glacial geomorphology in the second half of the nineteenth
century. Holmes (1941) gave a historical statement that partly recog-
nised this fact. As the early work was in the Hdinburgh area, the
observations are of some of the deposits described in the preceding
chapter and so are directly relevant to the present study.

The discoveries into till structure and till fabrics came by stages.
Milne (1840) described the boulder-pavements visible at that time along
the coast at Joppa and Seafield, the flat upper surfaces of the boulders
being striated consistently in the direction "west-half-south"., Smith
(1846) then related as equivalent boulder-striations and striations on
bedrock, and Miller (1850) noted that on pebbles and boulders in till,
"lines of scratching occur, in at least four cases out of every five in
the lines of their longer axis". The then-obvious relationships between
ice movement direction and long axis orientation came in 1860 for glacio-
fluvial deposits (Jamieson, 1860; interpreted as marine) and in 1884 for
till (Miller, 1884). Figure 5.4, taken from Miller (1884) shows the
agreement between rock striations and boulder striations in the neighbour-
hood of Edinburgh, as recorded to that date. The paper by Miller shows
acute observation and accurate description of the physical structure and

genesis of till, and remains a primary reference on till structure.
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Finally Bell (1895) suggested that the long axis direction of fragments
wvas imparted by the direction of the ice while the fragments were within
the glacier, the basis of the modern "englacial" hypothesis for till
deposition.

Contemporary work into till fabric analysis has produced theories
that are a developmwent on these original observations, as has already been
seen in this chapter. Little of this recent work has been done in
Britain, and none in Scotland since Bell's work before the turn of the
century.

Field and Laboratory procedures of fabric analysis. The field techniques
used in till fabric analysis vary according to whether the problem is to
help explain the processes of glacial deposition or to indicate direction
of former ice movement. Work on fabric genesis requires detailed field
and laboratory procedure, as for example, Sitler and Chapman (1955) and
Harrison (1957b). Work on regional studies of glaciation mccd not be 80
peinstaking. Dreimanis (1959a) stressed that, in regional studies, rapid
two=-dimensional field measurements are preferable to more accurate but
wore time-consuming three~dimensional studies. Certainly it is better to
have & larger nuaber of approximate fabric analyses than a few extremely
accurate. ones because, as local deviations of glacial wovements are coumon,
many wellspread locations will show the regional trends more clearly.
Harrison (1967b) has shown that considerable variabilitly exists both
horizontally and vertically within one ground moraine at a single large
exposure., DBut the difference for each particle between recording one
parameter (iwo-dimensions) as Dreimanis suggested and two (three-

dimensions) is a matter of seconds only, and it is well worth vhile to
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record two parameters in terms of the extra information gained. In any
case much more time is likely to be spent in finding and preparing the
particle than in actual measurement. In weathered tills in particular
considerable care is necessary in preparing the particles to get a true
result at all; the time spent in measurement is negligible by coumparison,

Most of the till exposures used for fabric anazlysis in this study are
either river bank sections or the edge of man-made sand pits. When the
face is fresh and not slumped, till particles oftien seem to show pro-
nounced orientation; this is almost always false, and due to the protru-—
sion or partial exposure of a few stones. A careful fabric analysis will
frequently give an orientation quite unsuspected from a rapid examination
of the face. This seems to stress the importance of a standardized
procedure with as little scope as possible ior subjective judgmentis.

In early work particles were measured in a vertical face of known
orientation. The protruding edge or end of any particle was marked with
& crossy the cross being in the place of the vertical face. Then the
particle was extracted and the a-axis recorded with respect to the cross.
This method was first described by Wadell (1936), was modified by
Krumbein, (1939) and Karlstrom (1952), and is being currently (1964)
employed by P. Beauwont (pers. comm.) on the grounds of its absolute
objectivity.

It is much easier and hardly less objective to work om a horizontal
surface, cut as a shelf into the side of the till face. This is done by
most workers, including the present writer. A surface of about omne foot
square is prepared and particles exposed by gentle brushing or scraping.

In this way their top surfaces will be exposed without disturbing their
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attitudes and they may be measured in situ (photo. 20).

Unly suitably-shaped particles need be measured, unlike the wmethod
on & vertical face where initially all projecting particles are marked,
their shape being hidden. Un the horizontal surface, as suitable
particles are exposed, measured and removed, the surface is lowered, the
total reduction necessary to produce one hundred particles seldom exceeding
one foot. Wright (1962) removed the particles immediately and used
toothpicks to mark the casts; measurements were then made against these.

In this study, the parameters measured were the usual ones, the
azimuth and the dip of the long axis, the a-axis. The elongation direc-
tion of the long axis is taken as the diredtion of the two parallel lines
touching the particle with least -eparation.(napplen and Rominger, 1945),
but where there was possible confusion, as in the case of a broad diamond-
shaped particle, the particle was rejected. The dip of the long axis is
taken as the mean of the dips of the upper surface long axiz, and the
lower surface long axis (fig. 5.5). The dip of the undersurface is
usually best recorded by removing the particle and measuring the dip of

its cast., VWith tabular particles, dl = d2’
i1} = dl’

and so only one measurement is necessary. In aixieen of the early particle
analyses, the dip of the upper surface and the dip of the lower surface
were drawn on separate diagrams, but the plots show only slight differ-
ences. As the overall dip pattern is not affected, this practice was
discontinued.

Measurements of azimuth and dip were read by a Suunto or by a Silva

Type 2 compass—clinometer, each to 5°. Repeated measurements on the same
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particles were made to cheeck accuracy, and gave a range of values 3-4" for

azimuth and 4-6° for dip. This indicates the general standard of particle
measurement but does mot exclude the possibility of gross error in any one

measurement.

The part of the operation requiring most discrimination is the
selection of suitable particles. The shape of particles chosem followed
the Zingg classification (1935), all those recorded being discs, blades or
rods. The size of particles measured varied according to the deposit.

At a typical site (till fabric analysis 32), particles with the following

characteristics were used:

Maximum length 81 mm.
Minimum length 8 mm.
Median length 29 mm.
Average length 24,6 mm,
Standard deviation 13.8 mm,
Particle shapes: discs i1

blades 39

rods 43

others 2

The particle sizes used at selected till fabric sites are shown in
fig. 5.6. From this figure can be seen the considerable range of particle
lengths. It will be noted, however, that the median length tends to be
between 20 and 30 wmm, Occasionally at other sites particles as short as
5 mm. and as long as 250 mm. were used. Contiguous dominant particles
were re jected, and the matrix near dominant particles was avoided. It
was found difficult to decide on the azimuth of particles dipping steeply

and for this reason particles dipping in excess of 60° were re jected.
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All fabric patterns therefore have an error due to the exclusion of the
very small number of near-vertical particles. This does not appreciably
alter the result.

All but eight of the fabric analyses were completed in situ. In the
case of the remainder, a block of till was cut out, a suitable orientation
and dip having first been measured on the top surface (photo. 21). The
block was then set up in the laboratory with the same orientation and dip,
and the material worked as usual. The laboratory method is slower than
that on the site and not noticeably more refined; it was made necessary
in the few cases by weather conditions or a very distant site. Till
fabrics 2 and 24 (Chapter VI) are from the same location, the first being
done in the field, the second in the laboratory. Inspection of the plots
will show they are very similar as regards both directions and strength of
orientations,

In all cases, 100 particles were measured. In one exceptional case,
150 particles were measured. One hundred is usually sufficient to show a
weak or random preferred orientation, and is the minimum number suitable
for applying a statistical test. Pincus (1951) supports this nuwber of
samples, from similar work. It is a limitation in the till fabric analyses
of Norris (1962) that the 50 measurements he makes are insufficient to
provide clear results when dealing with weak orientation fabrics. On the
other hand 50 measurements are sufficient if the orientation is marked.
The complete measurement of one hundred particles required 3#-43% hours, not
including the time spent in preparing the working face.

Treatment of data. The particle measurements were recorded on a prepared

form (Appendix B) and subsequently plotted from this on to a polar equal
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Oblique aerial photograph of Fenicuik district.

Stereo~pair of vertical photographs, Straiton
and 01d Pentland.

Stereo=pair of vertical photographs, Sheriffhall
and River North isk.

Stereo-pair of vertical photographs, Dalkeith Park.
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area net. No attempl was made to plot the results as they were obtained,
as any definite patiern ewmerging at this stage can consciously or uncon-
sciously influence the search for the remaining particles. In this
respect the till-fabric rack described by MacClintock (1959) reduces
objectivity in that the emerging fabric pattemis seen, this being the main
among several disadvantages of such a rack.

On the polar equal-area net, the circumferential scale represents
azinmuth and the radial scale dip. Horizontal particles, with two posasible
positions on opposite edges of the net, are plotted on the side of the
projection in numbers proportional to the dip position of the non-
horizontel particles; this does not upset the balance of any general dip-
direction arrangement. At this stage, orientation direction is adjusted
from magnetic north as recorded by the compass to geographical north.

The resulting scatter diagram of axial-plots gives a good visual
impression of the fabric characteristics. The details can be even more
clearly seen il the diagram is then contoured in the manner customary in
studies of structural petrology (Phillips, 1954, Chapter VII) but the
additional time required for this seldom makes it profitable. The
simpler star-diagram also gives a good visual impression of orientation
but it cannot represent the dip dimension. It is used perforce im till
fabric analysis 4 (Chapter VI) where the dip measurement was not recorded.-

The scatter diagram or star diagram often provides adequute repre-—
sentation of the fabric. Howevery, & number of the fabric scatier-diagrams
display isotropic or a very weak linear distribution of the axial-plot

points, and are not easily interpreted. To give more confidence when

handling these and for comparing results from different areas or different
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types of deposit, it is convenient to go a stage further by analysing the
raw data numerically. Curray (1956) suggests that the fabric is most
meaningful if it is summarised by statistics representing: a preferred
orientation direction, the degree of preferred orientation, and the
probability that preferred orientation is real and not merely due to
chance., A scheme that meets these requirements is the chi-square test as
adapted for a circular distribution by Tukey and described in this context
by Harrison (1957a) and Rusnak (1957b). Recent work incorporating this
chi~square test has been published by Kirby (196la) and Andrews (1963).
The chi-square test is non-parametric and, as used for azimuth
distribution, decides whether or not there is significant departure from
a random distribution at a chosen level of significance. If there is
significant departure, the preferred orientation direction can be derived.
The 99th percentile was chosen as the level of significance; this means
that the results will show with ninety-nine per cent probability whether
or not the distribution is isotropic. The value for 'Xf at the 99th
percentile for two degrees of freedom is read from appropriate tables as
9.21; values of ‘X? less than 9,21 indicate greater probability of random
orientation and values greater than this, preferred orientation. The
strength of orientation increases as 'Xf increases. Appendix B gives a
worked example of this, and further details, including a correction factor
for class intervals thet provides a more accurate answer than that of
Harrison. The full results of the chi-square tests, are given in Tables
6.1 and 6.2 in the next chapter, where the results of the till fabric
analyses are presented and discussed in the context of the drift succession.

A summary of the more critical statistical tests that have been
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proposed to deal with general orientation problems in sedimentary

petrology is given by Miller and Kahn (1962). The chi-square test has

been used here because it is relatively easy to compute manually and appears
to give satisfactory results. However there is some objection to it on
purely theoretical groundsj it has been correctly criticised by Flinn
(1958 and 1963) because the sample is compared by class intervals with a
uniform rather than with a random distribution; testing against a random
distribution is more correct but in practice makes little difference.

A distinet limitation of chi-gquare in this context is that it is
two-dimensional, like other accepted statistical tests on this type of
data. Since the present study was begun, a simple computation for a
three—dimensional vector analysis has been outlined by Steinmetz (1962).
This is more attractive for summarising and comparing results as it
considers strength and direction of dip as well as of orientation.

Based on Steinmetz's work, a computer programme has been prepared by
Jeo Te Andrews. This programme has been applied to two sets of fabric
data to be described in the next chapter. The results on orientation
agree within the working limits with those obtained by chi-s¢unare, and
there is the added advantage of numerical values for direction and

strength of dip as well as for orientation.



CHAPTER VI

TILL FABRIC ANALYSIS: RESULTS AND INTERPRETATIONS

"Errors like straws upon the surface flow;
He who would seek for pearls must dive below."
Jdohn Dryden, "All for Love," 1678.

Following the procedural methods described in the last chapter, a
total of 72 fabric analyses were made from several seemingly different
till layers throughout the Midlothian Basin, along the Firth of Forth to
east and west of tdinburgh, and in central East Lothian. The locations
of these fabric sites are shown in a general reference map, fig. 6.1.

Two further fabric analyses were carried out in southwest iZngland for
purposes of compaerison, The fabric results are summarized in Tables 6.1
and 6,2; the fabric diagrams and simplified rose-diagram equivalents are
grouped together after the main text, while the rose-diagram equivalents
are used in this chapter. The numbers allotted to fabric analyses have
no significance except to indicate the approximate order in which they
were completed.

The only detailed till fabric analyses from Britain to have been
published are those of West and Domner (1956), and Norris (1962). These
use the method successfully in order to determine regional direction of
ice movement, but do not provide a precedent for the systematic dip
measurement programme attempted in this work. Therefore, there was some

- 120 -
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TABLES 6.1 and 6.2

List of contents of fabric analyses summary tables 6.1 and 6.2

1.

3.

7.

10.

11.

Designation number of fabric. The order of numbers has no
significance in grouping the fabrics. It indicates the
approximate order in which they were completed.

Location. All locations occur on U.3. l-inch sheet 62,
Seventh Series.

Grid reference. All locations occur within National Grid
100-lom. square ref. NT.

Altitude of fabric site in feet 0.D.

Direction and amount of slope of ground surface at the site
in degrees. This is not relevant at the base of deep
sections and is omitted.

Type of till, as described in the text, Chapter IV.

basal till

- intermediate till

-~ Roslin Till
- tills related to R.

H 8 e T

(

Total thickness in feet of till layer from which fabric
analysis taken.

Working depth in feet of analysis from top of till layer.

X? . Strength of crientation as derived from chi-square test.
e . Orientation trend as derived from chi-square test.

* indicates a laboratory orientation.

Transverse orientation. Noted if apparent in rose-diagram.
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Particle dips: direction and ratio. This indicates the
dominant dip direction of the particles within the two 90°
quadrants centred along the orientation axis as calculated,
together with the ratio of particles occurring in the two

quadrants.

D - downflow
Table 6.1 U's mptiue
N = no preferred dip direction.

N/R - not recorded

D -~ downslope

Table 6.2 U - upslope

I — — N P P— — P p—

N - no preferred dip direction



TABLE 6.1

SUMMARY OF REGIUNAL FABRIC ANALYSES

128.

1 2/3 4 5 6 71 ___8 9 10 11 12
1 Bilston 550 0 R 43 3 49.5 N16§E- Yes N
266 643 S16°W
2 Bilston 550 0 R 4 3 0.05 - Be v o 3
265 643
38 Bilston 550 SW R 6 4 33.0 N41:E Yes N
266 642 5 S41°%W
4 Oatslie 526 0 R 7 4 42.8 N48°E- Yes N/R
263 628 S48W
5 Keith Water 525 Naoﬁw r 1 8 27.5 N68W- Yes N
449 636 5 Sess
6 Boghall Burn 525 0 R 5 3% 47.8 N358- Yes U
258 647 S35W 2/1
7 Keith Bridge 500 0 r 7 2% 9.4 NSOW No N
453 638 S802
8 Keith Water 450 . b 14+ 4% 41.0 N44E No }J
448 636 S44W 2/1
9 Keith Water 450 - b 8+ 1 2.6 - - -
448 637
10 Costerton 550 - i 13 14 17.0 N4C Yes U
438 631 Saw 3/2
11 Dolphington 125 N20:E b 5+ 3 18.6 NI5W-= No N
159 771 10 ST5E
12 Bilston 550 0 R & 8  46.4 N20E Yes U
266 643 S20W 3/2
18 Costerton 525 - b 20+ 2 32.3 No4E No U
438 631 S54W 2/1
14 Straiton 4175 S& r 84 4 4.4 - e
279 667 5°
15 Straiton 475 saoz* r 7 34 28.4 N34W- Yes N
281 668 5 S34E8



TABLE 6.1 (cont.)

124,

1 2/8 4 5 6 7 8 9 10 11 12
16 Costerton 525 = b 20+ 38 9.6 N8W- No N
438 631 S855
17 Keith VWater 475 - i 3+ 1 10.2 NlOE- Yes N
443 633 S10W
18 Zast Water 625 N i 9+ 6 18.5 N38W- Yes U
450 617 2 S385 2/1
19 New Pentland 500 WO R 6 3 57.6 N1TW- Yes N
267 660 1 S17E
20 New Pentland 500 0° R 6 1% 42,2 NOW- Yes U
267 660 S9& 3/1
21 Burghlee 500 0° R 2% 1% 51.8 N25W Yes D
277 652 8254 3/1
22 Boghall Burn 525 0° i 2+ 1 24,1 N3SE Yes N
258 647 S35W
23 Middleton 700 " i 8-12 2 T R &
355 581
F 3 i
24 Oatslie 525 ° R 7 3 32.1 g:g;' Yo ¥
263 628
25 Gladsmuir 300 0° ? 44+ 3 17.2° N56W- Yes N
472 736 S56E
26 Gladsmuir 300 0° ? & & 32,2 N2gW- Yes N
465 1734 S22E
27 Gladsmuir 300 0° 72 4 3 B - w don 2 iy
467 135
29 New rentland 430 - i 1 4 22,1 N 8i- Yes D
268 659 S 8V 2/1
30 Swinghurn 250 S22 b 6 3 0.7 " & .
32 Glencorse Hcouse 575 - i 15+ 4 22,1 N27E6- Yes U
243 629 S27W 4/8



TABLE 6.1 (cont.,)

125.

1 2/8 4 5 18 9 10 11 18
33 Milton Bank 500 - 4 1 19.9 N40EL- Yes D
251 627 S40W 4/3
34 Haveral Wood 400 0° 4 23 42.4 N2B Yes U
293 661 S 2w 3/2
35 Black Burn 115 - 3 1 49,9 NIGE Yes U
229 574 S15W 3/1
36 Liberton 350 0° 4 3% 40.7 N34W- No U
Hospital 3344 8/1
279 689
37 Blackford Hill 250 Eo 3 2 17.6 NT7TVW- Yes U
266 705 3 ST7E 3/2
38 Jerusalem 275  S204 12+ 7 13.0 N67W- Yes N
465 706 2 S67TE
39 Black Burn 800 - 4 2-3 14.9 NB6T7E- No N
227 572 S6TW
41 New Pentland 525 0 3 2 15.1 N1W- No D
267 655 S 1E 2/1
42 Lead Burn, 750 - 12+ 3 13.0  N46W Yes U
Howgate 54645 3/1
244 579
43 Glencorse Burn 650 - 18+ 10 34.7 N49E- Yes U
226 631 549W 2/1
44 DBraidwood Burn 825 - 220 ?15 15.8 N63E- Yes N
200 593 S63W
45 North sk, 475 - 3+ 1 59.5 N86&- No N
Auchendinny 386W
248 612
46 Dalmore Mill 500 - 760 7 48.3 N 4i- Yes U
Auchendinny S 4w g/1
255 617
47 Shiel Burn, 500 - 15+ 4 27.9 N 18- Yes U
Rosewell S 1w 5/2

288 618



TABLE 6.1 (cont.)

1 2/3 4 5 6 7__ 8 9 10 11 12
48 Dalhousie Burn 375 - b 3 2 34.2 N89W~ Yes N
305 623 S89E
49 Straiton 475 N6OW r 3 24 23.4 N24W- No N
277 668 5 S24£
50 Straiton 475 N6OW b 38+ 1 36.2 N78i- Yes U
277 668 5° ST8W 5/2
51 Milton Bridge, 300 - b 3+ 2 45,7 N7T4E- Yes N
Birns Water ST4W
458 668
52 Birns Water 300 - i 12+ 6 & 36.3 NB8i- Yes U
457 665 10 S 8w 3/2
53 Park Burn, 100 - b 93+ 4 52.4 N63i- Yes U
Dalkeith Park S63W 5/2
332 689
54 as 53 100 - b 14 9 73.5 N6lE- Yes U
inches S61VW 2/1
55 as 53 100 - b 4 - 53.0 NB63E- Yes U
inches S63W 2/1
56 Lead Burn, 150 - i 3+ 1 69.3 N4OW- Yes U
Lockhart S40E a/1
Ha!ls Farm
240 579
57 Pomathorn 700 - i 80+ 17 59.3 N29W- Yes U
239 592 S29E 2/1
59 Kirkhill, 625 - i 3 14 80.5 N W= Yes U
Penicuik S 78 5/3
236 602
60 Cuiken Burn 675 0° b 12 T 4l1.4 N8lW- Yes U
229 609 S81L 4/1
61 Silver Burn 850 - b 12+ 1 65.0 NBTE Yes U
212 601 S8TW 3/1
62 Silver Burn 850 - b 3+ 2 67.4 N78W=  Yes

212 601

5788

U
3/2



CHAPTER I

INTRODUCT ION

"Now at the present time it is only hy
patient research and investigation that
we can trace out the havoe that was
wrought when the ice king reigned supreme
in our land." JMr. Brown, on some of
the Glacial Phenomena of the Neighbourhood
of Edinburgh, 1874.

Relation of the ihesis to other work. This thesis is concerned with the

Fleistocene glaciation over three hundred square miles of the Lothians,
the region in Central Scotland on the south side of the Firt; of Forth

ad jacent to Edinburgh. Lvidence for glaciation is not difficult to find,
and the research has incorporated a range of aspects, including the
morphology of the present landscape and the drift stratigraphy underlying
the surface forms,.

The writer came to this part of Britain with certain interests,
either developed or latent, in quantitative field techniques; and the
region was one where a considerable amount of forward-looking glacial
geomorphological research had already been completed. From the
combination of these factors a suitable area, that had not been covered by
other workers, was readily defined, and this area has been investigated by

a selection of relevant methods of interest to the writer.

--1—



TABLE 6.1 (cont.)

1 2/3 4 7 8 9 10 11 12
63 Cuiken Burn 675 6 4 37.9 N11E&- Yes U
229 609 S11W 2/1
64 New Saughton 225 20+ 9 18.5 N48i- Yes N
Hall S48W
290 652
65 Black Burn 775 124+ 8% 72.2 N39&~- Yes U
227 572 S39W 2/1
66 Fullarton 715 8+ 5 85.5 N4 E- Yes U
Water S40W 2/1
282 568
67 Kirkhill Bank 300 NE 15+ 6 & 52.7 Nl4W- Yes N
825 622 2 11 S14E
68 Kirkhill Cut 250 24 6 8l1.1 N57&~ Yes U
325 623 S57W 4/3
69 Keith Water 475 2+ 1 28.3 N22E- Yes U
443 633 S22w 3/2
70 Keith Marischal 500 28 13 0.4 - - -
450 640
72 Cotty Burn 375 5+ 4 21.5 N16W- Yes U
388 667 S16% 2/1




TABLE 6.2

SUMMARY UI' NON REGIOUNAL FABRIC ANALYSES

1 2/3 4 5 8 9 10 11 12
28 Haveral Wood 400 81008 4 70.0 N.?.OEW- Yes D
293 661 7 S20 & 3/e
31 Flotterstone 800 Naogw 5 11.3  NI8W- Yes D
238 632 15 S18 & 2/1
40 Esperston 900 W 24~ 120.9 Nagga- Yes U
344 568 5 3 $89°W 3/1
58 Pomathorn 700 ssszw 8- 9.9  N7408- Yes U
289 502 5 3% ST4°W 3/2
71 Partridge Burn 650 N20°W 19 87.6  N13W- Yes N
428 607 8 318°%
H1 Wembury 15 S15°%W - 82.2  N14JW- Yes U
SX 513 484 ol Si4 E 3/2
2
H2 Wembury 15 sS15°w - 91.0  N1O’E~ Yes N
SX 513 484 1 S10%w
20
1

bedrock slope.

Head material has moved out from the base of a much steeper
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initial doubt concerning the value of attempting measurements in three
dimensions. Such detailed fabric work has justified itself as laboratory
work (Harrison, 1957a; Dreimanis, 1959b), and in the field in the arctic
and subarctic where the glacial deposits are fresh and unmodified. But
there seemed a strong chance that the fabric of tills in central Scotland
would have been modified by solifluction, by mass-movement or by root-
pressure, especially near the surface where most analyses inevitably have
to be done. The effects of these factors under the climatic conditions
of northern Britain are just beginning to be investigated (Tivy, 1962).

If the original fabric has been modified post-glacially, by heaving
and resettling, by lateral movement or by local wedging, it is likely that
the dip pattern will have been the first characteristic to be obliterated.
This is because most particles are initially near-horizontal and angular
rotation of a few degrees would more readily upset the dip pattern than the
orientation pattern. If the dip pattern is consistent, or at least can be
reasonably accepted as one unmodified by any post—-depositional change, then
the fabric pattern has greater intrisic value, providing much more informa-
tion about both the direction, (as opposed to ome of two directions: the
trend), of ice movement and the processes of deposition.

In the light of this, the fabric studies were very experimental in the
early stages until the reliability and consistency of the results could be
gaunged. The first analyses were carried out in groups for mutual support;
the results obtained in one till deposit at Bilston by fabric analyses
numbers 1, 2, 3, and 12 give a standard of comparison for later results.

With fabric analysis 4, only the orientation of the a-axis was

measured and not the dip. This was a mistake and was not repeated; the
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very slight economy in time does not justify the limitations of interpre-
tation imposed by having only a two-dimensional plot.

There were also some mistaken interpretations of deposits, One
complete fabric analysis was discarded and two partly-complete analyses
were abandoned for various reasons: at one site the material was found
to be not coarse till but glacio-fluvium showing soil development; at
another site the material proved to be a hill-wash; and at a third site
near Straiton, there appeared to be faulting within the till, which an
aerial photograph showed to be the result of mining subsidence.

As the main objective was to obtain fabric indicative of regional
ice-movement, sites were chosen on level or nearly level ground, clear of
iocal topographic effects and local disturbances. Many exposures of till
had to be eliminated as possible fabric sites because the ground surface
slopes too much, or because the till had so slumped that it was not possible
to cut through to unslumped material behind, or because there is clear
evidence of local subsidence due to coal, oil-shale or limestone workings.
In addition many fine sections of fresh till along the River North Esk near
or at the base of the drift succession are reachable only by ropes, and are
too sheer to allow more than cursory examination. |

The number and location of drift sections available for study varies
rapidly in any fieldwork area, of course, and the programme has to be
sufficiently flexible to utilize the most ephemeral of temporary sections.
Of the sites that were chosen, rather more than a half are river bank
sections and & small number are at the sides of open shale or limestone
quarries. Sites of these two types are semi-permanent, and might be

expected to endure for a number of years. The remainder are more
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temporary, and in many cases the exact site cannot be examined at the
moment of writing, but would have to be reconstructed from photographs or
written description. Of these, fourteen were sections where till was
exposed incidentally in sand and gravel workings, and eleven were trenches
for pipe-laying, or sections in roadway construction and building sites.

The great amount of extractive industry in the Midlothian Basin,
together with the considerable domestic and industrial building in
Edinburgh and the fringing towns and villages assists in a drift study such
as this, and offsets the problems of working in semi-=built-up areas. OUne
of the disadvantages is that all the ground surface has been worked over
by generations of farmers, engineers, builders or walkers, and there is no
chance of recording any significant natural phenomena such as the position
or even the orientation of free-standing erratic boulders. It is possible
to decide on trend of ice movement from the orientation of free-standing
erratics in Canada and Scandinavia, (Andrevs, 1965), and might be possible
in certain more remote parts of Scotland, but could not be considered in
the Midlothian Basin or its fringing hills.

When all the till fabric analyses had been plotted and examined, it
was found that all but five could be reasonably argued to relate to
regional ice movements. The exceptions all indicate a local or secondary
rather than a regional or original direction of movement of till, the
effect in each case being due to the peculiarities of the site. This
group of five will be discussed separately with the analyses from southwest
ingland after the main group of analyses. The small set of fabrics from
the Keith Water area will be first considered.

Keith Water area. A pilot study was made of fabrics from tills exposed in
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the Keith Water, an upper tributary of the River Tynme. This area was
chosen because of the good exposures that exist, as described by Kendall
and Bailey (1908).

The several tills of the Keith and Costerton area have been described
in Chapter IV, There is such a variety of beds that the local strati-
graphic sequence is not clear from these exposures even within one or two
square miles. Ten fabrics were analysed from different tills to help
establish and explain the stratigraphic sequence more fully (fig. 8.2).

The basal till along the Keith Water is the tough, dark grey deposit
seen to be or assumed to be overlying bedrock (fig. 4.14). Till fabric
analyses numbers 8, 9, 13, and 16 were carried out from this basal till;
these fall into two pairs, the pairs being spaced almost a mile apart.
Fabrics 8 and 9 are from adjacent right bank sections of the Keith Water.
Fabric 8 shows a clear preferred orientation N44°Eb344ow, with the
ma jority of particles dipping to the southwest, indicating ice movements
from the southwest. The preferred orientation is moderately strong at
jX? = 413 there is no secondary orientation. Fabric 9 shows a lack of
preferred orientation with ‘X? = 2.6, The site of this analysis is an
ideal one in consolidated unweathered material, and a random orientation
of particles was unexpected. In this case, it is explained as a local
variation in the fabric due to the presence of a large cobble which was
revealed only when a half of the one hundred particles had been measured.
This is thought to have affected the attitude of smaller particles nearby.
Examination of the rose~diagram of fabric analysis 9 will show that there
is a block of particles aligned east-northeast - west—southwest and
dipping west-southwest, in a manner consistent with fabric 8, but this is

not strong enough to register at a significant level.
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Fabric 13 is from a river bank section, one meander down-stream of
Red Scar. It shows a clear preferred orientation N54°E - 554°W, with a
mariked predominance of dips to the southwest, indicating ice movement from
this direction. There is a suggestion of a secondary transverse orien-
tation, more obvious in the southeast quadrant, and not quite at right
angles in the northwest quadrant. Fabric 16 is from the basal till at
the side of Red Scar (fig. 4.14), the same material as for fabric 13.

The fabric gives an orientation east-west with no preferred dip. The
orientation is weak, being significant at the 99th percentile, but not at
the 99.5th percentile.

Taken together these fabrics show movement of ice from the southwest
or west-southwest. [Fabrics 8 and 13 agree in direction and in strength,
and 9 shows a ghost fabric, obscured by local variation. Fabric 16 is
anomalous and cannot be satisfactorily explained. The gite is near the
top of the basal till, below the gradation into bedded sands, and was not
in a good state of preservation. This may be the explanation, the weak
orientation obtained being the chance result of a random pattern.

A stone count from the site of fabric analysis 9 (Table 4.2; and
fig. 4.18) indicates 39 per cent of Carboniferous lithologies and 21 per
cent of Southern Upland material, which is consistent with a southwesterly
origin. There is besides a considerable variety of other unnamed
lithologies, forming 30 per cent of thetotal, as befits a relatively far-
travelled basal till.

Fabric analyses 10, 17, and 69 are related to tills that seem to be
in an intermedate position, being neither basal till by their stratigraphy

nor the topmost till by their altitude. Fabric 10 is from the upper till
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exposed at Red Scar (fig. 4.14). It shows a very definite but not massive
orientation N4°E - $4°W with a ma jority of dips to the south, indicating
ice movement from this direction. Fabric 17 from the distinctive red till
on the left bank of Keith Water shows a similar pattern, orientated N10°E-
s10°%, In this case there is no dominant dip direction. From a site

ad jacent to this, fabric 69 in red till shows stronger orientation N22%E-
S22°W, with the dips indicating ice movement from the south-southwest.

These three fabric analyses agree on orientation, (the direction of
ice movement), and also on strength of orientation; the orientation is
slightly weaker than for the basal till. Stone counts from fabric sites
10 and 69 are also broadly in agreement with the fabric results (Table 4.2
and fig, 4.18). The proportions of greywacke are much higher than at
fabric site 9 in basal till, and support the indications of movement from
the direction of the Southern Uplands as shown by the fabrics. Lach
stone count included only 6 per cent of unnamed lithologies.

The strong original colouring of the red till is thought to be due to
movement of ice over the 0ld Red Sandstone outcrop immediately south of
the Keith Water (see fig. 6.2). This outcrop is so local that contami-
nation by Old Red Sandstone material wust be limited to a marrow sector
when ice passes over it from any particular quarter. This explains the
red colouring of the till at fabric site 69 bui the normal grey-brown
colouring at site 10. In the red till, apart from the fine (ld Red
Sandstone material providing colouring, 13 per cent of the pebble erratics
are also of (Uld Red Sandstone. This compares with only 1 per cent in the
non-red middle till at Red Scar, which comes from a similar direction, but

almost avoids contact with the 0ld Red Sandstone outcrop (fig. 6.2).
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The remaining fabrics from the Keith Water are numbers 5, 7 and 70
from the top of the succession. As a group, these are difficult to
interpret, and it may be that no one explanation suffices. Fabric 5
relates to the top capping till from the high section on Keith Water
(fig. 4.15). The fabric diagram shows an orientation N68°W-$68°E with
no preferred dip direction. The particles are on aggregate more flat-
lying than usual. Fabric 7 from the same deposit at the top of Keith
Bridge sand pit (fig 4.16) shows an orientation N80°w-380°E with a
preponderance of particles dipping to the east. The orientation is weak,
being significant at the 99th but not the 99.5th percentile, and both dip
and orientation are much more varied than in fabric 5.

There are two possible conclusions from this pair of fabrics.

Firstly, as they agree to 12° on trend of orientationy they could indicate,
regional trend of the ice depositing the capping till. On the other hand,
there is in the case of fabric 5 a site factor that may have influenced the
result. The section occurs at the northwest end of a high ridge of dis-
sected glacio~fluvium. The top capping of till from which the fabric is
taken cambers over the thick sand, the surface behind the section sloping
to N60°W at 5°. This is in broad agreement with the orientation direction.
Therefore the orientation in fabric 5 could possibly be the effect of
slumping. This explanation could not he true of the other fabric, where
the site is quite flat. This fabric is however the weaker of the two.
These two possibilities will be held open until other evidence is described.

Fabric 70 was taken in the 27-foot layer of till on the east side of
Keith Marischal sand pit (fig. 4.17). The bed of till consists of several

sloping layers, separated by thin sand traces and so is unlike the homo-
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geneous material of a normal subglacially-deposited till. In a section
10 feet wide, there were seen five sloping till layers, separated by four
bands of sand, each up to half an inch thick, One of the till layers is
of red till, the others of medium brown till. The till as a whole is sandy
and contains large stones throughout; a stone count (Table 4.2 and fig.
4.18), shows a dominance of Carboniferous and 'other' lithologies, and a
lower although not negligible proportion of Southern Upland greywackes than
in other stone counts along the Keith Water. The fabric diagram shows an
extreme random orientation. The dominant dip direction is to the north,
which agrees with the slope of the individual till layers within the bed.
The internal structure and fabric pattern indicate that this till has
an unusual origin. The sequence of deposits of which it is a part shows
thick sand grading up into the till layer, which is in turn succeeded by
alternating thin bands of till and sand; this suggests glacio-fluvial
conditions with slumped ablation material from a glacier overlying this.
Being from sites at the same altitude 0.D., fabrics 5, 7, and 70
were expected to provide a key to the thin-bedded sandy tills near the top
of the Keith Water succession. This they fail to do, because the deposits
are so varied. In particular, Keith Marischal sand pit shows ice-contact
till deposits as well as thin-bedded shallow-water deposits (fig. 4.17).
On the basis of the three sections the tentative conclusion is of ice
readvancing locally into a shallow glacier-dammed lake. The direction of
ice movement is not definitely established, two fabrics, both suspect
showing trend west—northwest - east-southeast, and the third showing
slumping to the north.

In summary, the total of ten fabric analyses in the Keith area,
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The area is essentially the drainage basins of the River Esk in
Midlothian and the upper River Tyne in EBast Lothian. The geographical
limits of other post-1950 researches in the region are shown in fig. l.1,
the work being conducted either by the Geological Survey of Great Britain
or by a group from the Department of Geography of Edinburgh University.
While the main concerns of the two bodies are drift geology and glacial
geomorphology respectively, there has been some overlap of research
interests which has led to valuable interchanges of ideas.

Apart from the absence of any other recent, accurate, published
account, the area chosen for this thesis is attractive for geomorphological
investigations for several reasons: in 1940 a so-called Upper Boulder
Clay was described for the first time in Midlothian,; overlying thick
glacio-fluvial deposits in such a way as to suggest the till represented
a glacial re-advance. This upper till has not previously been invest-
igated with any thoroughness. A second favourable aapect is the long
historical record of research in the district, providing an unusually
large amount of accurate facts, while a practical factor is the excep-
tional number of helpful natural and man-made exposures in the drift.

0ff-setting these incentives, it may be said that the morphological
evidence is not at all distinct, particularly in the middle part of the
Esk Basin. As an indication of the problemy the southern part of the-
Esk Basin was mapped by J. B, Sissons before 1960, but, owing to his
dissatisfaction with his interpretation of this difficult area and the
incompleteness of theevidence at this time, the material was not
published (pers. comm., 1961).

Style of the investigation. The writer's interests in methods of
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augmented by stone counts, relate to three distinet phases of ice movement
separated by two periods of glacio-fluvial or more probably glacio-
lacustirine depositions. The first phase of ice movement was from south-
west to northeast, depositing a thick ground moraine. Meltwater
conditions succeeded the till deposition without a break, as shown by the
gradation upwards at till fabric site 9.

The lower bedded sands must in some places have been eroded by ice or
by their own water as the next till deposit, the middle till, sometimes
rests discordantly directly on the lower till. The middle till, which is
a distinctive red colour in places, indicates ice movement from the south,
off the Southern Uplands. Then follows a phase of meltwater conditions,
with sand deposits thicker than in the previous phase, and finally a third
phase of glaciation, much less substantial than the previous two and of
uncertain origin.

Un the basis of the fabric analyses along Keith Water, the principal
sections can be linked together. This is attempted in fig. 6.3. It
will be noted that in spite of the great variationm in type and thickness
of drift materials, they can be grouped into not more than three
depositional units. The vertical exaggeration necessary in fig. 6.3
gives an inadequate picture of the continuity of corresponding till layers.

dsk Basin: basal till. The fabric analyses from Keith Water have allowed

substantial conclusions on the glacial phases in the upper Tyne, all the
more satisfactory because the work is self-supporting, without the aid of
‘ morphological mapping. This scheme formed a very adegquate pilot study
for the main concentration of analyses in the isk Basin, where other

systematic investigations supplement the fabric analyses.
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Almost all the till fabric analyses in the HEsk Dasin show a%referred
orientation at a significant level and, by their dip patterns, also
indicate thedirection, as opposed to the mere trend, of ice movement.
However, the fabrics do not fall into natural groupings according to
orientation, and so it is necessary to associate them by linking the
fabric sites stratigraphically as far as exposures make this possible.

The best-documented ice movement was that approximately west-east
along the Firth of Forth, a movement deduced with great confidence from
the crags and tails, fluted ridges, and striation pattern in and around
Ldinburgh city. No till fabric analyses need strictly to have been
performed where the streamlined relief is so evident, but a small number
were completed along the coastal belt in order to link the erosional forms
with the corresponding till, and to decide on the order of glacial events.

It was assumed that the main west—east movement, powerful enough to
override the Pentlands without being deflected substantially, was repre-
sented by the basal till. Fabric analyses numbers 11, 30, 37, 45, 48, 50,
58-55, 60~62 and 68 showed this to be the case (fig. 6.4); these will be
described individually.

The area of the coastal strip is represented by fabrics 11, 30, 37,
and 53-55, the first two of which are west of Ldinburgh in the Almond
Basin. .  Fabriec 11 is from the hillslope above Dolphington Bridge, a
temporary exposure relating to the Forth Road Bridge approach road. The
exposure showed 5+ feet of till overlying bedrock. The till is a .varie-
gated, weathered deposit, containing much rotted material. It has a sandy
texture and inclusions of grey and brown clayey till, more characteristic of

the thicker unweathered till on lower ground in this district. In spite of



139.

a surface slope of 8° to the north from Dolphington Hill, the fabric
diagram shows a clear orientation of moderate strength N75°W-375°E along
the slope, The slight preponderance oi particles dipping west is not
sufficiently marked to be conclusive.

Fabric 80 at Swineburn was taken from a temporary trench (open April
1962) on the south side of a large shallow drumlin. Stone orientation
was expected to follow the alignment of the drumlinisation from just north
of west to just south of east (Wright, 1957), but the fabric diagram gives
no preferred orientation; this is presumed to be due to the very high
proportion of boulders in the basal till, calculated to occupy a sixth of
the total volume, which prevented the smaller particles from adopting an
attitude related to ice movement (see Chapter V). The basal till is here
the traditional bouldery clay, all the boulders being quite rounded and
striated.

Fabric analysis 37 was made on the tail of Blackford Hill, which is
one of the best-formed and most striking crag-and-tail formations in
Britain (fig. 6.5A). The whole feature is about one mile long, with a
precipitous western impact face and a horse-shoe shaped valley half
encircling its base and extending eastwards as lateral grooves. A till
iabrpic from such a site is of especial interest. The aligpment of the
crag-and-tail iiself indicates the direction of movement of the ice-sheet,
and so it can be found how closely the fabric pattern respects this move- -
ment, assuming the till is the product of the same ice movement. In this
case, Blackford Hill crag-and-tail is aligned N85°W—SS5°E, and fabric 37
produces an orientation of NT?OW-ST7°E, which represents a clear identity.

The fabric also shows a majority of particles dipping to the west, the
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expected result in terms of the known direction of ice movement.

The lee slope of Blackford Hill is not composed of thick till, as the
tail of a typical crag-and-tail feature is often described. There is a
layer of 3-4 feet of till on the surface thickening to over 10 feet down-
slope but this rests on sand. The top part of the drift succession on the
lee slope has been exposed very clearly in recent years by building founda-
tions of Univeraity of Edinburgh extensions; sand underlies the surface
till over most of the King's Buildings site. The thickness of the sand
has not been established, the deepest foundation excavation being about six
feet into the sand but not reaching its base. There is a record by Panton
(1878) of 18 feet of sand in a pit on the tail of Blackford Hill in a
position "428 yards from the ¢liff"; and Brown (1874), commenting on
Panton's paper, wrote of sand pits, rather than a single pit. But these
references may be to the extensive sand and gravel deposits that existed
a hundred years ago along Braid Glen on the southern side of Blackford
Hill, (Milne, 1840), deposits associated with the striated overhanging
ledge made famous after a visit by Agassiz in 1840.

In the middle of the tail of Blackford Hill, the till overlies the sand
with a graded junction: in one instance, the sand merged upward into till
over a distance of 6 inches, passing through gravel, silty sand, and till
with sandylenses (fig. 6.58) . Therefore the till does not seem to relate
to a phase of glaciation separate from that which deposited the sand. The
mode of formation of a crag-and-tail would seem to leave scope for sand and
till deposition within one process: there may be a zone in the lee of the
bedrock crag of reduced pressure and possible ice stagnation where freeze-

thaw processes could be operative and running water would be available.
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Un a smaller scale, Carol has demonstrated a similar variation in pressure
around bedrock knobs underneath a valley glacier (Carol, 1947).

It is possible that the bottom of the drift tail of Blackford Hill is
occupied by another till deposited during the formation of the crag-and-
tail, and that the till described above represents a second ice-movement
from the same direction overriding the crag-and-tail; but there is no
direct evidence for it. The surface till contains about 5 per cent by
volume of sub-angular or angular boulders, some of which are very large.
This gives the till the appearance of the Silverknowe and Prestonfield
deposits, which are of basal tilly Cockburn (1956) concluded from the
lithologies of the boulders on the tail of Blackford Hill, that they are
derived from the weat. It is surprising that he did not mention any type
of drift other than till over all this site.

Elsewhere along the coastal strip, the most interesting multiple-
till section at Park Burn (fig. 4.11) has already been fully described.

Fabric analyses were carried out as follows:-

T.f.a. 53 Basal till layer 33-4 feet below top of till
54A (1-50) From l#-foot till layer, in lid of gully
548 (51-100) From 13-foot till layer, at side of gully
55 From 4 inch band till layer.

The till has the same composition and appearance in the higher thin bands
a8 in the basal layer. Although fabric 54 was carried out in two parts
from layers separated by a trace of sand (see fig. 4.11), separate
plotting of particles 1-50 and 51-100 showed no difference between the
parts. The fabric is calculated and drawn as one unit. The fabric

analyses give the following results:
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Direction of orientation Strength X% Dpip direction

53 N63°E-563°W 52.4 West-southwest
54 N61°-561°%w 13.5 West-southwest
55 N63°E-363°W 53.0 West-southwest

The three fabric analyses show exceptionally close agreement in
orientation direction, dip, and strength, By comparison with the figures
for the basal or middle ¢tills at Keith, it can be seen that this result is
much clou;r than would be expected from three fabrics taken from different
sites of the same deposit. As the agreement between 53, 54, and 55 is as
closé as could ever be expected, the direct conclusion is that the till
layers were deposited under identical conditions, by the same agency
moving in exactly the same direction with the same momentum. It is
extremely improbable that separate ice-~sheets or tongues would readvance
across ground in exactly the same direction or with the depositing
mechanism developed to the same extent as the original ice-sheet depositing
the basal till., The layers of till are therefore all regarded as part of
& single till, the interstratified sand representing merely breaks in a
single act of deposition.

Interpreted in this way, the layers of till correspond to beds
(Virkkala, 1952) and the thin glacio-fluvial layers between are the bed
limits. Virkkala also interprets this type of drift as showing
interrupted lodgment deposition of till,

Stone counts from the two lowest layers of till (Table 4.1) agree
exactly in confirming that the till is basal till with a westerly source.
Both stone counts show a small proportion of local Carboniferous lithol-

ogies, some rocks from the northern part of the Pentlands, and hardly



143,

anything from the south. Three~quarters of the total material is derived
from more widespread sources to the west,

Within the Esk Basin a scatter of other fabric sites within basal
till provide orientations consistent with those for the coastal strip (fig.
6.4). The site of fabric 45 is the east bank of the River North Esk at
stream level. Three feet of tough, dark brown till is truncated by 9 feet
of coarse river alluvium, which forms a late river terrace within the bed-
rock Lsk gorge. The fabric shows a atrong preferred orientation almost
east-west with no dominant dip direction. A similar river bank section
is the site of fabric 48 on Dalhousie Burn below Shiel Bridge. In this
case there is no bedrock gorge, the stream cutting deeply between thick
drift, The fabric orientation is again nearly east-west with no dominant
dip direction. A mile due east of this, fabric 68 was taken from the raw
bloecky till exposed in the diversionary cutting for the River South Zak at
Kirkhill., The fabric orientation is N57°2-S57°W with a slight indication
from the dips of movement from the west-southwest.

This group of analyses is completed by one from the basal till om
Gilmerton Ridge and three between Penicuik and the FPentland Hills. Cn
Gilmerton Ridge, the basal till in the temporary section on the west slope
(fig. 4.8) is shown in fabric 50 to have an orientation NT&OE-ST80W, with
movement from the west, The ground surface slopes at this location to
N60°W at 5°; this is about 40° away from the orientation direction and so
the slope is considered not to have influenced the fabric pattern.

Fabric 60 from the lower of the two superposed tills at Cuiken Burn
(fig.4l0) shows a strong orientation N81°W-381°L with the dip direction

indicating ice movement from the west. This analysis was completed in two
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sets of fifty particles, 12 feet apart at the same level, because the first
few particles measured agreed so closely in orientation that some excep-
tional local factor was thought to be affecting them. However the sets of
fifty particles produced identical results and have been plotted as one.

From the west bank of Silver Burn, a mile southwest of the Cuiken Burn
site, fabrics 61 and 62 were completed, and the orientations in each case
are very similar to those al Cuiken. Both fabrics show a strong orien-
tation, within a few degrees of west—east with the dip direction indicating
ice movement from the west. The section containing these two fabrics has
certain similarities with the multiple till section at Park Burn. Above
stream level is exposed 13 feet of dark till (fabric 61), grading upwards
over a foot into 43+ feet of glacio-—fluvium, comprising thin-bedded silt,
sand and gravel. The section is then obscured but between 13 and 16 ft.
above stream level, a further layer of till appears (fabric 62), slightly
sandier and lighter in colour than the lower till. In both till layers,
the strong orientation is apparent from visual inspection and is unrelated
to any slumping with respect to the present valley side. The two till
layers appéar to be part of a single ice deposit, separated by an
insignificant meltwater phase.

The total thickness of drift above stream level is over 50 feet.
There are no exposures higher up but the vegetation and ground conditions
suzgest there is more till above the two exposed till layerz;, and till is
exposed in the field immediately west of Silver Burn at a height well above
stream level at the base of a deep kettle. It is probable that this
higher till is analogous to the upper of the two tills at Cuiken Burn.

O0f the thirteen fabrics discussed from the basal till of the Esk Basin
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and coastal strip, all except the bouldery clay at Swineburn show preferred
orientation approximately west—-east, the mean orientation of the twelve
being N83°E-583°W.  The largest deviations from this mean are the fabrics
sited furthest apart (fig. 6.4), numbers 11 at Dolphington and 68 at
Kirkhill Cut. Eight of the twelve fabrics show a dominant dip of particles
to the west; +the remaining four show no preference, The movement of ice
from west to east is therefore adequately reflected in the dip parameter

of the particles measured. All fabrics apart from that at Dolphington
were taken from unweathered till. The fabric strength ('Xf) of these
eleven unweathered tills (excluding Swineburn and Dolphington) is quite
varied, ranging from 17.6 to over 70, with a mean of 48.2.

Stone counts from the lower till layers at Park Burn have been
mentioned briefly as being consistent with a westerly source for the basal
till. Stone counts were made also in connection with fabrics 45, 48, 60,
and 68 (Table 4.1), all sites east of the Pentlands. Three of the four
show large proportions of Carboniferous, Pentland volcanie, and 'other'
lithologies and a negligible proportion of Southern Upland greywacke;
this suggests a westerly source, in agreement with the fabric results.

The stone count from Dalhousie Burn is the exception, as it contains 48
per cent of greywacke. As the site and fabric analysis appear perfectly
acceptable, the high proportion of greywacke can be explained only in
terms of a movement of greywacke northwards off the Southern Uplands,
followed by or at the same time as the main west-east movement in the
Forth valley. Fabrics indicating movement of ice in directions other
than along the valley will be discussed next.

sk Basin: intermediate till. A considerable number of fabrics through-
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out the Esk Basin show orientations more nearly north-south than east-
west (fig. 6.6). Many of these are from sections originally thought to

be in basal till. However, ihe fabric analyses show that the material

is not basal till or, if it is, it is derived from an ice movement in quite
a different direction to the main Firth of Forth flow.

Close under the east side of the Pentlands there are a number of
fabrics with orientations parallel to the line of hills. Most of these
fabrics are from tough, grey-black unweathered till. |

At Boghall Burn (fabric sites 6 and 22), the top 8 feet of a till is
exposed above stream level, separated by a very thin ;nnd layer from the
overlying 5 feet of Roslin Till and soil. This lower till is dark brown
with a raw crumb structure similar to subsoil and some particle
decomposition. Fabric 22 from the lower till shows a moderately strong
orientation N35°E-$35°W without a dominant dip direction.

At the base of the Clippens sand pit, New Pentland, there occurs a
skeletal till resting on bedrock (fig. 4.21B). Fabric 29 from this till
shows a moderate orientation N8°E-S8°W with movement from the north.

This fabric cannot be given normal weighting, whatever the result, because
the till is such an exceptionally poor-developed layer. More than any-
thing else, the fabriec analysis helps to show that the basic material is
in fact till.

Along Glencorse Burny, a line of three fabrics, numbers 32, 33, and 43,
were taken at different distances from the FPentlands. These three sites
are all in tough, dark, unweathered till near stream level. [Fabrics 32
and 33 show moderately strong orientations N27°E-S27°W and N40°E-340°W

respectively, but differ in dip directions, one being predominantly south-
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quantitative investigation have meant that, although the glacial theme is

pursued by both regional descriptions and systematic studies, the major
contribution of original research is in the systematic aspects, while the
conclusions are presented on a regional basis. In this, the thesis
follows the tried framework of geography itself, whereby the systematic
somelimes quantitative, investigation of gecgraphical elements is followed
by attempts at associating the elements and producing a qualitative
coliclusion which ideally finds causal relationships in an areal pattern.

The twe systematic aspects which in method and approech may have some
claim to originality are the analyses inte the three-~dimensional structure
of till; and the heighting and correleting of river terraces. [Each of
these studies involves well-known established practices, but each is
developed more fully here than in any previous known work.

The till fabric analyses represent g concentrated effort at finding
regional directions of ice-sheet or ice~tongue movement from characteris-
tics of the subglacial deposit, the till. The analyses are confined to
featureless ground moraine; all other till fabric work on this scale has
_baen related to specific drift forms such as drumlins and ice-pressed
huamocks. The fabric analyses do provide the required patterns of
regional ice-movement and besides, by their very number, allow some
assessment of the pertinence of the method itself.

The examination of river terraces in sequence along the course of
any major stream is a common practice, and here again any originality
claimed for the investigation of the Esk river terraces lies in the detail
of terrace mapping and height measurement attempted. The acquisition of

height and plan position of over a thousand points located on over 140
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southwest, the other northeast. Fabric 43 is from a site upstream of
Flotterstone at the mouth of the Glencorse Reservoir valley. Eighteen
feet of till is exposed above stream level grading upwards over two feet
into about 80 feet of the typically coarse, varied heds of an esker. The
esker is aligned NBSOE, running down along the outer slope of the Fentlands,
into the mouth of the valley, which it partly blocks. As the till at the
base of the esker grades into the esker material, it might be expected to
relate to the same period of deposition and the same source-origin. This
proves to be the casej the fabric orientation is N49°E—S490W, with the
marked dip direction indicating ice movement from the southwest.

Several miles southwest of Glencorse Burn, fabric 44 was taken in a
cutting of Braidwood Burn. |Most of the 25-foot river bank is obscured
but the vegetation and soil-moisture conditions suggest thick till beneath
about 5 feet of coarse glacio-fluvium. A quarter mile downstream from
this section, to the south of the AT66 road, further sections show bedded
sand under this same till, at a lower altitude than at fabric site 44.
This suggests that the till exposed at fabric site 44, although thick, is
not the basal till of the area. The fabric diagram shows a rather weak
orientation N63°E-563°W, with no preferred dip direction. The fabric
pattern is asymmetrical in the quadrants transverse to the main
orientation; a quarter of the total particle plots occurs in the north-
west quadrant, mostly dipping steeply, while only a tenth of the particles
occurs in the southeast quadrant, mostly flat-lying. Thus the secondary
transverse orientation has & dominant dip direction to the northwest.

The fabric would also show this by a preferred dip of the b-axis of

tabular particles with the primary orientation.
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The orientation of each of these six fabrics agrees closely with the
direction of the Pentland edge at the point nearest to it. Of the
particle dips, two suggest movement from the southwest, that at Milton
Bank suggests movement from the nmortheast and two are inconclusive, while
that at New Pentland is discounted. The general conelusion is of ice
movement on the east side of the Pentlands from the southwest with its
path directed by the line of the hills.

The stone counts at each of these six fabric sites along the rentland
edge generally support movement from the southweat. The proportion of
greyvacke decreases northwards from Braidwood Burn (28 per cent) to
Boghall Burn (1 per cent) and New Pentland (0 per cent). The proportion
of Pentland material varies with distance from these hills, with over-
representation at Flotterstone. Rather surprising is the proportion of
‘other' lithologies at Boghall Burn and New Pentland rather than of
Carboniferous rocks; this suggests contamination from the basal till in
this northern district.

In the Esk Basin further east away from the Pentlands, fabrics 46,
47, 66, and 67 also produce dominantly north-south orientations. Fabric
46 is from dark unweathered till with roughly horizontal fissile layers
3-0 inches thick. The site is near the top of the River North Esk gorge
overlooking Dalmore Mill, where 10 feet of coarse glacio-fluvium forming
a river terrace, overlies 60-75 feet of other drift. Most of this drift
appears to be dark till as exposed at the top, but it is not possible to
say whether it is all one unit. The junction between till and glacio-
fluvium appears to be abrupt but is cambered, so that a natural graded

junction could be concealed. Fabric 46 shows a strong orientation of
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particles almost due north-south with pronounced dip directions indicating
ice movement from the south.

An almost identical fabric pattern representing ice movement from the
gsouth is shown in fabric 47 from Shiel Burn, Rosedale, two miles east of
the Dalmore Mill site. About 15 feet of dark till is exposed above stream
level, overlain by a foot of bedded sand and several feet of predominantly
wind-blown material. The analysis was taken near the top of the till.

Fabric 66 is the most southerly recorded, from Fullarton Water at about
800 ft. 0.D. Between the B6372 road and Edgelaw Reservoir, the Fullarton
Water cuts through over 60 feet of drift but there are few fresh sections
except in river alluvium. However, slumps and the vegetation pattern
indicate a thickness of dark till in the centre of the drift succession
with glecio=fluvium at the top surface and near bedrock. The lower bedded
drift is silty in some places. The fabric site is halfway up the drift
slope, and 5 feet below the top of the till, which shows as a sharp break
succeeded by fine sand. The fabric shows a very strong orientation
N40°E-340°W with movement from the southwest.

On the east side of the Lsk Basin, fabric 67 is taken from the top
edge of the River South Esk gorge. The highest member of the drift
succession here ig a thick till,.thich produces the flat ground southwest
te Aikendean and Carrington. The till is underlain by bedded sand of
unknown thickness; the base of the succession is the till already
described as the site of fabric 68.

Fabric 67 was completed in two parts €6 feet dnd 11 feet below ground
surface. The crientations of the two parts agree exactly and so the

fabric is calculated in the usual manner as ome plot; there is a stong
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preferred orientation N14°%w-314°8. The dip measurements are not used to
deduce direction of ice movement, although they are probably genuinej
this is because the dip measurements of the first 36 particles are just
possibly suspect due to slight slumping of one portion of the till.

These four fabrics 46, 47, 66, and 67, spread over several square
miles of the southeastern part of the Lsk Basiny, all exhibit a north-south
orientation and three of the four show the movement to have been from the
south. All four locatlions have considerable thickness of drift beneath
the actual fabric site so the tills investigated are quite probably not
the respective basal till at these sites. In the case of fabric 67 at
Kirkhill Bank, this can be demonstrated directly.

The stone counts at these four fabric sites again generally support
the fabric analyses. The exceptionally high proportion of greywacke at
Kirkhill Bank proves that the ice movement was from the south, a useful
point of evidence since the direction of fabric analysis is suspect.

The thickness of the top till here, the strength of orientation and the
amount of greywacke all indicate that the last ice movement was & quite
substantial one from the Southern Uplands. By contrast, the low
proportion of greywacke at Fullarton Water is associated with an ice
carry from the southwest, passing over only a small extension of greywacke
bedrock,s An additional stone count at Ry on the side of the North isk
gorge at Roslin, indicates by the high greywacke content, that the till
exposed is intermediate till, derived from the south.

There remains for consideration a number of fabrics in the neighbour-
hood of Penicuik (fig. 6.6) with approximately north-south orientation.

Fabries 35, 42, 56, 57, 59, 63, and 65 are all from within two miles of



Penicuik, but in spite of this density, or perhaps because of it, the
small pattern they form is not at first sight internally consistent.

The upper till in the section on Cuiken Burn (fig. 4.9) shows a good
orientation N11°E-S11°W with ice movement from the south (fabric 63).
This is particularly satisfactory as the orientation is entirely - .
different from the orientation in the lower till at this section, in
fabric 60 already described. The orientation is not however parallel to
the line of the Pentland edge. Such an orientation would be about N40°E
at this point.

Two fabric analyses were made at the north side of Auchencorth Moss
between 750 and 800 ft. 0.D., along the course of Black Burn. The site
of fabric 35 shows 3+ feet of dark brown, unweathered till, truncated by 2
feet of river alluvium. Bedrock is exposed within a few yards of the
section, so the till is the basal till in this area. The fabric diagram
shows a strong orientation N15°5-S15°W with movement from the south.
Fabric 65 is from a section further upstream on Black Burn (fig. 4.12).
At this point the full thickness of dark brown, unweathered till is pre-
served. The top of this till is 224 ft. above stream level, 133 ft. of
till being exposed. The remaining 9 feet is slumped, but other nearby
sections show that the same brown till continues downwards and rests
directly on bedrock. Fabric analysis 65 was made 8% ft. below the top
of this till layer, and gives a very strong orientation and dip indicating
ice movement from S39°W. As a spot check, a further 10 particles were
measured 9 ft. above stream level, and show the beginning of what could
be a similar orientation pattern. These two fabrics from Black Burn

together indicate a basal till of about twenty feet thickness derived from
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ice moving from south-southwest., There is of course a higher till at
one of these sections (fig. 4,12}, and the fabric analysis from this is
discussed later.

Sited roughly between the Cuiken Burn (63) and Black Burn (35 and
65) sites are four more fabric sites, numbers,42, 56, 57, and 59 (fig.6.7);
the results here show movement from the southeast rather than the, by now
characteristic, southwest. These are all satisfactory sites and the
fabrics must therefore be accepted at their face value as giving an
approximation to the true style of till movement.

Fabrics 42 and 56 are from similar river bamk sites on Lead Burn
between Howgate village and Halls Bridge, just below 750 ft. O.D. The
till is rough and unweathered, and very dark grey-black in colour.

Further downstream it is seen to be resting directly on bedrock. Both
fabrics show orientations approximately northwest-southeast with prominent
dip directions indicating movement from the southeast. Fabric 42 has a
low nominal strength due to the number of transverse orientations, whereas
fabric 56 is very strong.

Fabric 657 is from the top of the drift succession overlooking the
Black Burn gorge just before it joins the North Esk. This is at about
700 ft. 0.D. From the surface downwards is about 4 feet of weathered
1111l grading into 30+ feet of unweathered dark brown till. |Fabric
analysis 57 at 7 ft. depth shows a strong pattern representing movement
of ice from the south-southeast.

Finally in this group, fabric 59 is from the 3 feet of sandy-till
preserved between thick-bedded sand at Kirkhill, Penicuik (fig. 4.13).

The fabriec pattern is of orientation almost north-south, with dips
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indicating movement from the south.

The atong counts from the fabric sites around Penicuik support and
re—emphasize the differing directions of ice movement that the above
fabrics show. The two sites in basal till at Black Burn (35 and 65,
Table 4.1) show similar proportions of rock types, although the more
westerly source of ice shown by fabric 65 is underlined in the stone count
by a greater proportion of Pentland rocks. Zach site shows about a tenth
of Southern Upland greywacke. = Rocks of Highland origin were found more
frequently by McCall and Goodlet (1952) than by the writer; otherwise
the observations agree.

The stone count at Cuiken Burn islnot exactly predictable, as it
contains 40 per cent of 'other' lithologies, wherecas a higher proportion
of greywacke would be expected. In fact the stone count from site 63
differs only from that of site 60, the basal till in the same section
(fig. 4.9), in that the basal till contains no greywacke at all.

Representative of those fabrics showing movement from the southeast
is stone count 42 from Lead Burn, Howgate, which includes over 50 per cent
of greywacke. The northern limit of greywacke is just half a mile from
Lead Burn to the southeast. So not only does the stone count result
agree with the fabric analysis, but also if the fabric had indicated
movement from any other direction, for example the southwest, then the
high proportion of greywacke would be surprising; in other directions
but southeast, the northern boundary of Southern Upland rocks is much
more distant.

A total of 16 fabries from the Esk Basin showing movement approx-

imately south to north have now been discussed. They have been grouped
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together in this way because their fabric results are similar, but it will
be clear that they are not all necessarily the product of one movement.
Unlike the first major group of fabric results showing movement west to
east, which was associated with basal till, the second group is not
obviously associated with any particular stratigraphic horizon. A number
of the sites are in the topmost till, motably numbers 42, 44, 46, 56, 57,
63, and 67. On the other hand the till at Boghall Burn (22) is covered
by Roslin Tillj; and the till at sites 35 and 65 at Black Burn is succeeded
by a thinner grey till. The remainder occur somewhere within the drift
succession, although those on Glencorse Burn are certainly near bedrock.

At Cuiken Burn and at Kirkhill there are two tills, the basal till in
each case indicating movement from west to east (fabrics 60 and 68) and
the upper till in each case indicating movement from south to north
(fabrics 63 and 67). The movement from the direction of the Southern
Uplands is therefore later than the movement from west to east in this area,
a movement with which farther north are associated the major erosional
features near Edinburgh, Un aggregate, most of the second major group of
fabric analyses can be associated with the upper tills at Cuiken Burn and
Kirkhill. The intermediate or high position of the tills in the
respective sections, the thickness of the till and the strength of
orientation point to a substantial, later movement from the south,

The only fabrics that are particularly anomalous to this summary
statement are those around Penicuik, and these must be examined further
(fig. 6.7). The movement southwest to northeast recorded by fabrics 35
and 65 at Black Burn is in till directly overlying bedrock. In other words

there is no earlier till representing the earlier movement west to east.
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There are two possibilities by which these fabrics may be explained; the
first is that the original basal till was not deposited or may have been
deposited and then eroded by the later movement from the southwest. In
favour of this explanation is the existence of a number of armoured till
balls included within the lower till. These are roughly spherical lumps
a few centimetres in diameter, composed of till, in some cases with a
pebble as nucleus, but always with smaller fragments of rock as a surface
protection. A few of these were found quite by chance in this section.
They were not noticed anywhere else in the fieldwork area. The till
balls are derived from a previous deposit, which can have been an earlier
basal till or a lower part of the same till.

The second possibility is that the southern edge of the ice movement
west to east did not extend as far as Auchencorth Moss, and that the move-
ment from the southwest, the earliest movement represented here, was
contemporary with the west-east movement on the lower ground. Against
this are the facts of ice movement from the weat at Cuikemn omnly 100 ft.
lower, and of reported east-west striations over the Pentlands, weat of
Auchencorth Moss at considerably greater elevation (Maclaren, 1849).

The former possibility, that the original basal till is not now represented,
seems the more likely for Auchencorth Moss, as it must also certainly be
true for site 29 at New Pentland where a similar circumstance holds.

There must be a southern limit to penetration of the west-east ice sheet
along the north side of the Southern Uplands; but New Pentland and
probably also Auchencorth Moss were submerged by this movement.

The till at Lead Burn is grey-black, whereas the lower till at Black

Burn, vhich has been associated with it in the description above, is dark
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red-brown. A better match with the Lead Burn till is the upper till at
Black Burn, the 85-foot, grey till shown in fig. 4.12. Also stome count
39 (Table 4.1) from this upper till, by its high proportion of greywacke,
matches the stone count at Lead Burn better than the stone count in the
subjacent lower till matches it.‘\ A fabric analysis from the upper till
might be expected to agree with one of the other tills and so help further
in associating them. However this is unfortunately not the case: fabric
39 from the uwpper till at Black Burn, a fabric analysis not previously
described, is quite different from fabrics in both the other tills. The
orientation is N67°E-S67°W with no preferred dip direction. The fabric
has a low chi-square value, and contains a large asymmetrical transverse
population, dipping north. Such an orientation in a thin top till does
not oceur in any other fabriec recorded. The presence of 40 per cent of
greywacke suggests a southerly source for the till rather than & roughly
easterly or westerly source as indicated by the fabric.

There is a suggestion that this fabric result is an exceptional one,
not proving one direction of ice movement. The stone orientations were
taken between 2 and 3 feet depth in the thin upper till, which includes a
thin sand horizon at 24 feet depth. The orientations vary slightly with
depth, being more southwest -~ northeast near the base and west-east higher
up. Although an extra 50 particles wvere measured at a later date when
the original plot of 100 gave an inconclusive result, the final plot of
150 particles still does not provide a strong peak. However it was
argued in Chapter IV that the particular style of deposits at Black Burn
indicates two units of deposition, and it is still considered that the

thin upper till represents a later readvance over the red-brown till.
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terrace~remmants has enabled confidence in conclusions about these
features that would not have been posaible with less rigorous methods.

Fieldwork for this research started in 1961 and was completed in
1965, with the minor exception of some height measurements on river
terraces completed at a very late stage. During the first and second
summers, the major emphasis was on becoming familiar with the region and
in making till fabric analyses. These first analyses imvolved much
experimentation and so were completed very slowly; more analyses were
completed in 1263 ihan in either of the previous summers. Fabric
analyses usuvally involve extremely awkward field conditions, with up to
five hours spent against the same till face, and this aspect of the work
never proceeded as rapidly as was hoped.

The glacial landforms of the Lsk Basin were mapped mostly during 1962
and 1963 on days when conditions were unsuitable for fabric investigations.
The official six~inch Drift Geelogy sheets were used as the base for all
field mapping. These sheets proved Lo be gxtrenely reliable: mnone of the
drift formation that could be checked was faulted except om very minor
details.

The field mapping brought into focus the great extent of the outwash
and river terraces of the Esk, and thus their importance towards interpret-
ing the deglacial and post-glacial sequence of events. The terraces were
mapped as part of the genmeral landform mepping and height measurements
were made on them later, during 1963-65. The height data also took longer
to obtain than had been hoped, particularly because of the vertical height
ranges to be covered within the Esk gorge. The work was in any case not

rapid because it had heen decided, firstly, to carry out the work accurately
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Rather as an appendage, two further fabrics from the middle Esk
Basin remain to be described. Fabric 64 is from within the bedrock gorge
of the River North Lsk at New Saughton Hall. About 20 feet of very
compact mid-brown till is overlain by rhythmites (fig. 4.22). The
fabric was taken from mid-way down the exposed face of till to the north
of a small tunnel. At this depth in the gorge, in a position similar to
the site of fabric 45 at Auchendinny, the till is probably true basal
till. The fabrie pattern shows oriemntation N48°5-548°W with movement
from the southwest. The direction of movement is therefore midway be-
tween the west-east of the basal till and the south-north of the inter-
mediate till and, in the absence of a full stone count, cannot be
conclusively grouped with either. But a limited count of 50 stones did
not reveal a single greywacke, and on the basis of this, the fabric is
included in fig. 6.4 with the basal fabrics.

Similarly there is no indication from fabric 23 of the direction of
ice movement responsible for the till overlying Carboniferous Limestone
at North Middleton Quarry. The quarry isawell-known excavation,
described by Walton in Mitchell, Walton and Grant (1960, Pel17). As
exposed in 1962, the southwest end of the quarry showed a wedge of
unweathered, dark brown till, flat-topped but varying in thickness from 3
to 12 feet to accommodate the limestone dipping at 12° to the northwest
(fig. 6.8). The till grades up into 18 feet of glacio-fluvium which
becomes coarser upwards and is locally succeeded by colluvium (Table 4.3;
sample 105)., The fabric pattern is of randomly orientated and randomly
dipping particles. The till contains many cobbles and boulders of the

local North Greens Limestone, which may have precluded the orientation of
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interstitial material, as in the case of fabric 30 at Swineburn. The
fabric is tentatively located in fig. 6.8 with the fabrics from the
intermediate till.

Esk Basin: Roslin Tills and related tills. The remaining fabric

analyses from the Esk Basin were all taken from the area around the north
end of the Fentlands, a critical area at the junction of the Midlothian
coastal district and the enclosed Gsk Basin (fig. 6.9). The northern and
southern parts of this area have different drift successions. The
southern end is underlain by thick glacio-fluvial or glacio-lacustrine
sand terminating in a zone roughly east-west from Hillend to Lskbank.
North of this is a district of broken relief around Edinburgh, the till-
covered low ground being interrupted by the Gilmerton Ridge, the Braid
Hills, and Blackford Hill.

The majority of fabric analyses were taken from the Roslin Till,
within the area of Roslin Till described by Mitchell and Mykura (1962).
The remainder were derived from weathered top till of a very similar
appearance from sites further north nearer Ldinburgh.

Fabrics 1, 2, 3, and 12 were among the first fabrics taken in
connection with the entire research programme, as the numbering suggests.
They all relate to the same site at Dilston sand pit, opposite Langhill
Farm on the BT006 road. The sand pit was formerly much more extensive;
the ground for several acres around the present pit has now been returned
to agriculture leaving the surface lower than before but deceptively
natural in appearance. The fabric analyses were made along a local rise
in the ground, the last part of the sand pit to be worked. Roslin Till,

4-6 feet thick, overlies about 30 feet of current-bedded glacio-!luvial
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sand, the till being removed as overburden in the sand pit workings.

The four fabric analyses would be expected to give the same result,
and, assuming no variation in personal error, the amount they differ is
an indication of the possible true variation in the till fabric. In
this case, fabrics 1, 3, and 12 agree quite well, but are not identical.
The orientations are respectively 160, 410, and 20° east of north, a
spread in orientation of 25°. Fabrics 1 and 38 show no preferred dip
direction; fabric 12, which was carried out in the laboratory, shows a
preferred dip to the northeast. In strength of orientation, there is
reasonable agreement, 'Xf varying from 49.5 to 33. Tills at the surface,
like the Roslin Till, which are leached and show particle decomposition,
worm casts, and hair roots, are very much more difficult to work with than
the unweathered tills which have been discussed up to this point. In the
circumstances, the fabric results appear quite satisfactory.

Fabrie 2 exhibits a markedly random orientation pattern. Although
the site appeared natural when the analysis was made, the fabric pattern
is so unlikely for a natural till, that the site was revisited, and
definite signs of disturbance were found. These included nearby tile
drainage, household rubbish and unusual vertical structuring. Therefore
the fabric was discounted; it is included here for purposes of comparison.

A mile to the south of Bilston, fabrics 4 and 24 were taken from
Roslin Till in the sand pits at Oatslie, overlooking the River North Esk.
Lach fabric shows a moderately strong orientation northeast-southwest.

Dip measurements were not taken for fabric 4; fabric 24 shows no preferred
dip direction.

Six further fabrics, numbers 6, 19-21, 34, and 41, have been recorded
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from the Roslin Till, all further north than Bilston and Catslie. Fabric
6 from Boghall Burn is from the upper till at this site and shows an
orientation N350E-S35°W, much stronger than the orientation in the sub-
Jacent lower till, and with a dominant dip showing movement from the south-
west.

Fabrics 19 and 20 are from sites 130 feet apart in the Roslin Till
vwhich forms the overburden at Clippens sand pit (fig. 4.21A), Being from
ad jacent sites, these fabrics should therefore also agree. The orien-
tation directions are respectively 17° and 9° west of north. Lach
orientation is quite strong, but only fabric 20 shows a dip direction.
This indicates ice movement from the north. By contrast, fabric 21 from
the very thin till overlying the 25 feet of sand at Burghlee sand pit
shows as strong and orientation but with movement from s25°E. And a
fabric analysis at New Pentland, at the site of the vegetation remains
described in Chapter IV (figs. 4.6A, 4.25), shows a weak orientation
approximately north-south with movement from the south.

The final fabric within the area of Roslin Till, fabric 34, is from
the thin till overlying the thick bedded sand at Haveral Wood (fig. 4.3).
The sand pit, openmed in November 1961, has expanded (1965) to destroy the
actual fabric site. The glacial drift in this district is interrupted
by meltwater channels and river terraces, so that the till capping cannot
be traced directly inte Roslin Till further southwest. However, the thin
till is visually identical to the Roslin Till, showing sandy pockets, and
the whole being gleyed with vertical cracks. The fabric shows a strong
orientation almost north-south with the dip direction indicating movement

from the north.
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These eleven fabrics, excluding fabric 2 from Bilston, display a
considerable range of orientation, from N48°E to N25°W, which might
suggest that they are from different tills; but this is not the case as,
except for Haveral Wood, the Roslin Till can be traced directly from one
site to the next. Fig. 6.9 shows that the orientations do in fact form
a single pattern, from northeast-southwest at Uatslie veering through
north-south to north-northwest-south~southeast at Old Fentland. This
pattern is parallel to the edge of the rentland Hills, which suggeststhat
the local relief controlled the direction of movement of this particular
glacier. Uf the dip directions, three suggest movement to have been from
the south, that at Haveral Wood and one each from Bilston and Clippens
point to movement from the north, and the remaining five show no preferred
dip directions. This line of evidence is therefore quite inconclusive.
The eleven fabrics all show a fairly strong orientation, except for the
site with vegetation remains at New Fentland. The much weaker orientation
here can be explained as due to modification of the fabric by root action.

Because the dip measurements inm the Hoslin Till are not conclusive
on the direction of ice movement, the five sets of stone counts (Table 4.1,
Chapter IV) assume an added significance. At Bilston, Oatslie, Boghall
Burn, and Clippens/New Pentland, the stone counts give similar results
(fig. 4.18) each with about a third of Carboniferous and 'other'
lithologies, and a fifth of Pentland volcanics. By contrast, Haveral
Wood, further east, shows 70 per cent of ‘other' lithologies. This very
high proportion of non-local material is matched only in the skeletal
basal till at New Pentland (fig. 4.21B) and the basal tills at Park Burn

(fige 4.11), and at Silverknowe, which suggests that the Haveral Wood
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deposit has a northerly rather than a southerly source. The dip measure-—
wents in fabric analysis 34 support this.

The fabrics show a trend approximately north-south; if the movement
were from the south, then a higher proportion of Southern Upland greywacke
might be expected than is present. Greywacke is uncommon (0-4 per cent)
and in any case might have been derived from the Lentlands (Anderson,
1940). On the other hand, the proportion of greywacke carried in a
glacier from the south might be somewh:t reduced by the distance from the
Southern Uplands, as is seen by the very variable proportion of greywacke
in the intermediate till of the ULsk Basin. However, the stone counts in
the Roslin Till do not confirm the southerly source for tie Roslin Till
postulated by McCall and Goodlet (1952) and Mykura (in Mitchell and Mykura,
1962).

The remaining fabrics were taken from the Liberton-Craigmillar Ridge
and the Gilmerton Ridge. Fabric 86 is from the weathered till on the
Liberton-Craigmillar Ridge, an ideal site on flat ground that gradually
drops away in all directions. The section used was on a building plot
fronting onto the Lasswade Road opposite Liberton Hospital; the site has
since been completely built over. A thickness of 4 feet of till was
revealed, with bedrock at an unknown depth. The till is leached with hair-
roots and worm=casts throughout. The fabric analysis shows a strong
orientation N34°W-3534°E with the predominant dip direction signifying

movement from the northwest.

On the Gilmerton Ridge, till fabric sites were established on both
the northwest and the southeast flanks; the sections have already been

described in detail because they show superposed tills (figs. 4.8 and 4.9).
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All four fabrics from Gilmerton Ridge are from sloping sites, so that the
slope is a possible factor affecting the result. On the northwest flank,
a fabric from the lower or basal till (fabric 50) has already been seen to
be unaffected by the slope, the result indicating ice movement approx-—
imately from the west. Fabric 49 from the upper till at the same site
(fig. 4.8) is quite different to fabric 50, and also quite unlike most till
fabrics in particle arrangement., The fabric is open to several inter-
pretations. Examination of the particle plot will show there are two
maxima, not at right angles. The larger grouping is approximately
northwest-southeast, which may indicate some slump movement. The slope
at the surface is here down to N60°W at about 5°. It docs not follow
that because the lower till at this site is unaffected by slope, the upper
till is also immune; +the upper till is weathered, and by its position is
more liable to surface movements. On the other hand, an orientation
northwest-southeast forms part of the regular trend of upper tills around
the northeast part of the Fentlands, as fig. 6.9 shows. The secondary
peak is approximately north-northeast - south-southwest, being more
evident in the northern quadrant. This grouping could have occurred by
chance, although this is statistically improbable, or, if the main group-
ing were due to the slope, the secondary peak could relate to a genuine
ice-movement. This fabric seems to be a case where one hundred measure-
ments are not sufficient to give an adequate pattern. The chi-square
test for calculating the orientation produces an answer of N24°W-S24°E,
the lesser grouping pulling the answer off the centre of the greater

grouping.
On the southeast flank of the Gilmerton Ridge, fabrics 14 and 15
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again have unusual patterns. From the section illustrated in fig 4.9,
fabric 14 shows two peaks with directions very similar to those in fabric
49, but in this case so evenly balanced that the chi-square test is not
able to produce a preferred orientation. The two orientation peaks
relate to two different depths in the till (fig. 6.10); particles 1-50
relate to a working depth below ground level of 3 ft. 6 in. to 3 ft. 10 in.,
and are responsible for the northwest-southeast orientation; particles
01-100 were taken after a further 2 inches of till were removed, at a
depth of 4 ft. to 4 ft. 3 in. The second fifty are responsible for the
north-northeast - aouthQsouthwest orientation. It does not appear from
the section that there are different till layers at these depths (fig.
6.10), but the two orientations are consistent with other postulated
directions of ice movement, an earlier one south-north in the fLsk Basin,
and another one around the northeast part of the Pentlands. As in the
case of fabric 49, the fabric may be the result either of the slope or of
regional movements, or a combination of both. Such variation has not
been found anywhere else in such small vertical extent. The fabric of a

till may become reorientated by overriding glaciers (MacClintock and
Dreimanis, 1964), and presumably also by secondary movements of the sur-
face layer down slope, but some defomration or structural break at the
horizon of reorientation would be expected.

Fabric 15 was obtained 140 yards northeast of fabric 14 in a similar
site. Being taken 33-4 feet down in 7 feet of brown till with no
apparent variation, the fabric shows a moderate orientation N34°w-334°E.
With the ground sloping $20°E at 50, this fabric wmay again represent

either a secondary slope movement or amn original regional movement.
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The fabric analyses from the Roslin Till and related tills allow far
less firm conclusions than do the analyses from the basal and intermediate
tills. Assuming that these tills all relate to one ice movement, the
orientation pattern suggests movement around the base of the Fentlands,
but the particle dips do not indicate whether the movement was from the
northwest or from the south. Stone counts also are not conclusive. The
trend of the more northerly located of these fabrics suggests movement from
the northwest into the Lsk Dasin rather than the other way, as a glacier
descending through the Lsk Basin is more likely to have continued downslope
toward the sea than have veered northwestwards up over higher ground at
Liberton. The morphological evidence to be presented in the next chapter
also favours this alternative.

Tyne Basin. The eight fabric analyses scattered in the Tyne Basin are the
last to be described and complete the regional coverage. These fabrics
relate to 5 localities, and generally substantiate results already obtained
in the Keith Water area.

Fabrics 38 and 51 are from basal till and each shows an orientation
approximately east-west, with no specified direction of ice movement (fig.
6.4). Fabriec 51 is the more satisfactory, showing a strong orientation
in a direction that matches the moulding of the till plain in East Lothian.
This is from fresh unweathered till; fabric 38 is from an old section,
and the extremely low orientation strength may be due to the greater
difficulty in working an older desiccated section (fig. 4.1).

The movement from the Southern Uplands represented at Keith Water
by the middle till is brought out by fabrics 18, 52, and 72 from widely

spaced sites (fig. 6.6). Fabric 18 is from East Water, an upper tributary
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of Keith Water, The section does not show the multiple tills as seen in
the Keith Water sections, but just 9 feet of dark brown till truncated by
2 feet of river alluvium, There is thus no direct stratigraphic corre-
lation with the Keith sections. Fabric analysis shows an orientation
NSBOW-SSSUE, with ice movement from the southeast, The orientation is
exactly normal to the Southern Upland faultline scarp of Soutra Hill. No
full stone count was made from the till, but of the small number of stones
examined, greywacke was more abundant than Carboniferous or Uld Red Sand-
stone, unlike the overlying alluvium in which 0ld Red Sandstone is
dominant. Orientation direction, dip direction, and lithology all agree
on & Southern Upland source for this material, and so the fabric may be
grouped with numbers 10, 17, and 69 at Keith. It agrees with these
fabrics in orientation strength.

From the west bank of Birns Water above Milton Bridge, fabric 52
shows a moderately strong orientation indicating movement of ice from about
due south, a result which contrasts with the basal fabric nearby (51);
the results of fabric orientations 51 and 52 along Birns Water once again
completely substantiate the accompanying stone counts.

There is a further point of interest connected with the site of
fabric 52. The middle till as exposed appears to be formed of three
superposed parts: at the base 4+ feet of moderately compacted red-brown
till, followed after a sharp break by 4 feet of very compacted dark grey
till, which in turn grades up into 4+ feet of compact grey-brown till.
I'ifty fabric particles were measured in each of the two lower parts; the
results are identical and so they are presented as one fabric. Also,

separate stone counts, 52A and 52B, were made in each of the two lower
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with level and staff, and secondly, that each levelling traverse should
run from & bench mark of kmown heighl and should clese satisfactorily.
Although some of the heights would have been oblaimed more rapidly by a
number of other methods, such as working from spol heights, or using cther
equipnent, it was considered that heights sv determined would not neces~
sarily be sufliciently accurate.

Levelling assislance was provided by about a dozen individualg, none
working for more than & few days. Some of these were resecarch students
who gave their scrvices cvm & reciprocal basis or in exchange for coaching
in surveying.

Organisation of the thesis. The organisation of the thesis follows a
straightforwvard pattern. TFollowing this introductory chapter; Chapter II
represents the physical milieu and Chapter III suumarizes the quite
considerable amount o¢f earlier work carried out in the Edinburgh area.
This summary mentions many papers whose results are incorporated into
descriptions and discussions atl later pointls in the texti. The account of
the field work starts et Chapter IV with a lengthy treatuent of ihe super-
ficial deposits forming the drift cover. The deposits are described
approximately in chronological order, beginning with lhe basal till in
this area and concluding with periglacial effects and post-glacial
vegetation remains.

Any investigation of the drift cover involves the correlation of like
deposits over widely scattered locations, at first based on visual
inspection, and later re-assessed with the aid of systematic tesis. The
conclusions with respect to the till deposits are deliberately presemnted

sequentially, as the evidence is deseribed: at the start of Chapter IV,
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parts: Table 4.2 shows that they are similar except in the proportion of
greywacke at 25 and 15 per cent. Therefore, the superposed layers of
till are thought to have the same origin as the middle till along Keith
Water where the red or grey colouring depends on whether ice traversed or
missed the local outcrops of 0ld Red Sandstone. The same succession of
red and grey superposed tills is present further downstream at a bend of
Birns Water near Milton Farm.

The fabric orientation in the weathered surface till at Cotty Burn
(72) again might have been correctly predicted from the corresponding
stone count. The stone count includes a significant proportion of grey-
wacke, and fabric 72 indicates movement from S16°L.

The final three fabrics, 25-27, from an ideal site adjacent to the
Al road east of Gladsmuir, cannot be explained satisfactorily, as they are
neither mutually consistent, nor in agreement with any suspected ice move-
ment. But the material and the conditions under which it was worked are
also unasual. The fabrics are all the result of laboratory measurements
on blocks of till taken from a temporary trench, in which washed till
(Macmerry-type; see Chapter IV) occupied the top 2-3 feet. The till™
used is thought to be from the top of the (Winton-type) unwashed clayey
till beneath the washed till, although the junction was often very
indistinct. Both washed and unwashed tills are leached, but the Winton-
type till contains many more undecomposed particles.

Fabrics 25-~27 show three very different results, respectively a weak
orientation northwest-southeast, a moderate orientation with movement from
north-northwest, and a non-preferred orientation showing a concentration

northeast. There is no morphological evidence and no other fabric
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evidence for a movement from the northwest, such as fabrics 25 and 26 might
suggest; if the Winton-type till is basal till then an east-west orien-
tation would be expected. The north-south orientation of fabric 26 might
indicate the middle till, but the dip direction does not support this.

An alternative explanation for the three fabrics is that they are from an
ablation till, the meltwater product of stagnating ice on this quite flat
site, and so do not show any regional movement.

Summary of fabric evidence in Esk and Tyne Basins. The individual till

fabric analyses have now been examined at some length. They have been
grouped largely in a stratigraphic context: the fabrics from the bottom~
most till or basal till, sparated from the fabrics of tills in the middle
of the stratigraphic succession, and further separated from the topmost
tills. This grouping has broken down in a few cases where the three tills
are not present or where the stratigraphic position of a particular till
was not clearj; in these cases the fabric has been grouped according to
its orientation. The maximum development of multiple tills is in the
middle parts of the Esk and Tyne Basina; further south the intermediate
till rests directly on bedrock in places, while further north the basal
and intermediate tills cannot be identified as such.

In one respect the fabriecs have led Lo a modification of the strati-
graphic sequence as previously understood. The so=called "tough
argillacedun basal till, which was deposited by ice from the Highlands"
(Mitchell and Mykura, 1962, p.l11) is seen on the basis of the fabric
results to be two tills, one deposited by movement from the west, the
second by movement from the southwest. As the two tills have similar

physical appearance, it is easy to confuse them; but where a full
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sequence of deposits is preserved, they are seen to be separated by thick
glacio=fluvium.

The fabric results show that the sequence of glacial movements is the
same in the Lsk as in the Upper Tyne Basin, and there is no need to
postulate different case histories, In each case, the earliest movement
of ice is recorded by the basal till with fabric orientations indicating
movement from the west or southwest. In the immediate lee of the
Pentlands the direction is true west-east, but further east the direction
is more nearly southwest-northeast, as the ice sheet moving down the Firth
of Forth is more influenced and deflected by the high ground of the
Southern Uplands. The striation pattern on small-scale glacial maps of
Scotland shows & similar deflected flow.

The full drift successions at Kirkhill and Costerton indicate a
period of meltwater conditions before the next main ice movement, from the
southwest. This movement is very well recorded throughout the district
(fig. 6.6), particularly by the many fabric sites adjacent to the
Pentlands. There is more variation in the apparent directions of move-
ment than with the earlier glacier-flow. The unusual fabric orientation
pattern south of Penicuik has been described as a somewhat later phase of
ice movement from the south; other variations of this glacier flow may
have been caused by local relief. The easterly component in fabric 67
on the South Esk may be due to its position against the southwesterly
part of Roman Camp Ridge, while the movements on East Water (fabric 18)
and on Keith Water are directly away from the line of the Southern Uplands
Scarp. In fact, the movement from the southwest, represented by the
intermediate till, is everywhere related to the relief of the district

and in this respect differs from the earlier glacier-flow which transgres-

sed the relief.
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The noerthern limit of the intermediate till is not marked by any
morphological feature, and on the coastal plain of Last Lothian, the
equivalent of the basal and intermediate tilla of the middle basin area
has not been found. It appears likely that the glacier from the south-
west continued northeastwards and eastwards either joiming or succeeding
the Firth of Forth west-east movement, all producing a single direction
of ice movement and therefore a single till crientation along the coastal
plain.

The final movement in both the Esk and Middle Tyne Basins is of a
more local nature. The associated till has been traced over limited
areas only. From the stratigraphic succeassion, the till examined by
fabrics 5 and 7 in the Tyne corresponds to the Roslin Till in the Lsk.
But in these more weathered layers, the fabric analyses do noi satis-
factorily illustrate the local direction of ice movement., In the isk,
the trend of ice-movement is clearly seen: in the Tyne Basin the top
till is in an advanced state of erosion and insufficient eamples were
found to allow any real conclusion; the rather dubious orientations west-
northwest - east-southeast do not necessarily correspond with anything in
the Esk.

Significance of interstratified deposits. In Chapter IV were introduced

meny s> mples of superposed tills and interstratified tills and sands.
Many of the fabrics described previously in this chapter are taken from
thg tills of these multiple-unit deposits, and so it remains only to
comment on the gemeral significance of the multiple units in the light of
the fabric results.

There have been a number of earlier observations on the multiple
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till sections. Following upon one of the original descriptions of till-
sand layering by Croll in 1870, Somervail (1877) interpreted the inter-
stratified bheds as related to an oscillating ice-front. Somervail also
considered that another theory, that of alternating glacial and inter-
glacial periods, had no validity. From their examination of the Keith
Water sections, particularly the big section at Red Scar (fig. 4.14),
Kendall and Bailey (1908) concluded that an oscillating ice-front was in
fact responsible. They supposed that a residual ice-sheet covered the
low ground to the north, and ponded up lakes between the ice-front and
the ice-free Southern Uplands. In these lakes, thick beds of sand were
deposited and then the lowland ice re-advanced southwards over these
sands, depositing the intermediate till. In the words of Kendall and
Bailey, the lowland glacier "was not melting away as an inert mass of ice,
but ..... was ready, when climatic conditions favoured, to re-advance on
to the floor of the temporary lake which spread out before it, and there
deposit a covering of boulder clay upon the sands and silts which has
previously been collecting. essss the oscillation recorded here seems
to have been of considerable magnitude" (1908, p.17).

The same evidence was quoted in a wider setting by Charlesworth
(19268), who thought that the interstratifications probably implied
oscillations, although he was aware that Kendall and Bailey's interpre-
tation had not been proved. (Uther lines of evidence for oscillatory
movement of the ice-margin in East Lothian were examined by Sissons
(1958a) and were found wanting.

Almost all the interstratified deposits described in this study

have been interpreted as representing two or more distinct depositional
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units. In the case of Red Scar, fabric analyses and stone counts confirm
that the intermediate till is derived from the direction of the Southern
Uplands and not from a re-energised northern ice-aheet.- There is no
indication of transgressive or oscillatory ice movements. Similarly in
the cases along Birns Water, Black Burn, and other multiple~till localities,
the fabrics show the depositional units to have quite independent origins.

There are one or two cases where the theory of ice-margin oscillation
is more plausible to explain interstratification: +the strikingly regular
alternation of till and sand in the Park Burn section (fig. 4.11) might be
considered from its appearance as being formed by an oscillatory advance-
retreat type of movement. But the section has already been interpreted
as being a single depositional unit, and the fabric results from the
separate till bands are so similar that not even oscillation seems appro-
priate. This is regarded as a case where the glacier depositing the till
is a wet-base glacier (Carey and Ahmad, 1961) with basal meltwater# and
glacial deposition fluctuating; there is no evidence to suggest a reason
for the fluctuation. The alternating thin beds of red till and sand in
the sand pit at Keith Marischal (fig. 4.17) are likewise too regular and
undeformed to illustrate the unstable conditions at an oscillating ice-
"cliff; they are also interpreted as subglacial deposits with temperature
fluctuation causing differential basal melting.

Local and secondary movements of till. This chapter is concluded by a

discussion of some till fabric non-regional results and an appraisal of
the adequacy of fabric methods, before the regional story is taken up again
in Chapter VII.

Non-regional movements of till, either original local movement due



173.

to the topography, or secondary movements due to slumping or climatic
action, are not always easy to distinguish. One or two fabrics have
already been described where, due to their hill-slope site, there is some
possibility of a non-regional result. The five till fabrics described
below all show an orientation resulting from local movemenis.

To assist identification of such fabrics, two fabric analyses were
completed froma head deposit outside the fieldwork area, in South Devon.
The process of sclifluction responsible for a head deposit is not neces-
sarily the same as that as slumping or mass movement, but in each case the
parent material is broken up and particles are wmoved downslope by
processes of which gravity and water-lubrication are common to both. The
fabric of the resulting stabilized deposits should therefore be similar.

The two head fabric analyses were carried out in thick head over-
lying raised beach deposits at Wembury on the South Devon coast. The
morphology of this coastal strip has been examined by Urme (1960). The
head materiael is derived from slate and limestone bedrocks, providing many
blade- and rod-shaped particles suitable for orientation measurements.

In vertical section the particles show visible alignment as well as a
flow arrangement arcund and over larger stones. DBoth head fabrics were
taken from near the base of thick head, in one case the line of section
being parallel to the regional slope of the ground, in the other case
being normal to it. The fabric results, Hl and L2, (Table 6.2), show
very strong orientations, about 90 per cent of the particles being grouped
in the primary orientations and only 10 per cent being scattered elsewhere
in the fabrie plots; there are very small transverse peaks. Neither

fabric shows a dominant dip direction, the majority of particles lying
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near horizontal. The orientation direction in each case is close to the
overall slope of the ground. The orientation stmngths, as given by the
chi-square values, are greater than any values recorded in till. These
two tendencies, for the orientation and ground slope directions to agree
exactly, and for a high orientation strength, may be considered diagnostic
of well-developed head fabriecs generally.

Orme (1960) mentioned that the large fragments of bedrock had their
long axes aligned downslope, but he did no quantitative work on the South
Devon head deposits. Also Lundquist (19849) has recorded orientation
patterns of the coarser material in certain forms of patterned ground in
Scandinavia; Hoppe (1952) has published the result of an orientation
analysis in loose scree; and Ragg and Bibby (in press) have produced
sclifluction fabrics from the Southern Uplands of Scotland. But there is
little other work recorded on this branch of fabric study.

The five till fabric analyses described below are also characterized
by an orientation directly down the slope and, with one exeeption, a very
high orientation stremgth (Table 6.2). Fabrics 31 and 58 represent sites
where the surface layers of till have cambered over the unweathered till
below, due to undercutting of river banks, producing an orientation
normal to the exposed face. This can be demonstrated satisfactorily at
each of the sites because there are fabrics from adjacent unmoved till
for comparison. Fabric 31 is from the intermediate till exposed near
Flotterstone along Glencorse Burn; fabrics 32, 33, and 43 give the
regional ice-movement in this vicinity, which is from the southwest.

The Flotterstone fabric was taken 5 feet down and 2 feet back from the
steeply sloping till surface; this was apparently not quite enough to

escape the cambering, as the fabric still shows a weak orientation
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directly downslope.

From fig. 6.11 it can be seen how the particles at 3 feet depth in
the thick till at Pomathorn are aligned downslope, while at 7 feet depth
the same till, less weathered, has an orientation which relates to other
fabrics in the district. The dominant dip of fabric 5& is upslope,
relating to a rotational slump movement.

Movement of till downslope at some date subsequent to its deposition
is demonstrated by fabrics 40 and 71 from Esperston and Partridge Burn
respectively, both on the foothills of the Southern Uplands. The large
wa jority of particles dip upslope at Lsperston, demoting a slump rotation.
The fabrie at Partridge Burn was taken at depth and does not appear to have
suffered any secondary movement. DBut the fabric orientation is directly
downslope (fig. 6.2) and has a very high chi-square value; furthermore a
stone count from the till (Table 4.2) gives proportions normally
associated with basal till derived from the west rather tham the Southern
Uplands to the south. The till is probably basal till reorientated down-
slope. The unusual features of the section illustrated in fig. 6.12 from
Haveral Wood are due to a combination of recent slumping and subsidence
due to coal-wining. Till graded downslope through washed till into
coarse glacio=fluvium, and is truncated on the upper side by a fault due
to subsidence. A uniformly fine sand has washed down over this till
subsequent to the recent faulting. The orientation peak is directly
downslope, with the dips following the slope of the till layer itself.

Appraisal of till fabric analysis procedures. From the lengthy

descriptions of the till fabrics in the Lothians, it will be apparent

that they are a very effective indicator of regional ice movements.
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Fabric analysis results have proved far more useful than striation
evidence in this area; striation evidence is poorly preserved and in any
case limited to a few isclated areas of upstanding ground. Where sections
exist, fabric evidence is possible over all the low ground and has the
supreme adventage that it can be used on different tills to formulate a
succession of events, whereas striation%commonly register the direction of
& single ice movement, the bedrock often being protected by one till from
the action of glaciers depositing later tills.

Both fabrics and striations have an advantage over stone counts as
an indicator of ice movement, as they indicate the trend of movement pre-
cisely to within a few degrees, and often illustrate the direction of
movement as well. Stone counts are usually much less decisive, providing
only a braad indication of direction of carry, particularly as with
multiple tills the carry of erratics from source to final position is
likely to have been by a series of legs in different directions. The
stone counts in this study have supplemented the fabric analyses, confirm-
ing the direction of ice movement in some cases where the fabric analyses
left doubt. An accurate stone count remains to be done, but in view of
the work involved and the limited conclusions likely to result, fabric
analysis seems the more worth-while altermative. Simpson (1960)
described counting over 13,000 erratics from till and glacio-fluvium in
the Manchester area. The conclusion even from this large number was not
very satisfactory.

The main disadvantages of till fabric analyses are the time neces-
sary to take measurements, often under awkward field conditions, and the

practice necessary to achieve reliable results. Although the measurement
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only two different tills are identified, a basal till and a till described
in this thesis as the Roslin Till, these being the two tills identified in
previous writings. The results of stone counts given later in Chapter IV
suggest that more than two tills may be preaent. This is confirmed in
Chapter VI where fabric analyses show there is quite definitely a third
till, intermediate in position between the basal and Roslin tills.

Chapters V and VI consider respectively the theoretical background and
the fieldwork results of till fabric analysis, this technique being the
ma jor method of investigating the till. ©No other appraisal of till fabriec
analysis procedures as comprehensive as that of Chapter V is know im
published form. This chapter also includes a description of the pioneer-
ing till fabriec work carried out arocund Edinburgh in the nineteenth century.

Each example of till as exposed in a section has to be related to one
or other particular ground moraine. The final decision on how to label
each example of till has depended on the results of fabric analyses; the
tills are distinguished from each other om a 'best-fit' prineciple by
congidering together stratigraphic position and fabric result; with erratic
stone counts used as a secondary guide. Therefore the descriptions of the
fabric analyses in Chapter VI are grouped by tills, each of the three tills
in the Esk Basin, for example, being considered as forming a separate
ground moraine.

The glacial morphology of the Esk Basin is presented essentially by
maps; the main features of these maps are discussed in Chapter VII. The
more detailed study of the extensive glacial outwash and terrace system of
the Rivery North Esk forms Chapter VIII. This chapter carries the

historical sequence of events from the glacial into the post-glacial.
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of each particle must be very careful, the number of particles must be
sensibly related to the object of the analysis. Taking into account
time for travelling and preparing the site, one hundred measurements take
only about 40 per cent more time than fifiy measurements. For a recon-
naissance regional study of glacial drift, where there are many sites
available, a larger number of approximate results plotted to 10° would be
more satisfactory than a smaller number of accurate results (Dreimanis,
1959a). Where the number of sites is limited and it is necessary to
extract maximum information from each site, one hundred or more measure-
ments would be desirabley perhaps followed by some statistical test.

In this study, the second course has been followeds, A total of
one hundred measurements was adequate at all except a handful of sites
where a double peak or a weak preferred orientation occurred. More
measurements would allow greater confidence on these results, By con-
trast, there are a number of cases where the orientation is so strong
that fifty measurements would have been sufficient; this is especially
so of the non-regional results discussed above. However, the time saved
would have been at the expense of the statistical chi-square test which
is invalid for less than a hundred particles with the chosen grouping
range. In a reconnaissance study, fifty or even twenty-five particles
for the very strong fabrics would be justified.

Individual fabric results are of little weight, but where a number
of fabrics from the same till layer show the same regional result then
the combined weighting is very substantial. There is no means of
estimating just how likely is a single fabric to record regional movement,

as no-one has yet published the result of tests on the variation in fabric
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patterns within a small volume of tillj however a crude reliability
factor of about 0.7 can be estimated from the fabric results in this
study, taking unity as absclute reliability.

For a group of fabrics, the weighting can be calculated only if they
are all known on other evidence to relate to a single ice movement, when
they produce a feasible pattern. In this study, the fabric sites are so
dispersed that there is room for considerable deviation between orienta-
tion anyway, as the glacier locally changed direction. The only
theoretical way to calculate the adequacy of the group of fabriecs would be
1o assume a simple glacier trend, either a straight line or a smooth curve
if there is some local topographic control, and register deviations from
this trend. In practice this does not work as there is no means of
checking the accuracy of the assumed simple trend.

Within the same till, variation in orientation strength and dip
pattern could be either a measure of the accuracy of working or an inbuilt
characteristic. Assuming that the fair working accuracy shown at Bilston,
Uatslie, and particularly Park Burn has been maintained throughout, then
it is seen that genuine variationa in orientation strength and dip pattern
do occur. An attempt has been made to see whether each till is
characterised by a particular fabric strength. Calculating the standard
error of ithe difference and applying Studeni's Test for each group, it
was found that the strengths of the slump fabrics are significantly
greater than the strengihs of the basal till or Reslin Till, but that the
sirengths of the basal till and Roslin Till differed only between the 25
per cent and 10 per cent levels of probability, which is not significant.

The fabrics of the intermediate till show a range of strengths and are
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not distinctive as a group. Further details oflthe test applied and a
worked example are given as Appendix C.

As an estimate of the consistency of the dip pattern, in the bhasal
till eight out of twelve fabrics show a marked dip towards the source of
ice movement, and four show no preference. In the intermediate till,
thirteen out of eighteen fabrics show a marked dip towards the source of
ice movement, four show no preferred orientation and one shows an opposed
dip. Thus, cowmbining the two sets, iwenty-one out of thirty (70 per
cent) show 4 dip upflow and only one is opposed to this.

The reliability of the dip pattern in indicating direction of ice
movement is much less in the weathered surface tills., The twelve fabrics
from the Roslin Till show about equal proportions dipping north, dipping
south, and without dominant dip. This result agrees with some earlier
fabric work attempted by the writer (Kirby, 1960) where only the fabrics
from relatively unweathered compact till produced dip pattern upflow, and
the remainder showed a variety of patterns. It is concluded that the
dip of the a-axis parameter is a helpful and reliable indicator of
direction of ice flow, when measured in unweathered ground moraine at
suitable sites.

Fabric patterns almost certainly vary according to particle size and
shape. No systematic attempt was made to relate the attitude of
individual particles to the size and shape, as it would be difficult to
improve here on the work of Holmes (1941). However, as has been demon-
strated, the till fabric orientation is best recorded by the largest or
dominant particles, and may be absent in the coarser particles of the

matrix (for example, fabric 30). In fig. 5.6 the set of particles of
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greatest size (fabric 53) produces the highest orientation strength;
further measurements would show whether this result is generally applic-
able. But even if it is, there are inevitably other factors, such as
till compaction and grain size proportions, affecting the result at the
same time. As another example of a possible factor affecting the fabrie,
in some fabrics associated with sandy till (for example, fabrics 54 and
62) a higher than usual number of particles have attitudes with very low
dips. It is possible that a flat-lying attitude of particles is charac-
teristic of the "wet' conditions of till deposition that are thought to
have occurred at Park Burn and Silver Burn, the sites of these fabrics.

A secondary peak or transverse concentration of particles at right
angles to the principal orientation was exhibited by 55 from the total of
65 till fabrics showing any preferred orientation, and appears both in
undisturbed and modified deposits. A transverse peak is seen as a normal
component of macroscopic till fabrics and any theory of till deposition
has to take into account possible processes that will produce this peak.
Harrison's (1957b) theory is not entirely adequate. The size of the
transverse peak varies, with up to 25 per cent 6f the particles included
in it in fabric 42. In no case was & transverse peak found exceeding the
parallel peak in magnitude as Glen, Donner and West (1957) described.
With a transverse peak containing as many as 25 particles, the primary
peak is correspondingly reduced, and shows only a low strength value, as
calculated by the chi-square test; this therefore gives rather a mislead-
ing impression of the good shape of the fabric pattern as a whole. Ten
per cent is a more typical proportion of particles to be found in the

transverse peak (for example, fabrics 43, 51) and often the transverse
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peak is only a slight concentration in a complete girdle of particles
around the fabric diagram (for example, fabrics 54, 635).

The head fabrics and the slumped till fabrics all show small transverse
peaks, the most distinctive being also the smallest: +the strongest
fabric recorded, fabric 40 at Lsperston, has 98 particles {crming the
primary peak and the remaining 2 exactly at right angles to this.

The size and nature of the transverse peaks are not exceptional,
being those found by other workers. No distinction was made between the
orientation attitude of dikxs, blades, and rods, so that although the origin
of transverse peaks is at least partly explicable in terms of particle
shape, no further evidence can be given. Glen, Donner and West (1957)
mentioned that a transverse peak is particularly noticeable in narrow
band tills. 1f the thin tills at Black Burn (fabric 39), at Park Burn
(fabrics 54, 55), and at Kirkhill, Penicuik (fabric 58) are regarded as
band tills, then their observation is not supported, as the above fabrics

do not have a transverse peak that is in any way unusual.



" CHAYTER VII

GLACIAL LANDFORMS

"Un the east side of the Dalkeith and
Ldinburgh road, some remarkable ridges
of gravel make their appearance. They
there go by the name of Kaims, and are
thought by many to be artificial.

They run for about a mile, and make a
congsiderable bend in their course."

Mr. Milne, on the Midlothian and Last-
Lothian Coalfields, 1840.

As the Lsk Basin is so easily accessible from Edinburgh, the recon-
naissance stage of landform mapping was carried out as much on the ground
as from aerial photographs. The whole basin was first covered rapidly
on foot, and promising locations were examined on stereoscopic pairs of
aerial photographs at 1:10,000 (Kirby, 1964). Field mapping was carried
out entirely on 6-inch Drift Geology sheets, overlain with Ethulon. The
symbols used for the landforms are basically those used in similar
studies by other British workers and need no special comment.

The drawings at 6-inch scale were later replotted directly onto 23-
inch topographical sheets. The scale change was accomplished on a Zeiss
Aero-Sketchmaster, working with a small piece of map at a time. _The

details from eighteen 6-inch Geology sheets were thus reduced onto seven

24-inch sheets, which could be joined together and viewed as a whole.
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A further-reduced and much simplified picture of the glacial land-
forms of the Lsk Basin is shown in fig. 7.l. Although much more
generalized than the 24-inch maps which form the basis of the main part
of this chapter, it will be clear from fig. 7.1 that different types of
glacial landforms predominate in different parts of the basinj and this
provides a convenient framework for the subsequent descriptions.

Although almost all of the low ground is mantled with drift of some
type and often very thick drift (see Chapter II), there are only limited
areas where hummocky till or glacio-fluvial forms are well developed.

The district presenting the best developed forms is that west of the
River North Esk between Walstone and the built-up outskirts of Edinburgh.
Here glacio-fluvium predominates. LEast of the North Lsk, there are
fewer major glacio-fluvial deposits, although those at Howgate, Rosewell,
and Lasswade must be mentioned. Between the rivers North and South Esk
and extending across the southern edge of the basin from Carlops to
Borthwick, the most evident features are glacial drainage channels, some
of which are of large dimensions. Running through the centre of the
basin, the River North Lsk itself has associated with it extensive areas
of outwash sand and several series of river terraces.

This chapter considers these glacial landforms, taking what appear
to be natural blocks of landforms, one block at a time, beginning at the
southwest and continuing northwards and eastwards to the Firth of Forth.
The outwash surfaces and terraces of the North Esk are discussed in a
separate chapter, following the present one.

Each district provides a fairly unified set of glacial morphological

features, from which some part of the glacial history may be reconstructed;
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no attempt is made until Chapter IX to fully reconcile the different
districts.

It is not the aim to describe each morphological feature in detail
and draw a conclusion as to its origin. The amount of research into
glacial morphologies, particularly in Scandinavia and Canada, whereby
certain forms and types of depousits can be logically grouped together as
a suite and attributed to certain processes of formation, now means that
particular features can be generally regarded as of subglacial, sub-
lateral, sub-marginal, ice-contact, or proglacial origin. This is not
to suggest that unusual forms for a particular process of formation do not
occur - for example, in the Esk basin there are isolated features that
cannot satisfactorily be explained - but that in general, the association
between form and process is fairly well agreed upon.

District from Walstone to Lawhead. The district between Walstone and

Lawhead in the southwestern corner of the LEsk Basin shows well developea
deposits and meltwater channels characteristic of deglacial conditions
(fig. 7.2). It has already been shown that there is a multiple drift
cover in this district; +the surface forms relate to different layers of
this drift cover, being partly in till and partly in glacio-fluvium,

The basal till so clearly demonstrated by the west-east orientations
at Silverburn and Cuiken does not produce any topographic forms, and most
of the deglacial features are thought to relate to the later ice movement
marked by the intermediate till. At the Braidwood Burn site, this ice
movement was found to have been from the southwest. The intermediate
till occurs at the surface from south of Walstone to beyond Braidwood,
but northeast of this it is covered by increasing thicknesses of meltwater

deposits.
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Apart from the stratigraphic succession, there are clear morpho-
logical indications that the surface forms are composed of drift derived
from the southwest. On the hill slope below Braid Law there is a strong
glacial moulding of till (1, fig. 7.2), a tail that is aligned to the
northeast and slightly deflects the course of ELight Mile Burn. In the
same locality a striation southwest - northeast was recorded by Feach et
al (1910), but this has not been rediscovered by the writer.

On the lower flanks of the Pentland Hills between about 1000 and
1200 ft. are small series of sublateral meltwater channels (2 and 3).
Other series occur nearer Carlops in a similar position. The slope of
all these channels to the northeast reflects the overall slope of the
melting ice-~sheet and therefore suggests a greater thickness and source
to the southwest. The lowest of the sublateral meltwater channels at
Walstone feeds into a low esker 1000 yards long (4). The trend of this
and other smaller eskers and the trend of the shallow meltwater channels
on the flatter ground below about 1000 ft., with which the eskers are
associated, suggest that meltwater flowed northeastwards along the line of
former ice-movement.

Between Silverburn and Carsewell, the subglacial drainage turned
abruptly southeast towards the trunk drainage line of the North Esk, while
east of the Esk at Ravensneuk, the alignment of kames almost east-west
suggests further directional change and subglacial control of water move-
went at & time before the present route down the River LEsk was available.
To the south of the kames at Ravensneuk is a deep glacial drainage channel
(92) which by its size and position seems anomolous to the general pattern

in this district (photo. 22). Its higher end is on flat ground to the
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east; it then descends westwards with a shallow gradient of about 50 feet
in f-mile towards the gorge of the North Lsk, and can be recognized to cut
into the edge of the gorge to about a half of its depth. The main
glacial drainage pattern both east and west of this channel can be shown
to be to the east, If this channel links the drainage systems to west
and to east, as its position suggests it might, then it has a reverse
gradient and must have been cut by water flowing uphill under hydrostatic
pressure, which in turn suggests a thickness of ice of some hundreds of
feet. An alternative explanation for this channel is that it is an
isolated feature of a later date, not part of the west-—east meltwater
drainage. 1f this is so and meltwater flowed down the channel rather
than up, then the crescentic gully halfway to the bottom of the present
valley (5) could represent its lower course. A more important consider-
ation is that, if channel 92 did act as a drain for water from Auchencorth
Moss, then the direct route for water downslope to the northeast must have
been blocked by an ice-cover to the north.

This latter explanation that channel 92 is a normal downslope
drainage channel is favoured by Mykura (in Mitchell and Mykura, 1962)
although he considered that the ice which blocked the drauinage from
Auchencorth Moss was the same as provided the intermediate till and the
glacio-fluvium in this district, derived from the Southern Uplands. it
is difficult to see how the Southern Upland ice could have achieved this
blockage, even when considering Mykura's suggestion that the melting ice
may have separated into a number of more or less isolated ice-masses in
valleys and depressions. It is more likely that the blocking ice was

lying mainly to the north and was derived from the north.
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Chapter IX attempts to bring together the conclusions of earlier
chapters in a discussion of the succession of events during the last
glaciation, ending with the present landforms. Some aspects of the
glaciation are shown to be quite well documented; but relative weaknesses
in the story are pointed out.

Conventions. A brief comment is necessary on the use in the text of
certain words not of commonly-agreed meaning. The term 'preglacial' is
used to describe features or events prior to the deposition of the basal
till in this area; therefore it means earlier than the last full
glaciation but not necessarily earlier than the whole of Pleistocene
glaciation, vhateve£ that may prove to be im Scotland. The terms

'interglacial' and 'interstadial' are used as defined by West (1963).

It will already be clear that the older Scots term 'till' is used in
preference to 'boulder clay' although the latter term is still used in
much contemporary British literature. In some publications the two terms
are used interchangeably (for example, in Mitchell and Mykura, 1962). In
this text '"till' is used except in reference to some deposit already
labelled by other workers as a specific boulder clay. One new term is
introduced: ‘'glacio-fluvium' is used in the meaning of 'glacio-fluvial
deposit', the two terms beimng analogous to other accepted pairs such as
‘alluvium' and ‘alluvial deposit'. Finmally, for convenience of reading,
'feet' is used for a specific thickness, as of a bed of sand, and 'ft.'
for a local altitude or a height above sea level (0.D.). This practice
is not followed on the diagrams, to agree with cartographic convention.
Many of the diagrans required to illustrate the thesis are of large

format. For this reason, all the diagrams are contained in a separate
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There is specific evidence from the glacio-fluvial deposits for such
a blocking effect by an ice-mass on the north side: the spread of sand
south of Lawhead is restricted to ground above about 750 ft. 0.D. and is
bounded on the north-east side by a striking ice-contact slope (6) about
750 yards long.

Although the main spread of sand is derived from the southwest, the
northern part of the glacio-fluvium near Lawhead appears to have been
derived largely from the lower Pentland slopes. A large chute (7) on
Lawhead Hill feeds south onto hummocky glacip-fluvium, while further to the
southwest a small esker leads down from a mass of sand in the position of
a kame terrace (8).

The kettles interspersed in the thick sand of this districfmdre
sometimes very deep. The large kettle (9) near Braidwood apparently in
intermediate till is either the result of dead ice melting away and
creating a hollow on the surface of the till or, as is more likely,
implies that there was ice imbedded in the sand known to exist beneath the
intermediate till, the ice subsequently melting out and collapsing the
till from beneath, a mechanism demonstrated by Thwaites (1956, p.48).

The glacial gorge of the River North Esk itself completely dominates
this district (photo. 23). The gorge is here over 100 feet deep, and of
a different scale from the features described above from its flanks. The
more complex part of this gorge in the district around Carlops immediately
to the southwest has already been mapped in detail and explained by
Sissons (1963). Sissons considered the size of the gorge is due to the
concentration of meltwater from the thick ice-~sheet which covered the

entire region. He argued that the ice front eventually retreated towards
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the southwest, where the ice was thickest. The last glacial meltwater
to pass down the section of the gorge shown in fig. 7.2. would therefore
be proglacial to the retreating ice-sheet, which explains the lack of
integration of the gorge with the local deglacial features. No glacial
deposits have been discovered in the gorge, although deposits may have
been obliterated by landslipping, which has considerably modified the

sides of the gorge.

District from Ravensneuk to Mount Lothian. Part of this southern district
is adjacent to the Lddleston Valley in Peeblesshire, which forms part of
the Tweed drainage southwards. The glacial geomorphology of the
Eddleston Valley has been described and interpreted by Sissons (195&) and
as the watershed between the two districts is a very imprecise feature,
the interpretation for the upper Eddleston Valley is extremely relevant
for the district to the north. Leadburn is located on flat ground,
approximately on the watershed.

Both districts show mainly deglacial features but whereas meltwater
drained through the upper Eddleston Valley in a northeast direction, the
glacial drainage further north is dominated by the Howgate esker system
(E-E; fig. 7.3) and a major meltwater channel (25) which run east-west
across the regional slope. And while the upper Eddleston Valley is the
northern limit of a large area extending into the Scouthern Uplands showing
a consistent pattern of drainage to the north and northeast, the Howgate
system is the southern limit of a major pattern of drainage to the east.
The district now being considered is therefore at the junction of the two
distinct glacial drainage systems. The vague watershed area around

Leadburn between the Esk and Tweed basins shows few distinct glacial
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morphological features of any sort.

In the upper Eddleston Valley mapping of about 150 meltwater
channels indicates a flow of meltwater from south to north (Sissons, 1958b).
The pattern of channels also indicates that the ice margin sloped down to
the northeast, which in turn strongly suggests that the last glacier ice
to occupy the district came from the Southern Uplands.

The geographical position of the upper Eddleston Valley draining into
the Southern Uplands is such as might provide a possible site for an ice-
dammed lake, but to the contrary, Sissons has demonstrated extensive sub-
glacial deposition and drainage with kettles, kames, and kame-terraces.

Two main altitudes of kame-terraces are recognized, being 850-860 ft. and
880-900 ft. O.D. With these, Sissons has associated two shallow cols as
escape routes for meltwater draining northeastwards across the watershed.
It is suggested that these were operative until further ice-melting allaéed
the re-—establishment of normal drainage to the south.

Although from the pattern of meltwater channels in the Lddleston
Valley, there would appear to be mno alternative to water escaping to the
northeast, neither of the two cols proposed as escape routes seems to have
carried substantial quantities of water. The more southerly one, at 865
ft., is slightly the more impressive feature, as it is succeeded by a long
esker, extensive glacio-fluvial deposits, and the larger meltwater
channels northwest of Gladhouse Reservoir. The more northerly col, which
is shown on fig. 7.3 as a channel at N.T, 25 55, is an insignificant
feature, being merely the shallow depression between existing watercourses.
East of Leadburn are several small channels (16 and 17) aligned diagonally

down the south side of Kingside LEdge, and the more northerly col described
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by Sissons is regarded as being the lowest of this set.

The direct evidence of drainage from the Eddleston area to the
northeast is provided by the Lead Burn (20}, a broad shallow course too
large to have been cut by the existing stream and with several meltwater
feeding channels at its southem end; another detail in evidence is an
isolated section of esker aligned northeast-southwest on the east side of
Kingside Edge.

Apart from these small features, there is an absence of any type of
glacial retreat features along the line of the watershed from Auchencorth
Moss eastwards to Mount Lothian Moss.

To the north of the watershed, the Howgate drainage system is the
most southerly major indication of a large west-east glacial drainage
pattern. The Howgate system consists of two parts: in the west is a
broad belt of glacio-fluvium in the form of kames, kettles, and short
sections of esker (E-E). The esker begins as the ridge on which Lockhart
Halls Farm is situated, and continues eastwards to pass north of Howgate
village. After this point, the amount of glacio-fluvium decrecases, and
its area is concentrated within the funnel-opening of a large glacial
drainage channel (25), which is the eastern part of the drainage system.
A tributary channel (25a) joins the main channel from the north.

The transition from glacio-fluvial deposits to channel 25 occurs on
the line of a minor height of ground in this part of the upper Esk Basin,
called by Mykura the Kingside-Rosewell Ridge. This ridge is the
topographical expression of the Herbertshaw (Herbershaw) Anticline, with
Ordovician greywacke cropping out in the south and Limestone Coal Group

further north. Although not a significant relief feature during active
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glaciation, it is clear that during deglaciation meltwater moved eastwards
across the ridge, and the position of meltwater channels is controlled by
it. Apart from channels 25 and 25a, whose intakes are on the Kingside-
Rosewell Ridge, there is another smaller channel just to the south of
Herbertshaw (18) with its intake on the same ridge at 935 ft, This
channel represents a higher level of water movement from west to east.

The western, depositional, part of the Howgate system consists of
thick sand in the form of kames and deep kettles with steep ice-contact
gides. These are essentially dead-ice features showing no accordant
summit-level. The Howgate esker extends on the south side of the kames
and kettles. The summit heights of its sections rise from just over 800
ft. at Lockhart Halls Farm to 850 ft. east of Howgate. Whereas the maas
of kamiform sand forms the morth wall of channel 25 at its western end, the
esker enters the channel and follows its floor for 700 yards, and was -
therefore formed after the channel itself. There is nowhere exposed in
the esker any bedding which might show by its dip the direction the melt-
water was flowing, and it is from the general pattern of the features that
an eastward flowage is proposed. Channel 25 has a reverse gradient at
its entrance but the gradient becomes eastwards to the east of Kingside-
Rosewell Ridge and then continues to be eastwards for several miles, the
channel forming part of a larger system of meltwater drainage.

The meltwater responsible for the Howgate system drained eastwards
because it was prevented by an ice-cover from draining northeastwards down
to the sea. Considering again the drainage out of the Eddleston Valley,
if the Howgate system represents the main trunk system of water from

Lddleston, it would be natural to expect feeders inte it from the south
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side. Lead Burn is the only reasonably developed feeder channel. The
contemporary stream course is diverted westwards by the esker system
until it intersects the Black Burn, the two streams uniting to pass
around the western end of the esker in a deep channel. But the glacial
course of Lead Burn may have swung eastwards to link with channel 23.

Although it is possible that the northeast meltwater drainage from
Lddleston is part of the same system as the eastward drainage at Howgate,
the local watershed acting on the overlying ice~sheet in such a way as to
deflect the meltwaters in a different direction, there is also some
evidence at Ravensneuk, Ravelsyke, and around Mount Lothian for more than
one glacial drainage pattern. The details of this evidence are given
below; they relate to several localities, and the general conclusion is
that they are pene-contemporaneous, relating to the same ice-sheet.

At Revensneuk, the east-west alignment of kames is interrupted both
by channel 92, which has cut into a kame on its southern side, and by
channel 92a which drains northeastwards and also cuts across an east-west
ridge of sand.

At Ravelsyke, there is a group of four drift humocks, aligned more
or less east-west (23). The hummocks differ in composition: two out of
four are of sand, one is of till, and one is partly sand and partly till.
Those composed of sand have fresh ice-contact slopes, but those of till
are more shallow-sided. The most westerly of the four hummocks partially
blocks the Lead Burn, here in its glacial course, and therefore the
hummocks are of later origin than the channel.

There are several other hummocks composed of till om the north side

of the esker (TyT). They are not streamlined in any direction to suggest
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they were moulded by moving ice, but are rather of a form and in a
position that suggest their origin is linked with thatbf the Howgate
system itself. Till hummocks 23 and T, T may have been formed by
pressure beneath the ice-sheet along crevasse- or drainage-lines during
the deglacial phase. Such till forms due to pressure in the vicinity
of dead ice have been demonstrated by Hoppe (1952), Stalker (1960), and
other workers.

A third locality showing more than one drainage pattern is around
Mount Lothian and just further north on both sides of channel 25. On the
north side of the channel, several ridges composed of sand trending north-
west~southeast are cut across and therefore postdated by channel 25.

South of this channel, channel 18, previously described, and channel 18a,
a slighter up-and-down channel in the same sequence east of the Kingside-
Rosewell Ridge, are each continued eastwards by low eskers. The eskers
coalesce near Mount Lothian and can be traced on for 23 miles, although
the morphology is indistinct in placeas. Its course east of Mount Lothian
is composed of dog-legs southeast and northeast, basically the two
directions of meltwater drainage being compared. This esker is cut
across by channel 3la, a channel which starts in the direction of the sand
and gravel spreading northeastwards from Lddleston. Channel 3la turns
eastwards and eventually become*much larger; +this channel clearly had the
function of directing meltwater from the upper Lddleston Valley northwards
across the present watershed and then eastwards towards Borthwick (see
also fig. 7.4). Both esker and channel 8la are in turn cut across by the
valley of Fullarton Water, which must have started as a meltwater stream,

but is now occupied by a normal river.
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Summarizing the evidence in this district, the deglacial features
along the watershed point to ice movement from the southwest. The
stratigraphic evidence from Black Burn as well as stone orientations
confirm this movement from the southwest. North of the watershed,
although the stone orientations show the same direction of ice advance,
the meltwater has been deflected eastwards. Also betweecn llavensneuk and
Mount Lothian there is evidence of two drainage patterns. The freshness
of the esker ridges, kames, and ice-pressed till hummocks of the Howgate
system indicates that the system was developed under the last ice-sheet
to cover the area, the subglacial drainage being at a time when there was
still a thick ice-cover blocking drainage towards the sea.

If pressure-moulding of the till did take place during deglaciation
in the vicinity of the Howgate system, the stone orientations completed
here require re—examination., The two fabrics concerned, 42 and 56, both
show a norwal type of particle plot distribution, but the resulting
orientations are southeast-northwest. This unusual trend has been dis-
cussed in detail already, and no definite interpretation was reached,
Although a local orientation effect due to pressure-moulding would be
attractive, it can be recorded only as a possibility. As the till
concerned is covered by glacio-fluvium and does not have any surface form
of its own, it is not possible to make the type of deductions used by
Hoppe (1952) in respect of ice~pressed forms.

District between Mount Lothian, Borthwick and Lasswade. This triangular-

shaped district (fig. 7.4) continues eastwards and northwords the features

described in the last district. Some parts of this district have already

been mentioned in published literaturej the Borthwick area by Peach et al
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(1910), and by Cossar (1911-12); and an area of 20 sq. km. east of Rosewell
by Sissons (1960-61). Also the account of the whole district by Mykura
(in Mitchell and Mykura, 1962) contains little with which the writer has
cause to disagree. The remarks below are mostly confined to amplification
of the earlier accounts with emphasis on the points of disagreement, the
remarks being based on the writer's remapping.

The southern part of the district sees the eastward continuation of
the Howgate system. The line of glacial drainage is continued by an
extension of channel 25, which follows a winding course for one mile
towards the complex area of meltwater channels between Ldgelaw and Arniston.
Channel 25 continues to be aligned approximately across the regional slope,
and is partielly blocked by drift in two places, north of Mount Lothian,
and between Cauldhall and Edgelaw.

Although there are no other esker systems like that & Howgate, its
erosional counterpart, channel 25, is only one of a series of channels
extending eastwards in roughly parallel fashion from the line of the
Kingside-Rosewell Ridge. Apart from channels 18 and 25, there are five
other substantial channels (24, 26-28, and 383) cut in both drift and bed-
rock. They vary in size but are locally up to 50 feet deep and 200 yards
wide. In two cases the lower end of a channel turns downslope and is
truncated by the next channel to the north, suggesting a sequence of
drainage with the southerly channels being the first formed and first
abandoned. This entails drainage in relation to an ice mass thickest to
the north and with its decayed zone retreating northwards. In spite of
the parallelism of this set of channels, their regular spacing of about

1000 yards, and their position across the regional slope, several channels
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have upslope intakes, and the writer agrees with Mykura that there are
altogether substantial reasons for regarding them as of subglacial origin..

Mention has already been made of the minor channels and eskers
(29-32) south of channel 25, combinations of features that also imply
subglacial drainage. On the other hand, channel 28 has an intake at
Kirkettle which could be ice-marginal, with water flowing down the Esk
gorge being blocked by ice to the north and diverted eastwards; a glacial
outwash terrace built up to the intake of channel 28 would prove it to be
ice-marginal. Also the channels and ice-contact deposits east of
Rosewell are thought to be of ice-marginal origin (Sissons, 1960-61).
Therefore the sequence of deposits and channel-type from channel 18 north-
eastwards along the Kingside-Rosewell Ridge to Rosewell suggests that the
earlier drainage at the southern end was subglacial and, as the ice thinned
and an ice-front developed as the southern edge of the residual ice, the
drainage became more sub-marginal.

The belt of glacio=fluvial drift east of Rosewell consists of sand
with some gravel, all rather coarsely bedded. The sand and gravel
thickens downslope to over 50 feet and has a steep ice-contact face to
the northeast. Both Sissons (1960-61) and Mykura (in Mitchell and
Mykura, 1962) consider that the channels cut into the spread of sand are
related to the decayed southern limit of a residual ice-block. To quote
Mykura:

"..... the southern margin of the ice became so broken that it

ceased to be a positive barrier to glacial meltwater. Its
line is now marked by a belt of gently undulating sand and
gravel which extends east and west of Rosewell and is cut by
a number of small meltwater channels (45-49) running for at
least part of their course directly downhill. This suggests

that meltwater flowed northeastwards over the ice, first spreading
over its entire surface and depositing sand and gravel, and later,
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volume, Although this means that two volumes must be consulted together,
this is considered preferable to the over-reduction of drawings necessary

to fit the standard format.
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as it became channelled along depressions, forming several streams

which eroded the gravel and residual ice, locally cutting into the

underlying boulder clay". (Mitchell and Mykura, 1962, pp.117-18).
There are a number of kettles in the sand, suggesting that sand was spread
over residual ice, as Mykura stated, but most of the sand occurs as flat
spreads rather than undulations. As another point of detail, il seens
unlikely that meltwater would have flowed over decaying ice for any
distance; and the alternative explanation, hy‘sissons, is preferred, that
the channels are shallow chutes, the decayed ice allowing the water to run
underneath it directly dowmslope.

The outlets ends of the more mortherly channels (north of channel 28)
link northwards with the glacial drainage of the glacial river South Eak.
The more southerly channels pass eastwards and are provided with a
drainage outlet around the south end of Roman Camp Ridge and Borthwick.
Between Cauldhall and Borthwick the meltwater channels do not occur in an
easily explained pattern. Between Cauldhall and Arniston, the general
impression is of several superimposed elements: the latest element is
provided by the large meltwater channels, often 100 feet deep in rock-cut
gorges, extending northeastwards as active tributaries of the River South
iisk; the outlets of channels 25, 26, and 28 join these larger channels,
but their former course is indicated by channels 29a and 34 which extend
on to Borthwick. Another element of the glacial drainage is a number of
smaller subglacial channels such as 37, 38, 38a, 40, and 41, which repre-
sent lesser concentrations of meltwater draining eastwards. Finally,
this area has seen extensive opencast coal mining, and the drillings have
revealed short sections of at least five buried valleys (fig. 7.4).

These buried sections, all containing over 100 feet of drift, cannot be
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integrated into a complete pre-glacial or glacial drainage pattern;
their various trends suggest that they are not necessarily related to one
another at all.

The complexity of the drainage pattern between Cauldhall and
Arniston has been partially explained by Mykura by postulating a sub-
marginal drainage pattern in dead icej but this must be a simplification
of the actual deglacial history. The buried channel extending north-

gouth through Arniston and the pre-existing depression now occupied by
Rosebery Reservoir across which a west-east meltwater channel is deflected,
both indicate pre-glacial or early glacial drainage to the north.
Following the west-east meltwater phase, drainage to the north was re-
established, the tributaries of the River South Llsk sometimes occupying
meltwater channels, but being 1ndepehdent of the elements of the under-
lying buried system so far discovered.

Between Arniston and Borthwick, the area between channels 34 and 42
consists of thick glacio-fluvium with the central hill of Halk Law
covered only by till. The glacio~fluvium is of a hummocky nature with
kettles indicating dead-ice deposition although south of Middleton, the
sand is terraced by the former glacial meltwater stream of channel 42.

The drainage derangement around Borthwick has been noted for many
}ear-. Both Peach et al (1910) and Cossar (1911-12) described how the
Middleton North and South Burns are deflected from a former course down
the Tyne Water to a new course northeastwards down the Gore Water trib-
utary of the South idsk. Feach et al did not regard this as anything
other than straightforward river capture, but Cossar did at least envisage

some control hy an ice~sheet on the low ground diverting the Midlothian
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drainage. In fact there appear to be two stages of glacial drainage
associated with the main Borthwick channel 43, The channel is a large
feature, locally over 100 feet deep and over 400 yards wide. The line
of this channel continues northwest as a buried channel around the end of
Roman Camp Ridge, with 144 feet of drift proved at one point. The
present glacial entry to channel 43 is the much smaller channel 34, the
more northerly of the channels carrying the west—east meltwater.
Channels 34 and 42 are not only much smaller than the original Borthwick
channel, but they enter its sides discordantly. Immediately east of
Borthwick Mains, a thick mound of sand and gravel almost blocking the
valley suggests an ice cover later than that associated with the cutting
of the main channel, and responsible for the eastward deflection of
Middleton North and South Burns.

Unly limited attention has been paid to the deglacial channel systems
feeding to Borthwith and to the South Lsk. Particularly when more bore-
hole data becomes available, a fuller stery will emerge. But in summary,
it is clear that the west-east drainage pattern is well authenticated,
and indicates a dominance of ice to the morth, with the ice-front reced-
ing in this direction. There is also evidence for an earlier glacial
drainage system, as seen in many dissociated features. The few fabric
analyses carried out in this district have indicated that there were at
least two ice covers, the former from the west-southwest, the latter from
the south-southwest; and as the basis for further investigation, it is
possible to consider combining the two glacial and the two deglacial

phases in alternating succession.

District from Lawhead to Straiton. The district adjacent to the north-
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east side of the Yentland Hills (fig. 7.5) is one in which three distinct
till have been recognised. The landforms may therefore be expected to
show the results of several separate glacial and deglacial episodes. As
in the district southwest of Lawhead, the basal till does not produce any
landforms, but the intermediate till and its deglacial equivalent,

derived from the southwest, do provide some of the surface cover material.
The rather featureless slope between Cornbank and Glencorse (aerial photo-
graph A), with a broad bench between Cornbank (735 ft. 0.D.) and Cuiken
(675 ft.) as the only positive feature, is underlain by this intermediate
till, as fabrics and stone counts have illustrated. Further north, the
intermediate till becomes increasingly covered by both glacio-fluvial sand
and by the Roslin Till. The Roslin Till is itself too thin a formation
to give rise to any morphologies. But due to its thinness, it is
difficult to determine whether glacio-fluvial deposits are protruding
through Roslin Till, and therefore belong to an earlier sequence of events,
or are overlying it.

Glencorse Burn approximately delimits the southern edge of the thick
glacio=fluvium in this district. North of Glencorse Burn as far as
Straiton, exposures show thick beds of sand. From sections already des-
cribed it has been concluded that the landform resulting from these sand
deposits was a shallow deltaic or braided outwash plain. This plain is
pitted by a small kettle at Bush and larger kettles further north near
Pentland Mains. Small kames occur in isolated fashion on flat ground at
Bush and near Bilston. The outline of all these features is very blurred
‘because the kettles are lined with Roslin Till and the kames are covered

by it.
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The presence of the kettle does in fact demand a particular mode of
formation. As the ice responsible for the Roslin Till is known to have
truncated some of the bedding in the glacio-fluvium heneath, and as the
kames have been partially obliterated, any pre-existing kettles might
equally have been filled in. It is theoretically unlikely that blociks of
ice melted down through the Roslin Till to form depression deep in a lower
drift; it is much more probable that the kettles were formed by the
melting of buried ice-masses from the Southern Uplands ice-movement, the
welting occurring after the Roslin Till was laid down. Although this
might suggest that only a short period of time elapsed between the melting
of Southern Upland ice and the re-~covering of the ground by the ice
depositing the Roslin Till, it is known that the ground was exposed long
enough for the formation of frost wedges.

The northern limit of the glacio-fluvium occurs as an .ice-contact
slope east-west through Straiton; other parts of the same morphological
feature occur to the east on each side of the River North Esk at Melville
Mains and Lasswade golf course. A north-facing ice-coniact slope is
well developed at each of these localities (photo.24). At Straiton there
is a deep kettle and some isolated low mounds of sand outlying from the
main deposit (aerial photographs B).

There are two morphological features which suggest that the deposition
of the glacio-fluvium to Straiton was subglacial, rather than against an
open ice-mass to the north. The surface of the glacio-fluvium at Straiton
is._at 455 ft. U.D. JMeltwater channel 53 across Gilmerton Ridge has an
intake at 450 ft., and it is suggested that it formerly fed water from

Straiton east and then northeast. The intake of channel 53 is upslope,
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requiring a subglacial mode of formation.

A second feature which suggests subglacial deposition of the glacio-
fluvium at Straiton is the position of Cameron Wood esker (aerial photo-
graphs B). This is a wooded ridge extending almost continuously for
about a mile from the area of kame and kettle at Pentland Mains down
across the ice-contact face into the flat-bottomed basin of Straiton Moss
to the north. No bedding is exposed in this esker, and its origin is
presumed from its form and the coarseness of its constituent material,
the sand, cobbles, and boulders being exceptional for the area. The
higher southern end of the esker stands on level ground in association
with the kame andkettle area, while the northern end is a hundred feet
lower and finishes in beaded portions on the middle of Straiton Moss.

It is clear that if the esker is to be associated with the other dead-ice
features, as the evidence points, then all must have been deposited sub-
glacially.

The fact that Roslin Till does not overlie the esker might suggest
that the esker overlies Roslin Till and is therefore of a later date than
other features in the vicinity. If the esker is later, it is an isolated
feature without any other forms to explain its raison d'etre. Augering
has not proved that Roslin Till underlies it (the auger continually being
obstructed by stones) and, on the contrary, at the most northerly bead of
the esker, 3 feet of sandy till, which may be the Roslin Till, overlies
the esker sand.

The basin of Straiton Moss is a natural depression between the Braid
Hills and northern Pentlands to the west and a small outcrop of Carbon-

iferous Sandstone to the east. The depression must have extended further
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south before the incursion of thick glacio-fluvium, The section to bed-
rock at Clippens sand pit (figs. 4.21A and B) and various trenchings and
borehole evidence show little till in this basin, but do show a lining of
grey silt (mechanical analysis, Table 4.3). The silt has the grain-size
characteristics of an aeolian deposit, but there also occur many rounded
pebbles, so that the total deposit could be of wind-~blown and ice-rafted
material such as occurs in a late-glacial lake adjacent to expanses of sand.
The two belts of sand (53a and 53b) which lead into the present depression
have a hummocky form suggestive of subglacial deposition, with local melt-
water flowing down from higher ground to the west and northwest. . If this
is so, this sand would have been deposited with the Straiton glacio-
fluvium before the temporary glacial lake existed.

There remain for consideration in this district the numerous small
deposits marginal to the Pentlands. The most southerly of these consists
of an esker and associated spreads of sand on the southern slope of
Glencorse. From the account in Chapter VI, it will be seen that the esker
is derived from Southern Upland ice, with meltwater flowing northeast down
the slope. Further north, short meltwater channels 4, 7, and 13 fall in
height to the south, while between Glencorse and Hillend there is a series
of kames with steep ice-contact slopes. The feature north of Bush is
flat-topped and resembles a kame-terrace in a position marginal to the
Roslin Till readvance ice, but a similar feature west of Bush is covered
by Roslin Till. The position and form of these features suggest they are
the product of meltwater from the adjacent FPentlands rather than from any
distant source.

The coastal district. The glacial morphological forms in this last
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district to be discussed, the lower Lsk Dasin bordering the Firth of Forth,
are more fragmentary than in the districts further inland (fig. 7.6).

There is a significant difference in the glacial sequence also, as only one
ice movement, from west to east, has been recognised, and only one period
of deglaciation, with ice thinning northwards.

The principal indications of ice movement are the crag-and-tail form-
ations, which have been described many times since they were first
recognized by Hall in 1812. Many of the tails of the streamlined forms
are not of till, as is commonly assumed: the tail of the small feature of
Corbie's Craig, for example, situated on the larger crag-and-tail of
Blackford Hill, is of bedrock (fig. 6.5; photo. 25). The tail of
Blackford Hill itself shows a variety of drift types, as previously des-
cribed.

Associated with the streamlined forms within the city of Edinburgh
are numerous ice-gorged depressions, which were occcupied by late-glacial
lakes, almost all of which have now been drained. The several accounts
of these lochs are listed by Mitchell and Mykura (1962).

The best integrated sequence of deglacial features occurs around
Gilmerton Ridge. The meltwater channel 53, discussed above, is the
highest of a series of channels (fig. 7.7) which for the most part begin
at the ridge crest and descend to near the base of the east side of the
ridge. _The channels have successively lower intakes from 450 ft.
(channel 53) to 180 ft. (channel 58). These two channels, the first and
last in the series, have slight upslope intakes, while at Hilltown, there
is a channel descending 30 feet on the west side of the ridge that may
represent an upslope intake to the larger channel 56 with which it is

aligned.
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Figure 7.7 shows also that most of the hummocky glacio=fluvium on the
lower eastern slope of Gilmerton Ridge is deposited near the lower ends of
the meltwater channels. The most distinctive part of the glacio-fluvium
is the Sheriffhall esker, a ridge about a mile long, composed of coarse
sand, gravel, and cobbles. This esker is described by Milne (1840) in the
passage given as the imntroductory quotation to this chapter. It has two
different clements: +the northern part consists of hummocky spreads of
kettled sand without any directional trend (fig. 7.6). An isolated kame
with steep ice-contact slopes stands up within this part, and the
identifiable ridge starts at the base of this kame, and forms the southern
part, or esker proper. The top of the isolated kame is at 232 ft. 0.D.
(fig. 7.8), which is the same height as the terminal end of the adjacent
meltwater channel 53. DBetween the isolated kame and Campend, the esker
follows the contour of the underlying till-covered slope, so that its base
on the easterly (downslope) side is 15-20 feet lower than the base on the
northerly (upalope) side (fig. 7.8). At Campend, the crest of the eaker
reaches its greatest height, but the esker turns downslope at this point,
and its crest-line falls steadily towards Sheriffhall.

At Sheriffhall, the esker deposits are succeeded by the extensive
spreads of glacio-fluvium associated with the glacial course of the River
North Esk. The exact junction between the esker and the outwash spread
is obscured by earthworks, a railway, roads, and tree plantations (aerial
photographs C). But height measurements have shown that there is no
direct continuity between the crest of the esker and its projection onto
the outwash surfaces at this point. However the highest outwash surface

(terraces 225, 226, and 227, which includes parts of Dobbie's Nurseries
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and Dalkeith Park) has a range of heights from 240 ft. to 200 ft.

(fig. 7.8) and as the limit to this outwash surface at one point is an
ice~contact slope, it is possible that the esker and the highest terrace
surface have a common subglacial or submarginal origin.

The series of meltwater channels and deposits on Gilmerton Ridge
indicates subglacial meltwaters moving eastwards into the channel of the
glacial Lsk. The upslope intake of at least two channels, the incised
course of channel 54 and the probable link between channel and subglacial
esker deposit all indicate a subglacial mode of formation, The writer
has not found any direct evidence for Mykura's suggestion that Gilmerton
Ridge separated stagmant ice in the Esk valley from ice occupying the
Forth valley and still moving eastwards at this time.

Un the east side of Roman Camp Ridge is a group of meltwater channels
(fig. 7.1) at a height which suggests they were formed earlier than the
channels on Gilmerton Ridge. These were formed by meltwater from the
Esk in the period intermediate betwecen drainage eastwards to Borthwick and
free drainage northwards direectly towards the Forth, The main channel
starts as a bench at 440 ft. and cuts eastwards through the ridge to
integrate with the glacial drainage scheme in the Tyne Basin (Sissons,
1958a) . The lowest meltwater channel in the Esk Basin is on the north
end of Roman Camp Ridge between 160 and 120 ft. 0.D., and marks an even
later stage in the ice retreat southwards from the Esk Basin.

The limited morphological evidence within the city of Edinburgh is
effectively summarised by Mykura. The only features that can be linked
directly one with another include the small channels between Swanston and

Morningside, together with the Comiston sand-mass described originally by



CHAPTER IX

THE PHYSICAL SETTING

"Wretched is the man who lives in
a gravel pit." Proverb quoted
by John nﬂy’ 1678.

The main area of this study coincides with the drainage basin of the
rivers North and South Esk to the southeast of Edinburgh within the county
of Midlothian (fig. 2.1). Watershed boundaries would have been sufficient
had the study been of post-glacial processes; but ice divides and water-
sheds seldom correspond and in this study of glaciation it has been
convenient to provide some comparative evidence from adjecent areas. A
pilot study was made of an area on the upper tributaries of the River Tyme
in East Lothian. Small investigations were also made along the coastal
plain near Kirkliston to the weat of Edimburgh, and along the edge of the
Southern Uplands Fault which forms a distinctive southern boundary to the
area. Howevery; the ultimate conclusions are concerned emtirely with the
Bsk and upper Tyne Basins.

Topography and geology. The dominant physical feature of the district is
the line of summits formed by the Pentland Hills, which extend from the
outskirts of Edinburgh in a southwesterly direction through Midlothian
into the adjoining counties of Peeblesshire and Lanarkshire.
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Campbell and Anderson (1909). The controlling water-level of 550 ft. at
Hunter's Tryst, Fairmilehead, is too high for an ice-margin here to be
related to any features in the lower Esk Basin adjacent.

Although the morphological features of the different districts of the
£gk Basin show more dissimilarities than likenesses, one commonly recurring
theme has been that of ice retreat phases, with glacio-fluvium carried from
the south or from the Pentlands being held up against or under a melting
ice-gsheet which was thickest ta the north. The phases of ice retreat are
described in the next chapter in terms of the River North Esk glacio=fluvial

spreads and alluvial terraces.



CHAPTER VIII

TERRACES OF THE RIVER ESK

"In every thyng, I woot, there
lith mesure."  Geoffrey Chaucer,
Troilus and Criseyde, 1375.

Particular attention has been given to the morphological mapping of
terraces of the River Lsk. These terraces have been shown in
generalized fashion in fig. 7.l. In this text, the term 'terrace' is
used for convenience as a baggage term to include both glacial outwash
surfaces and river terrace remnants. The former are of course surfaces
due to deposition, while the terrace remnants are erosional, being the
surviving parts of a formerly continuous valley floor that has suffered
both horizontal and vertical corrasion (the definition of Cotton, 1940).
A set of terrace fragments correlated as a single feature is here called
@ 'Terrace', and is labelled by letters; and the individual fragments of
terrace or outwash are not referred to with a capital letter and are
numbered.

The terraces are important among the morphological features of the
sk Basin for two reasons. Firstly, they have considerable physical
dimensions and extent. There are several individual terrace remnants
over half a mile in downstream length and the three largest are each over
a mile long; the terrace remnants as a whole form an almost unbroken

- 208 -
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sequence from the vicinity of remicuik to the river mouth. Secondly,
the terraces are important in that they provide a possible interpretation
of the late-glacial and immediate post-glacial development of the basin
by morphological means. The highest surfaces are underlain by material
originally deposited as proglacial, ice-contiact, or subglacial spreads,
and in some cases the terraces may be directly related to glacial melt-
water channels. Following the deposition of this glacio-fluvium, its
subsequenct dissection within the valley of the L£sk as presently located
has produced flights of river terraces in some cases at five or six
separate levels. DBy arranging these terraces diagrammatically, it can
be seen whether or not they fall into significant altitudinal groups, and
therefore whether or not they represent intermittent falls in base level
or a more or less steady fall in base level.

Little attention has previously been paid to the terraces of the Esk,
although the larger ones are recorded on 6-inch Geology sheets. Mitchell
and Mykura (1962) noted that five well-defined terraces occur between
Dalkeith and Musselburgh and that, as the lower terraces are cut in raised
beach deposits, some of the higher terraces may be contemporaneous with
the ruised beaches.

Terrace mapping and height measurement. The terraces were mapped on

6-inch drift Geology shects in the same way as for other morphological
features. A central line down the length of each terrace was decided
upon, and the heights of points at intervals along this line was estab-
lished. The usual interval between heighted points is 50 yards. In the
case of large terraces, one or more transverse lines of points were

heighted, and occasionally on broad terraces two parallel lines of
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heighted points were established along the terrace lengths.

Height measurements of the terraces were carried out entirely in the
field by level and staff, using an Autosetl Level and an Autoset Level 1
(Hilger and Watts), with a l4-foot staff. The work was done at periods
over three years, depending partly on crop conditions.

Details from the individual 6-inch sheets were transferred to a
single map (fig. 8.1), and a reference base-line was drawn southwest -
northeast, parallel to the general line of the present River North Esk.
The locations of all heighted points were then projected at right angles
onto the base-line, and heights plotted against distance on a second
diagran, (fig. 8.2).

Figure 8.2 therefore summarises the height information for 142
terrace remnants and outwash surfaces, and forms the principal evidence on
which the history of terrace development will be argued. It will be
apparent from above that there is a considerable list of operations
involved in the production of fig. 8.2, and therefore a large number of
factors influencing the accuracy of the final diagrammatic plot. In
order to understand what reliance may reasonably be placed on fig. 8.2,
it is therefore necessary Lo consider the main possible sources of error
and misrepresentation. The sources of error are considered in the order
in which they might have been encountered. They are:

(i) Errors in instrumental height measurements
(ii) Errors in locating heighted points

(iii) Choice of points to height
(iv) Choice of base-line for projection

(v) Scale of plotting.
¥ ng
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(i) Errors in instrumental height measurements. All levelling was
carried out between Bench Marks of known height (marked on fig. 8.1),
and the measured height of any point is correct to 0.5 ft. A maximum
closing error of 0,5 ft. was permitted for short levelling traverses and
1.0 ft. for long traverses. In practice the mean closing error for the
first 38 traverse completed is 0.15 ft., and most peoints are correctly
heighted to 0.2 ft.

This accuracy is slightly greater than the nature of the terraces
Justifies and is also greater than can be used for plotting, but it is
not possible to use another surveying method that will produce results to
the necessary accuracy of 0.5 - 1,0 ft. with comparable speed. In fact
the use of a modern self-levelling instrument with superior telescope
magnification is quite economical in time.

During one level traverse, a Bench Mark error of -2.,8 ft. was dis-
covered (at Grid Ref. NT 2982 6494). This may be attributed to local
mining subsidence, which occurs commonly in Midlothian to the order of a
few feet. Up to 10 feet of subsidence has been recorded in certain
zones. There is no factor that can be used to correct the errors that
subsidence produces on terrace heights.

(ii) drrors in locating heighted points. Positions of the points being
heighted were recorded on the 6-inch sheets as the levelling proceeded.
The interval between points was standardized at 50 yards wherever the
ground allowed. The distance was measured by pacing, the stafiman
having previously checked his pacing against a tape-distance. Lrrors in
location of the heighted points nreheg]igible at the plotting scale.

The complete list of heighted points, totalling 1224 in all, is given as

Appendix D.
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(iii) Choice of points to height. For each terrace, one central line of
peints was rumn, supplemented on occasions by a transverse line or a second
line lengthways.

Some attention was paid to a scheme of river terrace mapping
developed by Brown (1952). This invelves finding the heights of the
four corner positions of each valley-bench as well as measuring the length
of the bench. These weasurements allow the surfaces to be represented on
a diagram as areas, which lend themselves to visual comparison.

For a number of reasons, this scheme was not used in the present work;
the terraces had already been mapped independently of the heighting
process, so that their lengths were known; there is a vast range of size
from the largest to the smallest terrace, which would make a diagrammatic
comparison of area impossible; there is oftemn little or no transverse
slope and therefore no range of height from rear edge to leading edge;
and finally, many terraces are not rectangular or of any well-defined
shape. The scheme that was employed of making height measurements at
intervals down the length of the terrace avoids the difficulties of using
the rear edge of the terrace, which may show a backswamp depression or a
talus infilling, and avoids the front edge of the terrace, which is
usually cambered, factors which have also been commented upon by Frye and
Leonard (1954). The scheme also shows the gradient at intervals down
the terrace and the regularity of the overall gradient.

(iv) Choice of base-line for projection. The base-line onto which the
heighted locations are projected is a straight line southwest - northeast,
being the direction which best fits the present river course. A con-

sequence of this is that unless the line of levelling on a particular
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terrace is exactly southwest - northeast, the projected locations will
give a series of points on fig. 8.2 for which the line of best fit has a
gradient steeper than it should be. Fig. 8.3 illuastrates this by refer-
ence to a simple example. Where the line of levelling is parallel to
the projection base line, the slope as plotted in section is the true
slope (fig. 8.8A). In other cases, the apparent slope of the terrace will
be steeper than the actual slope by a factor of (1 - Sec &), where ¢ is
the difference in bearing between the line of levelling and southwest -
northeast. For small differences in direction, this projection error
does not alter the appearance of the slope. For a 30° deviation,
representing a line of levelling N75°E-S75°W, as in fig. 8.3B, the pro-
jected slope angle would be increased by about 1/7th. For greater
deviations, the slope angle increases more rapidly.

Choosing the projection base-line as a straight line also has the
effect of compressing the extent of each terrace and their spacing one to
the next. In theory, the projection line should be curved to fit the
curves of the stream, or rather, there should be a separate projection
bage~line fitting the course of the stream occupied during the formation
of each associated group of terraces. In practice this is not possible
as the former stream courses cannot be recomnstructed, while the present
stream course fits only the contemporary flocod-plain, a very small propor-
tion of the total area.

The projection line used in fig. 8.2 might be expected to fit the
higher terraces better than the lower ones, as the higher terraces were
formed by water moving in a fairly direct course to the northeast over

open ground, while the lower terraces were formed within a valley when
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the water was channelled in & meandering stream.

The only concession made to deviation in the course of the River Lsk
is for the area between Dalkeith and Musselburgh at the junction of the
North Esk and South Esk. The general alignment of the rivers and
terraces over a distance of two miles here is more south-southwest -
north-northeast, and a supplementary projection base~line was drawn at
N25°i-325°W to accommodate them (fig. 8.1), a swing of 20°. The terraces
replotted against this supplementary base-line are shown as the inset to
fig. 8.2.

Comparison of the two plottings of the terraces between Dalkeith and
Castle Steads shows how the choice of the projection base-line influences
the appearance of the terraces as plotied. In eachoase, terrace frag-
ments have been associated by position in height sequence, by pro jecting
the line of terrace up and down slope, and by natural height breaks.
Although there are differences in detail, the same basic correlation of
fragments emerges from each plot. But the representation as part of the
main plot gives a better impression of the higher terraces, that is,
those that extend continuously over distances of i-1 mile. The inset
plot gives a better representation of the lower terraces, particularly the
lowest two sets, which become more naturally separated, and conversely,
it shows the higher terraces less well. In the inset plot, terrace 227
appears to have a rewerse slope, due to the direction of the base-line
chosen, while the actual uniformity of terraces 228 and 230, which are
demonstrably part of one feature on the ground, appears broken.

(v) Scale of plotting. A final cause of misrepresentation in fig. 8.2

is the vertical exaggeration of between x17 and x18 necessary to present
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the height plottings clearly and at a feasible scale. The effect of
this is to increase the apparent slope of all terraces greatly, besides
increasing the apparent irregularity of terrace surfaces.

0f the five sources of error in fig. 8.2 that have been discussed,
some are much more serious than others. But it is not possible to
allocate specific weight to any error. The initial choice of points on
the ground is subjective; but once the choice has been made, the errors
in locating these points and finding their height is negligible at the
plotting scale. The only significant error occurs in plotting against
the chosen projection base-line, but again it is not thought likely that
any terrace plotting gives too misleading an impression because of this.
The last factor, the plotting scale, is also adequate to represent and
connect terraces without confusion.

Details of individual terraces. OUne of the features that cannot be

fully brought out by these methods of heighting and plotting is the
irregularity of individual terrace surfaces. In fact, to allow a truer
appraisal of the character of each surface, a tacheometric survey would
be needed, providing many more heighted points located in plan all over
the surface. The existing linear pattern must in practice be taken as
representative of an areal pattern and although the lines of levelling
have been lorated in optimum positions, it is still possible to encounter
irregularities. These include kettle-holes on the glacial outwash
surfaces and vague water-course depressions and banks.

The strength of each levelled line of points lies in the line es a
whole, representing the average form, rather than in the eccentricities

of individual points. A straight line of best fit through the plotted
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points is the most accurate summarypf the height range and slope of the
terrace that the measurements justify. Usually the last heighted point
on a terrace surface shows the effect of cambering. Examples f{rom

fig. 8.2 where the cambered point has been retained in the plotting are
terraces 121 and 209.

The deposits underlying the terraces are in most cases what would be
expected from the landforms, The ;lacial outwash surfaces are underlain
by sands, gravels and occasionally coarser material. Besides this there
is a thickness of Roslin Till overlying certain of the glacial outwash
surfaces; this is a special circumstance, as will be seen below. The
river terraces are normally composed of coarse river alluvium, a mixture
of sand, gravel, and cobbles, all water-worked and rounded. DBut in
contrast to these terraces there are a number of flat areas bordering the
River North Esk resembling normal river terraces but underlain by till.
These areas were mapped and levelled in the same way as outwash and
terrace fragments; this has shown them to have exactly the same morpho-
logical characteristics as terraces, and has allowed them to be integrated
by height and position in sequence with other terraces. Because of this,
the features are regarded as glacio-fluvial and fluvial erosional surfaces
where water has planed the till cover to a uniform slope and no alluvium
or glacio-=fluvium has been deposited. In spite of the compactness of the
unweathered till locelly, it does not appear to have inhibited terrace
development as bedrock does for a rock-defended terrace (Cotton, 1940).
The major examples of these terraces are T118, Tl42 at Kirkettle, and
T222Aat Eskbank (fig. 8.1).

Apart from till-based terraces, there are at least two cases where
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The Pentland Hills are separated from the Southern Uplands by the
valleys of the rivers Medwin and Clyde around Biggar. They comprise a
broad anticlinal fold with the axis in @ northeasterly direction. The
western limb of this anticline shows gentle undulations for many miles,
but the eastern limb was fractured along the line of the Pentland Fault,
which runs through Portobello and Carlops. The entire region wvas once
covered by the Carboniferous system but as a result of very considerable
erosion, the Carboniferous rocks were completely stripped off the creat of
the Pentland anticline, exposing the long-buried Old Red Sandstone and
Silurian formations. To the west, undulating strata of the Carboniferous
Calciferous Sandstone Series were laid bare as far as the Bo'ness -
Bathgate area, beyond which Coal Measures are preserved in the downfolded
basin of the Central Coalfield. To the east of the Pentland anticline a
second but much smaller anticline was formed along a parallel axis, the
remains of which now form the Roman Camp Ridge. Between these two
anticlines lies a comparatively sharp syncline forming the Esk Basin, the
strate dipping more steeply in the western than in the eastern limb.

The basin preserves an isolated stratum of Coal Measures which, together
with the Carboniferous Limestone Coal Group, form the Midlothian
Coalfield. In East Lothian the upper series of the Carboniferous were
removed and the bevelled edges of the strata of the Li-s;tone Coal Group
at the top of the Carboniferous Limestone Series were laid bare. This
is succeeded eastwards by older Carbeniferous rocks.

During the 0ld Red Sandstone and Carboniferous sedimentations, there
was considerable velcanic activity. This was confined, however, to the

area north and west of the Pentland axis; there is no evidence of it
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the material underlying river terraces appeared at first sight to change
in an upstream direction from alluvium to till (fig. 8.2{ Ti21 and T144).
However levelling has shown that the change in iype of deposit corresponds
with a sharp break in the surface slope. The break of slope indicates
the highest point of the true washed terrace surface, the steeper slope
above this being the original slope of the till mantle.

Method of correlating terraces. AL any one point across the River North
usk, there may be up to a dozen fragments of outlwash surface or terrace
remnant, and the correlation of these with other fragments along the river
is not at all straightforward.

The two main criteria for correlation are continuity along the valley,
and similar relative elevation above the present river. Continuity
between fragments can sometimes be seen immediately from the diagram
(fige. 8.2) by extrapolation. But there is no objectively-derived limit
to the gap that can be jumped between fragments and each case musi be
examined individually. A linear regression curve is nol appropriate
because some individual heighted points are themselves not typical of the
surface, and because the full terrace profile is anyway not linear butl a
smooth curve of an unknown form. In criticism of fig. 8.2 it may be said
that there often appears to be a more obvious correlation by eye in the
field than on the plotted diagram.

Similar relative elevation is likewise an uncertain method of
correlating terrace fragments. Correlation of the corresponding members
of, say, three terraces in ome part of a river with three terraces in
another part might be in order but, as Leopold, Wolman and Miller (1964)

have pointed out, there is considerable danger in doing this where nany
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fragments occur within a limited height range, as is the case in the isk
valley.

Correlation of terrace remnants across the valley is easier than
correlation along its length for, if the projection base line is correctly
orientated, plots of left bank and right bank terraces at the same height
will be superimposed.

There are two cases where suri~ce remnants match across a valley.

In the case of glacio=fluvial outwash material, paired fragments indicate
an original depositional surface predating the excavation of the valley.
In the case of true river terraces within the valley, paired fragments
indicate halts in the process of river downcutting. In both cases,
paired fragments are likely to indicate fairly major events, and so be
distinctive in size. This is true of the River North Esk, where the
paired terraces include almost all the larger units and are at quite
distinctive elevations.

Unpaired terraces occur in the normal downcutting of a river into
its valley and represent the swing of the valley floor from side to side.
Slip-off slope terraces (Cotton, 1940) are also typical of normal
continuous downecutting. In the £sk valley, many of the smaller terraces
are unpaircd or are of the steep, slip-off type. The total impression
in the Egk is therefore of flights of terraces, some of which appear to
match and some of which alternate, pointing to a composite origin, some
having been cut during halts and others during continuous downcutting.

History of terrace development: Terrace A. With the above points in

mind, the writer has analysed the terrace fragments shown on fig. 8.1

and grouped them into 12 sets, labelled as A to L. The highest terraces
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on the main North fsk are T101-105 and T110-111., These are shown on
fig. 7.2, occurring just south of FPenicuik.

Terrace 101 is a large feature, apparently flat to the eye. Its
ma jor dimension is transverse to the lsk, the terrace being about 500
yards broad and at its greatest about 300 yards in the downstream direc-
tion. From the lines of heighted points parallel and transverse to the
Bsk (fig. 8.1) it may be seen that the surface is almost horizontal.
The range of height values is from 738 ft. to 743 ft. O.D. There is no
systematic change in height along any of the profile lines.

Terrace 102 adjacent to Tl0l is to be associated with it directly as
it is only about 6 ft lower. It is roughly square with sides about 200
yards long, and with no measurable slope in any direction. There is a
kettle~like depression 7 ft, deep towards the rear of the terrace.

Terraces 101 and 102 are both terminated on the northeast side by a
50-foot high ice-contact slope overlooking Penicuik. The eastern and
southern parts of the terraces are limited by the glacial gorge of the Lsk,
and on the west at approximately the same altitude as the terrace surfaces
there occur extensive glacio-fluvial dead ice features with flat-topped
kames being predominant. The lack of alignment of T101-102 with the isk
valley, the lack of surface gradient, the ice-contact termination to the
northeast and the assembly of dead-ice features to the southwest together
indicate that the terraces are a glacial outwash feature (Terrace A), the
outwash material being derived from the south and deposited in contact
with residual ice occupying the lenicuik area.

Forming part of the same system as T101-102, but about 10-~15 f{t.

lower are terraces 103 and 104. These are each about 100 yards long and
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together slope down to the northeast within the height range 730-720 ft.
0.D. Also at about 720 ft. occurs Tl10, a larger terrace on the other
side of the Esk, as fig. 8.2 shows. Terrace 110 like T10l has its long-
est axis transverse to the lLsk valley and has no slope downstream. A
series of six levelled points at 50 yd. intervals downstream over this
terrace surface approximately parallel to the Zsk give the following values:

719.9

718.3

719.8

721.7

721.0

719.8
Terrace 110 is also just adjacent to the kame deposits at Ravensneuk which
here trend east-west.

Terraces 104, 105 and 110 are the remmnants of a glacial outwush feature
similar to that represented by T101-102, the slightly lower level being
due either to glacio-fluvial erosion of the higher surface or by a change
in the condition of the bounding ice on the north. It is assumed that
T110 was also bounded by an ice-contact front to the northeast; this is
not now distinguishable because of the courses of the River North Esk and
the Black Burn. Terrace A is therefore extended to include the terraces
101-104 and 110,

Terrace A is a complete unit in itself, There are no other corre-—
sponding terraces at this altitude either upstream or downstream. The
Terrace seems to have been formed in intimate contact with melting ice-
sheets both to the southwest and northeast, the one indicated by the

glacio~fluvial morpholegies associated with the melting of Southern Upland

ice around Ravensneuk, Carsewell and Braidwood, and the other indicated by



22l.

the ice-contact slopes.

The northward flowing meltwater ponded up at the position of
Terrace A must have escaped laterally. The only escape routes open to
it, other than the later one down the Esk, are to the west, along the side
of the Pentlands, and eastwards out of the Lsk valley. There is some
evidence for each of these possibilities. The broad hillside bench
mantled in thick till between Cornbank and Cuiken west of Penicuik slopes
northeastwards from 740 ft. to 670 ft. U.D., the upper value being the
height of TI101. liowever there is no indication of fluvial erosion any-
where on this bench and in spite of many sections examined during housing
development, no alluvial deposits have been found. The second possi-
bility seems the more likely one. There are two possible eastward
routes. Upstream of Terrace A a large meltwater channel ascends east-
wards from the Esk towards Black Burn. This is channel 92 (fig. 7.2),
previocusly discussed in some detail in connection with the Howgate esker
system. The lower end of channel 92 is at about 740 ft. 0.D. If this
channel does provide the upslope escape route for the water backing up
from Terrace A, then this whole deglacial meltwater sequence must have
been subglacial. Alternatively, channel 27 on the Kingside-Rosewell
Ridge has its highest intake at about 740 ft. 0.D. If this last
alternative were the correct ome, the style of meltwater drainage would
be identical to that of other Terrace—channel systems to be described
below.

Near the western end of chennel 92 occur the next group of terraces,
T106-109, located on the Black Burn and Lead Burn tributaries of the

North isk. These terraces, the highest of any terraces mapped, can be
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divided into two pairs by altitude: T108 and T109 are at about 775-781 ft.,
and T106 and 107 at about 765 ft. The higher pair are at the level of the
upper end of channel 92 and it might be argued that the terraces represent
a further subglacial depositional phase. But the surface slope of T108

is at a regular rate towards channel 92 rather than away from it. Also,
in spite of the difference in height T108 is backed to the southwest by
glacial dead-ice deposits similar to those behind T101. It is concluded
that the terraces on these tributaries of the &sk have a similar origin to
those of Terrace A. The lower pair on Lead Burn, T106 and 107, represent
one surface interrupted by the post-glacial stream cutting.

Terrace B. The site of the present town of Penicuik is a large basin,

the meeting of several valleys, and an area which appears to be of unusual
significance in this context. The controlling bedrock morphologies are,
to the west, & gently rising till-covered slope incorporating the Cornbank-
Cuiken bench andy on the cast, the ground rising to the Kingside-Rosewell
Ridge. Un the south side are the thick drift deposits underlying

Terrace A, as has been described. Un the north side at Kirkhill, the
centre of the broad depression is occupied by a high area of thick sand
and gravel with some till (fig. 7.5). This mass of drift is surrounded
by lower ground on all sides, notably by the ksk gorge to the east and by
lower kamiform deposits to the north.

The surface of the Kirkhill drift area consists of two terraces, 113
and 114. These can be correlated with other terraces nearby, and evidence
is presented below to show that the area of drift at Kirkhill in which
Tl113-114 are cut is a residual core that has been dissected by glacial

meltwaters.
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The higher terrace at Kirkhill, T113, is about 500 yards wide and
250 yards longe. Part of it is now built up but heights have been
derived from the rest of Tll3 and are found to vary eratically from 674
ft. to 670 ft. without an obvious slope in any direction. At the same
height as T113 is T12l, one of the higher right bank terraces of the Lsk.
Terrace 121 is about 650 yards long but only 100 yards wide. It slopes
downstream at about 1:290. Also to be associated with Tl1l3 are the
smaller fragments T105 and Tlll, located south of Fenicuik in the same
belt as Terrace A. These are too small for their slopes to be measured.

These four terraces are regarded as one major unit (Terrace B)
because they fit together accordantly with an overall slope to the north-
east, and are of a height quite distinctly different from any other
Terrace (fig. 8.2). The origin of Terrace B is considered to be the
same as that of Terrace A. In this second case of deposition in contact
with wasting ice, there appears to have been greater scope for terrace
development longitudinally. The small fragments upstream, T105 and Tl1ll1,
are against the inner side of the earlier Terrace A in the way that is
also characteristic of true river terraces, and in this case have been
carved out of the parts of Terrace A.

Terrace B is underlain by glacio-fluvium deposited by water pounded
up to a height of about 670 ft. An escape route for water at this height
is provided by glacial meltwater channel 27 on the Kingside-Rosewell
Ridge. This channel has an uphill intake about on the 700-foot contour
line, and a second intake along the slope at about 670 ft. Uverflow
water from the Terrace B stuge is therefore thought to have drained cast-

wards subglacially.
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The large depression northwest of the Penicuik basin between the
bedrocik slope and the Kirkhill block of drift is occupied by an insignifi-
cant stream far too small to have created it. The depression may have
been occupied by stagnant ice at the time Terrace D was being formed but,
from the location of the parts of Terrace B, it seems more reasonably to
suppose that the entire Fenicuik depression was filled with drift which
has been re-excavated by glacial meltwaters, derived from the southwest
and from the adjacent low flanks of the Pentlands and draining northeast-
wards along the route of the present main road A701 before the usk valley
was available.

Terrace C. This comprises a set of features similar to those forming
Terrace B, and a similar explanation is presented for them. Terrace C
is made up of the individual terrace fragments 114, 122, and 123. These
are of accordant height with a slope northeastwards of about 1:180, and
they occur at a height gquite distinctly different from that of any other
terraces (fig. 8.2). Un both sides of the Esk the terraces are carved
out of the downstream ends of parts of Terrace B. The right bank frag-
ments, Tl22 and T123, are the same surface interrupted by a post-glacial
stream.

There is a high ice-contact slope at the downstream end of Tll4.

For T123, the eastern bedrock-slope side ends as ome wall of a meltwater
channel . This is first recognisable at about the height of Terrace C,
which is at 630 ft. O.D. at this point, and can then be traced as Channel
28 (fig. 7.4), the Kirkettle channel, which follows the contour of the
bedrock slope at about 620 ft. before turning eastwards. Channel 28 has

the appearance of a marginal channel at its intake end, but its form
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further eastwards is more like that of a subglacial channel (see
Chapter VII).

On the basis of the above characteristics, Terrace C is regarded as
another discrete depositional phase, later than Terrace B, with glacial
meltwater coming down the Lsk velley being efficiently blocked on the
north side and finding an escape route eastwards across a minor height of
land, the Kingside-Rosewell Ridge.

Both Terraces B and C are of very similar form, the shape of the
individual outwash surfaces being largely controlled by the bounding
bedrock slopes. There is only limited room for development of right bank
terraces against the bedrock slopes in the upper part of the Esk Basin.
These terraces are alwasy narrow and tend to have surface slopes steeper
than those of other terraces. The left bank terraces are seldom so
reastricted and as a result tend to be of more varied shape, generally
broader with a less pronounced surface slope.

Terrace D. sach of the Terraces A, B, and C contains only a very small
number of fragments, and there is thus little problem in associating them.
From Terrace D downstream, there are many more fragments on both sides of
the Esk and they are concentrated within more limited height ranges.

The result is that there is greater difficulty in sorting them into
definite Terraces. But fairly successful results are obtained by pro-
Jecting upstream from an obvious large terrace fragment. Terrace D is
like most of the other Terraces along the central part of the isk in
having a large terrace remnant at its downstream end which serves as a
useful starting point.

Terrace D forms the topmost flat surface in the vicinity of
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Auchendinny and Oatslie (fige. 8.2). It comprises the original glacial
outwash surface extending back from the present river, particularly on
the west side. The Terrace is now represented by the fragments T124,
144, 160, and 170, which are typical narrow right bank terraces, and by
T152 on the left bank. T152 is the major remaining fragment of Terrace
D; although much of it has been destroyed by working for sand at Oatslie,
it is still about 1000 yards long and 400 yards wide.

The upper part of T152 plots in an anomalous manner on fig. 8.2 due
to the location of the levelling traverse for this part, which was almost
normal to the projection base-line, or at right angles to the present
river valley. This part shows T152 rising slightly away from the river.

Another anomaly in Terrace D shown in fig. 8.2 is an apparent break
in altitude between the right bank pro jection downstream (T144) and the
left bank projection upstream (T152). If a comparison were made of
projections to the same point on the base line, a 15-foot difference would
be observed. DBut this can be eliminated by using a different projection
base line = by changing from N45°E-345°W to NTOOE-S70°W, agreeing more
closely with the gemeral alignment of the belt of terraces at this point.
This ad justment is valid for the top surface, which is outwash unchannelled
to a particular course, whereas it would not be valid for true terrace
fragments, derived from the river eutting into its particular confined
channel thereafter.

The overall slope of Terrace D is 1:220, using the main projection
base line. The highest part of the Terrace is a well-developed feature

T124 cut on the inside lower edge of T123 (Terrace C). A small glacial

drainage channel cuts across Tl24, accounting for the irregularity of its
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between the Pentlands and the Roman Camp Ridge. Contemporaneous wvent
lavas and tuffs were intermingled with the 0ld Red Sandstone sediments,
and the northern part of the Pentlands is formed mostly of these rather
than of sedimentaries. Intrusive sills and dykes; mainly of Lower
Carboniferous age have subsequently been eroded out and, forming small but
arresting hills, are the dominant element in the ccastal landscape mnorth
of the Pentlands.

The Upper Palaeozoic rock-groups are truncated southwards by the
Southern Upland Fault, a major line of crustal fracture aligned
southwest - northeast. This marks the edge of the great region of
southern Scotlend occupied by Ordovician and Silurian greywackes, usually
hard blue-grey grits and slates, and marks also the end of a topographic
region, the high rolling Southern Upland Hills. The Moorfoot Hills are
that part of the Southern Uplands facing northwestwards omto the Esk Basin.
Topography and scenery. In summary then, the elevated mass of resistant
rocks forming the Pentland Hills is bordered om the east, north, and west
sides by a gently undulating plain of weaker rocks, which slopes gradually
from the base of the hills to the shores of the Forth, but has its outline
frequently interrupted in the north and west by the craggy igneous
remnants., To the east and south, the low ground is broken by the Roman
Camp Ridge but then continues with increasing altitude to the sharp fronts
of the Lammermuir and Moorfoot Hills (fig. 2.24).

The ancient resistant sandstones, conglomerates, lavas and tuffs,
forming the Pentland Hills, are much deformed and faulted, and have been
eroded by glacial and extra-glacial processes to domes and broad-shouldered

spurs of moderate relief. The hills extend south-westwards for about
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profile. The lower end of Terrace D is rather indeterminate. The
largest part (T152) falls away gradually downstream to merge with a lower
surface underlying the village of Roslin. The lowest right bank terraces
are merely isolated outliers that have largely lost their original form.

There is no distinctive terminal front to Terrace D and it is
possible that this originally occurred downstream at somewhat lower alti-
tude than the limit of the present feature. But if Terrace D did termi-
nate where the present fragments end at about 515-525 ft. 0.D., then an
appropriate glacial meltwater escape route to the east is provided by
channel 33 (fig. 7.4). This channel has an intake at about 500 ft.;
the exact height cannot be given with any certainty as channel 33 is now
occupied by a small post—glacial stream flowing out at the glacial melt-
water intake end.
Terrace E. At an average of about 25 feet lower than Terrace D but
otherwise with very similar characteristics are a number of terrace frag-
ments which have been grouped together as Terrace E. The largest
components of this Terrace are T162 at Roslin and T169 and T171 at Rosewell.
The right bank terrace is the most impressive feature, the combined length
of T169 with its now detached parts T161 and T160A being about one mile
and the width 400 yards. The alope of the right bank terrace parallel to
the pro jection base line is 1¥240. A line of levelled points on T169 at
right angles to the base line (given in Appendix D; not shown in fig.
8.,2) illustrates that there is no transverse slope.

The left bank terrace T162 could not be heighted by levelling because
it underlies Roslin village, but from bench mark heights and the general

form of the ground it is clear that the surface exactly matches T169 across



228.

the river. The downslope end of both terraces is marked by ice-contact
features: +the terrace at Roslin by irregular kamiform deposits at a
slightly lower altitude than the terrace, the right hand terrace by a
distinctive ice-contact face. This latter terrace is part of a belt of
thick glacio-fluvium extending eastwards from Hosewell for almost two
miles, which has been previously described in Chapter VII as marking a
deglacial phase with an ice cover retreating northwards. There are
several terraces (T171-178) cut on the surface of this glacio~fluvial
depositional zone, all at lewer altitudes than T169. The heights of the
terraces are thought to relate to progressive lowering of the glacio-
fluvial depositional surface as the hounding ice~front became less
competent; they have not been heighted by levelling.

Upstream of the main terminal units of Terrace i, the small features
T123A, 124A and 124B, 128 and 137 are regarded as being part of the same
Terrace. The largest of these upper fragments is T137 underlying
Auchendinny Farm. Just upstream of this and also onlthe left bank, T128
is now the site of Glencorse Barracks; the heights recorded for this
terrace are only approximate as they relate to ground artiflicially
flattened off.

The overall slope of Terrace E is about 1:19C, using the main pro-
Jection base line., The slope is therefore steeper im the upper part
than in the lower part, as the slope of the major right bank terminal
terrace T169 is 1:240.

There are two evident meltwater routes leading from the zone of ice-
contact glacio~fluvial deposition at Roslin-Rosewell. The height of the

lowest point on Terrace E is about 487 ft. 0.D. (T169). There is a
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moderate sized meltwater channel cut into bedrock on the west side of
Roman Camp Ridge with an intake along the comtour at about 475 ft. 0.D.
(fige 7.6; channel 44a). This channel joins a lower parallel channel
whose intake is at about 435 ft. and then & further channel at about 330
ft. O.b. The unified channel system continues as a large dry valley
across Homan Camp Ridge to join the Tyme Water. The possibility that this
route is the outlet of water from the Roslin-Rosewell area might be
considered less conclusive than is the case with other channels and other
terraces already described simply because the distance between Rosewell
and channel 44a is 4% miles; for the meliwater from Terrace E to escape
by this channel requires a uniform englacial water-table over this
distance. However such relationships are recognised over considerably
greater distances in Norway (G jessing,1966, pers. comm.).

The fact that meltwater continued to flow over the belt of outwash
material at Rosewell but did not continue to escape from the district at
& height of 480 ft. is clear from the second meltwater route leading from
the ice-contact area. The belt of glacio-fluvium is dissected by
drainage channels; meltwater evidently passed down under the ice and found
an exit from the area down the regional slope towards the sea at a time
when the ice was becoming decayed and unable to withstand penetration of
ground water, These channels formed late in the history of Terrace E
are numbers 45-49 (fig. 7.4), as previously described.

The small remnant terraces Til7-120 near Glencorse should be mentioned
for completeness. They are irregular fragments separated by glacial
meltwater depressions. The small flat tops of these terraces may not be

the original depositional surfaces. Heighting was carried out by aneroid
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barometer, and this only allows the conclusion that they belong either to

Terrace D or Terrace L.

Terraces F and G. Zach of these Terraces consists of a full set of

terrace fragments, the one set about 30 feet higher than the other. But
as the Terraces have similar forms and neither has a glacial meltwater
escape channel that can be exactly related to it, thqﬂm&y be conveniently
considered together.

Both Terrace I' and Terrace G are represented by large remnants at
their terminal ends and by smaller remmnants upstrean. Terrace F consists
of 4 left bank terraces 129A, 152B, 164 and 165, and 6 right bank terraces
125A, 127, 142, 154, 179, and 187. The lowest terraces on both sides of
the Esk are of identical heights. Terrace F as a whole drops in altitude
downstream from 532 ft. to 464 ft. 0.D., an average slope of about 1:290.

Terrace G consists of § left bank terraces 130, 138, 163A, 166 and
167, and 5 right bank terraces 1424, 155, 168, 179A and 189. Of these
167 and 168, and 166 and 179A can be paired by height across the Lsk.

The whole Terrace has an average slope of about 1:230, the height range
being from 504 ft. to 423 ft. U.D.

The last fragment of Terrace G (T189) terminates in an ice-contact
slope at Polton Farm. The higher Terrace F has no ice-contact slope
associated with it but there is a solitary Terrace T20lA for which the
most likely interpretation is that it is an outlying remnant of Terrace F,
This remnant T201A has until recently formed the top surface of the
Haveral Wood sand-pit site but has now (1965) been largely worked away.
The remnant is downstream of T189 on the other side of the river, yet its

top at 430 ft. iz the higher by about 7 feet. Therefore T201A must more
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naturally be associated with Terrace F although it is too low to fit the
downstream projection of Terrace F exactly.

The glacial drainage channel on Roman Camp Ridge with an intake at
435 ft. 0.D. may provide a suitable escape route for water from the
Terrace F ice~-contact zone, but the relationship cannot be shown precisely
because of the lack of a true terminal height for the deposit.

There are a number of terraces shown on fig. 8.2 lower than Terrace &
and higher than F and G that have not yet been mentioned. Terraces 125,
126, 129, 139 and 143 cannot be reconciled immediately with any other main
sets discussed above. They are at irregular heights; they occur on both
sides of the river but are not paired; and the slope of the largest
terrace (T148) is 1:110, steeper than the slope of any other substantial
fragment. It is concluded that these terraces were formed in the process
of downcutting and do not represent a state of temporary grade in the out-
wash stream regime.

There is a complicating factor where these terraces occur: Glencorse
Burn joins the North Esk at this point, cutting its own terraces and also
dissecting those along the main valley. Terrace 129 in particular has a
slope suggesting it is more related to the Glencorse Burn than to the
North iHsk.

Roslin Till coverage of Terraces. As described so far, the main

Terraces A, B, Cy, D, E, Fy and G are all similar in terms both of their
genesis and their form. Lach Terrace is underlain by glacial outwash
material derived from the southwest and deposited against ice on the north
side. The glacial meltwater then passes eastwards by a series of channels

at successively lower levels. The upstream ends of each Terrace are
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carved from the next older, slightly higher, Terrace, The average
difference in height hetween Terraces is of the order of 50 feet. The
Terraces also show approximately the same characteristics of continuity
across and along the fEsk, and of downstream slope.

It must now be revealed that Terraces D, E, F, and possibly G are
covered by the Roslin Till, the deposits typically 3-5 feet thick which
has been described at length in previous chapters. The Roslin Till
provides a coating of quite different material over the glacio-fluvial
outwash. The typical characteristics of the Terraces mentioned above -
their continuity, form and slopes - are therefore held to be true
characteristics in spite of the covering of a later deposit. The
correlation of terrace remnants and the proposals as to their origin have
not required modification in spite of what must clearly be a further
complexity in the deglacial morphogenesis.

The Roslin Till may be up to 7 feet thick, but this varies greatly.
For example, it forms the surface cover of T165 but is absent from T164,
an ad jacent terrace at the same height. To correct the levelled height
values over the outwash surfaces for the presence of Roslin Till, a first
ad justment should be to subtract an average of say 4 feet from the absolute
heights. This has not been done, but if it were domne it would still not
significantly alter the correlation between fragments of any one Terrace
or the separation between Terraces which are an average of 30 feet apart.
It has been seen in Chapter IV that the Roslin Till is not thick enough to
conceal the form of underlying dead-ice deposits. This is true also of
the glacio-~fluvial outwash surfaces.

A second adjustment that can only be mentioned in theory is to add a
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value in feet for the amount of glacio-{luvium eroded from the top of the
outwash by the re-advancing glacier regponsible for the Roslin Till.

This cannot even be attempted in practice. DBut any areas of erosion must
have been discontinuous because of the presence of undisturbed frozen-
ground phenomena such as frost-wedges. In summary, at the scale of plot-—
ting heights on fig. 8.2, the raising or lowering of absolute height
values by up to & feet by the addition or removal of drift makes little or
no difference.

Roslin Till overlies certain parts of Terraces D, E, Fy, and possibly
G, but not all parts. It is best represented on the larger left bank
terraces 128, 137, 152, 162 and 165, where it forms a complete mantle, but
may also be seen on the smaller right bank terraces 144, 154, 155 and 160.
Most of the terraces covereﬁ are near or at the original outwash surfaces;
only minor terraces covered with Roslin Till are found within the gorge
and the evidened for including these at all is less substantial.

The exact significance of the Roslin Till overlying a number of well-
developed glacio~fluvial outwash surfaces, themselves indicative of ice~
wasting conditions, can be best considered in the final chapter when all
the previous evidence can be incorporated into the argument. It is
sufficient to record at this point that the two more probable alternatives
to explain the Roslin Till are that it is an ablgtion material related to
the decaying ice responsible for the glacio-fluvial forms, or that it
represents a later readvance of active ice. It will have been noted that
the latter alternative has been assumed in the text so far.

The presence of the Roslin Till, although a considerable comﬁlicating

factor in the total glacial history, does assist in correlating the
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mworphologies of two parts of the middle isk Basin. Roslin Till overlies
T162, the left bank terminal fragment of Tcorrace E, which ends at about
485 ft. 0.D. Roslin Till also overlies the thick glacio-fluvial sands at
Straiton east of Gilmerton Ridge, as illustrated at Clippens sand pit
(fig. 4.21A). Vhere it is best developed, the ice-contact front at
Straiton, buried by the Roslin Till, has its upper edge at 475-490 ft. 0.D.
Even if the close agreement betweem the heights is coincidental, the
circumstance of Roslin Till overlying two genetically identical glacio-
fluvial forms indicates the forms are pene-contemporaneous. The glacio-
fluvial deposits at Straiton can be associated with at least the middle
block of Esk Terraces D, £, and F.

Terrace H. Continuing the sequence clong the Esk, the next lower Terrace
in height is H. No part of this is covered by Roslin Till.

Terrace H is characterized by very comnsiderable terminal fragments
on each side of the Lsk, and by the ice-contact fronts which are the
largest of any such features along the Lsk. The overall downstream
length of Terrace H, about 5 miles, is also exceptional.

The terminal terraces 202, 202A, and 209 are known [Irom commercial
excavations to be underlain by bedded smand over fifty feet thick. The
material at Melville Mains sand pit has been described and illustrated by
photographs (Chapter IV); the surface above this sand pit is part of
T202. The terraces are of identical altitude on each side of the river,
and the ice-~contact fronts are each about 40 feet high and retain #uch of
of their original steepness. The line of levelling on T209 was continued
northeastwards at 50-yard intervals down over the ice-contact slope on to

the till plain beyond. The figures given in Appendix D for this terrace
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illustrate the steepnesas and height of the ice-contact edge.

Terrace I is represented upstream by T20l, a well-preserved but
detached portion of T202, and by the smaller remmants T135, 1524, 153,
1674, 180, and 187A., The slope of the lower part of Terrace H, repre-
sented by T201-202-209, is 1:215, while the overall slope is about 1:160,
which emphasises the increased gradient further upstream.

As befits such an impressive outwash deposit, the wain meltwater
escape channel from Terrace H is also a relatively large feature. The
terminal height of the terraces on both sides of the ksk is about 338 ft.
0.D. Channel 44c¢c crossing Roman Camp Ridge has an intake at 330-340 ft.,
and continues eastwards to join the Tyne system (fig. 7.6). This channel
receives higher channels near its intake end, and the combined channel is
a broad valley utilizing a pre-existing depression across Roman Camp Ridge,
but still apparently cut deeply into bedrock at the eastern end.

Apart from this main channel which removed water from the £sk Dasin
completely, there are smaller locel glacial meltwater channels cut into
the surface of T209 and descending the front edge. Also the separation
between T201 and 202 and between T202 and 202A is achieved by channels
cutting deeply into the sand. It appears that the late drainage from this
zone was by penetratinn of the meltwaters under the ice northeastwards down
the regional slope.

Terraces I and J. The measured parts of Terrace I consist only of T224-

227 and 227TA, which form one large unit 1% miles in total downstream length,
and the small fragment T203. The right bank terrace 228A,which is
developed in till, could not be heighted by levelling, but bench mark

heights and spot heights show it to be equivalent to T225-2:26 on the
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opposite side of the Esk.

The overall slope of Terrace I is steeper than 1:100, but this
figure is misleading as there are minor falls in the terrace surface
separating areas of more gentle gradient. The main section T224-227 is
regarded as of composite form. There is a steeper river terrace bank
separating T227 from the next lower Terrace level.

It is Terrace I that the Sheriffhall esker meets in the vicinity of
T227-227A (fig. 7.8). There is agreement in height to within 10 feet
between the top of the esker and the highest outwash surface that extends
across in front of it. It is not possible to be more specific than this
because of numerous disturbances and artificial structures at the point
of union.

Terrace J is about 25 feet below Terrace I and is a well-preserved
outwash feature, notable for its great breadth. A further physical
feature is introduced with this stage: +the River South Esk unites with the
North sk near the lower end of the Terrace, and the original surface is
preserved in three areas, the outer sides of both rivers and the common
ground between them. This is clearly illustrated in fig. 8.1. The
heights of all three arecas agree exactly when projected against the supple-
mentary base line (fig. 8.2 = inset). The slopes across the three areas
are also in reasonable agreement:

T228 Slope 1:160
T237 1:190
T250 1:180

The presence of the three identical units confirms that the South Lsk,

like the North Lsk, has found its present course by cutting into the glacio-



12.

sixteen miles and vary in breadth from three to eight miles, gradually
narrowing towards their perthern end. The nerthwesterly slopes out onto
the plain cof Wesl Lothian are quite moderate; the slopes to the south-
east are somewhat steeper, and the slopes at the truncated northern end
represent a very bold steep face towards the city of Edinburgh, from
Allermuir Hill (1617 f£t.) down to Swanston (600 ft.). The Pentland
Hills nowhere top two thousand feet, the maximum elevation being Scald
Law (1898 ft.) with Carnethy Hill a few feet lower, but thers are more
than 60 square miles over one thousand feet in height and, viewed from
the south, the Fentlands have all the remoteness of the Grampians
(Finlay, 1960).

Between the chief summits of the hills, there is comparatively little
difference in height, a fact first remarked on by Cossar (1911-12), in an
adwmirable paper on the physical geography of the district. There are
sixteen principal summits between 1600 and 1900 ft. Ogilvie (1930)
considered these as indicative of a high peneplane surface, and also
pointed out another marked surface at 1300 ft. However, a large part of
the Pentlands is characterised more by convex rounded summits than by
recognizably flat areas,

The hills are dissected to a much greater extent towards their
northern end, and here several of the valleys which run aecross the belt of
hills are out of all proportion to the streams which at present occcupy
them. The major through valley from Davelaw to Flotterstone, drained by
the Glencorse and Logan Burns, has been deepened and modified by glacial
meltwaters. A description and interpretation of this glacial action has

been provided by Mykura (in Mitchell, Walton and Grant, 1960). Other
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fluvial outwash surface and is a post-glacial development.

Upper fragments of Terrace J are found on the North Zsk in T219 and
220. No fragments have been mapped on the South dsk.

Terrace 230 terminates in an ice-contact slope at about 158 ft. (.D.;
72387 terminates in a steep bluff, possibly ice-contact, at 155 ft.; and
T2560 falls gradually to lower ground, the lowest height in the projection
along the terrace being about 151 ft. Terrace J therefore appears to end
at about 150 ft. and, considering the amount of deposition, the meltwater
must be expected to have a definite escape route before the confining ice
decayed sufficiently to allow the water underneath. The channel at the
north end1of Roman Camp Ridge is the obvious escape route by height
correlation. It has its intake along the contour at 150 ft. 0.D. and
descends northeastwards towards Tranent to about 120 ft.

Terrace K. The last major retreat stage of ice is indicated by Terrace K.
The evidence for this consists of T229, 231 and 241 west of the combined
North and South sk (fig. 8.1), T238 between the rivers, and T242 east of
the rivers. Terrace 242 is the largest of these terraces, being over a
mile in downstream length, and falling from 139 ft., to 101 ft. U.D.
Terrace 218 is a possible upstream extension of the same set.

The five large remnants of Terrace K are not entirely consistentin
height (fig. 8.2 - inset). In particular T241 can be seen to be about
15 feet lower than T231 and separated from it by a definite river terrace
bank. The nearest height—projection association of T241 is with T242,
But T242 in its ﬁigher parts can be seen by inspection to be equivalent
to T238 and T229; and T229 continues as T231 with no break in altitude,

This apparent lack of agreement may be resolved by considering the nature
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of the terminal zones of the terraces each side of the combined rivers.
Un the west side, the surface of T231 becomes undulating northwards with
several shallow hummocks and depressions. The terrace ends at Craighall
in an ice-contact zone marked by kames and deep fresh-looking kettle-
holes. The 100-foot contour line follows the top edge of the surface.
Un the east side, there is a distinct bench extending northeast from
Sweethope for over a mile to north of Wallyford. This bench has been
heighted by levelling (by J. B. Sissons); it slopes from about 94 ft.
0,D., at Sweethope to about 82 ft. at Wallyford. It is suggested that
T231, the highest part of the Terrace front, illustrates ice-margin
conditions as the outwash was being deposited, and that ike lower
terraces result from a slightly later phase with meltwater flowing away
northeastwards parallel to the ice-margin and slightly cutting into these
terraces.

A summary for Terraces A-K is given in Table 8.1. The similarity
of surface gradient, the common method of downstream termination, the
association in eight and possibly nine out of eleven cases of a
demonstrable meltwater escape channel with the terminal terrace height
all point to the common origin of these features. But the presence of
the Roslin Till over & number of the middle Terraces indicates that the
succession of Terrace development A to K was mnot necessarily an unbroken
one.

Terrace L. The ice-contact front and the water-cut bench at about 160
ft. 0.D. mark the lowest limit of glacio~fluvial outwash surfaces recog-
nisable in the <sk Basin. Below this there are three further sets of

terraces along the combined Esk which illustrate the further downcutting
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TABLE 8.1
SUMMARY OF TuRRACES A = K
Downstream Terminal Lscape
Terrace termination Gradient height channel
not
A ice~-contact measure- 735 ft. 740 ft.
able
B ice-contact 1:290 670 670-700
C ice-contact 1:180 6256 620
D no form 1:220 515-525 500
B ice-contact 1:190 485 475
F no form 1:290 464-430 ? 435
G ice-~contact 1:230 423 —
H ice=contact 1:166 338 330-340
river not
I terrace measure-— 204 —
banli able
J ice-contact 1:180 150 150
K ice-gontact 1:200 100 04
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of the rivers to present sea level. These are combined together as
Terrace L, the post-glacial stages. The post-glacial terraces are
regarded as representing still-stands in base level conditions because they
occur at distinct levels in paired sequences, and occur the same distance
upstream of the confluence of both North and South sk (fig. 8.2 - inset).

The exaggerated slope for the post-glacial terraces shown in fig. 8.2
is due to the projection of the heighted points against a conventional
straight base line rather than against a base line derived from the longer
curving course of the present rivers. Further levelling might enable the
low river terraces upstream of Dalkeith to be associated with those near
the confluence of the North and South Esk. There are as yet no specific
proposals for associating raised beach heights at the mouth of the Lsk,
based on work along the Firth of Forth, with these post-glacial terraces
on the Zsk, but such proposals way be anticipated shortly.

Former course of River North fsk. It will now be evident that the

ma jority of the higher so-called terraces along the River North Lsk can be
reasonably interpreted as being formed of glacio-fluvial outwash
successively dissected by meltwater working to lower base levels. By
contrast, the terraces nearer the present river level represent the post-
glacial cutting of the river into drift and bedrock. These more recent
terrace fragments cannot be correlated with confidence because of the
increasing influence of bedrock in producing local nick-points and because
of the grouped nature of the terraces between stretches of rock-walled
gorges. But it is clear that as far upstream as Rosewell, the terrace
remnants even up to 30 feet above present river level are of post-glacial

age. The two biggest stretches of the North Lsk confined in rock-walled
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gorge are upstream of Penicuik, where the glacial nature of the gorge has
been reasonably proved, and between Roslin and Polton.

The elaborate meander south of Folton shows the valley of the Zsk in
its two aspects. The river cuts partly into basal till exposed near
present stream level, and partly into the friable Roslin sandstone. As
the lower terraces upstream of Folton are of post-glacial origin, the
meanders at Polton must have been entrenched to their present depth also
in the post-glacial period.

The villey of the North Esk must be preglacial over at least part of
its length, as proved by the presence of basal till at stream level at
Auchendinny, Polton and Roslin. After the known succession of glacial
drift had filled the valley, the drift was progressively scoured out
again, first by the meltwaters from the southwest and them by the post-
glacial river. The present course of the North Esk represents at least
in part the earlier pre-glacial channel re-occupied. The buried channel
northwest of Roslin where over 180 feet of drift has been proved seems
more likely to indicate an earlier course of Glencorse Burn than of the
main river, as the 114 feet of drift at Kirkettle suggests the pre-

glacial Esk followed a course similar to the present one in this vicinity.



CHAPTER IX

GLACIAL HISTORY OF THE ESK BASIN

"eosoe and I trust that the present attempt
to investigate these (glacial) phencomena,
if not attended by any direct benefit to
science, will have, at all events, the
effect of stimulating other geologists of
greater experience and more leisure, to
confirm or correct the descriptions I have
given and the opinions I have ventured to
express.”" Mr. Milne, on the Mid-Lothian
and East-Lothian Coalfields, 1840.

In the preceding chapters, the glacial geomorphology of the Lsk and
Upper Tyne Basins has been described under systematic headings of drift
geology and landforms. But interpretations of the glacial features have
generally been limited to statements as to genesis and immediately local
significance, The theme central to much of the considerable amount of
earlier research in this part of Scotland has been the interplay of ice-
sheets derived from the Highlands and the Southern Uplands. In this
thesis, several lines of evidence have been examined that contribute to a
fuller appreciation of the overall glacial succession - in particular,
the variety and stratigraphic relationships of different types of glacial
deposit; the direction of ice-movements by till fabric analysis; the
study of erratic stomes in till; and landscape mapping and morphometry.

Following a brief restatement of the main conclusions from earlier

- 242 -
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chapters, these different lines of evidence are now analysed together in
an attempt at a chronological sequence of events in the local regional

setting.

Summery of main systematic conclusions. Une of the chief barriers to

understanding the relative influence of Highland and Southern Upland ice
in east-central Scotland has been the assumption that the product of one
glaciation includes a ground moraine of fairly uniform physical
characteristics. It has not always been appreciated how radically any
moraine can alter in appearance and content. In the absence of any
method for absolute dating of fossil-free till directly, knowledge of the
source of the ice and directions of ice movement must continue to be
based on stratigraphic considerntions of superposition, possibly linked
with closely spaced erratic and fabric analyses. In the iEsk Basin, the
full stratigraphic succession is not exposed at any one site, nor is
there yet a satisfactory picture available from bore-hole or other
secondary sources. Based simply on appearance, only two tills have been
recognised in the past, a lower till and the Roslin Till, often separated
by thick beds of sand. Where this sand does not occur, the upper and
lower tills have not been recognised as different deposits. The lower
till:has traditionally been regarded as the product of llighland glaciation.
It is often described as the 'basal boulder clay' (Mitchell and Mykura,
1962) . The upper or Roslin Till has likewise been regarded as the
product of a Southern Upland readvance.

By a number of field tests at many different till sections, it has
been possible to distinguish three tills rather than two. The till

fabric results give the strongest indication of a threefold division.
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By the method of fabric analysis, a dominant particle orientation is
found in till, and an ice-movement direction is inferred from this. In
the Esk Basin, the fabric orientations from the so-called lower or basal
till occur in two contrasting sets, the one set east—west and the second
set north-south. Simple stratigraphic considerations show that the
east-west pattern is the earlier of the two, and the dip measurements in
the fabric analyses indicate a westerly source for the older and a
southerly source for the younger till. Un the basis of the fabric
results, the deposit traditionally recognised as basal till has been re-
labelled as two tills - basal and intermediate.

The fact that these two tills are separated by thick sand in certain
sections is used to suggest that the tills represent distinct ice-
movements with possibly a period of local ice-=free conditions between
them. In many sections a depositional unit has been identified, this
being a till grading upwards without a break into glacio-fluvium,. Both
the basal till and the intermediate till occur in such depositional units,
reinforcing the view of two periods of glaciation.

The Roslin Till must therefore be considered as the third in
sequence. These three tills must represent a minimum for the Esk Basin.
In Midlothian and East Lothian together, the Soil Survey officers have
noted about six tills of fairly local originmn, distinguishing them by
colour and large-stone content. These tills are of restricted areal
extent, and their horizontal limits are not clear-cut. Such local tills
are to be expected from a careful study of drift deposits through an area
of such heterogeneous bedrock lithologies. But ultimately they would be

expected to group into sets representing a few major ice-movements.
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Field studies of till colour, large-stone content and till fabric are all
disassociative techniques when used in a lowland area such as the
Lothians, reflecting all local variations and not allowing much extrapola-
tion back towards the ultimate ice sources.

Continuing the present writer's results, the stone counts and
mechanical analyses from the basal and intermediate tills now defined in
the Lsk Basin give moderate support to the till fabric conclusions. With
only rare exceptions, till thought by fabric analysis to be derived from
the west shows a mixed lithology with more westerly material predominant;
and till thought to be derived from the south shows a moderate or high
proportion of greywacke. Mechanical analysis shows close similarity in
the sand, silt and clay content of all three tills. The Roslin Till has
a slightly greater proportion of silt than the other two tills; this
difference is not sufficient to be a diagnostic characteristic on the
number of samples analysed.

It was the presence of the Roslin Till that gave point to the
original investigations by the writer. But in spite of the work onmn it,
its nature still requires careful consideration. The Roslin Till has so
far been assumed to be a readvance moraine, although not necessarily part
of a Southern Upland readvance, as described by previous writers. To
Justify it as a readvance deposit, a summary of all the information about
it is presented here again.

There are som2 considerations suggesting that the till forms an
ablation moraine: in particular, its very limited occurrence areally;
and its abrupt variation in thickness from nothing upwards. But there

are rather more factors suggesting that it forms a readvance moraine:
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(i) The till fabric analyses give ‘a consistent if weak set of
orientations. These are approximately north—south but follow the flank
of the Pentlands. If the deposit were formed by ablation, then, accord-
ing to a lodgment theory of till deposition, there should be no preferred
orientation. If the deposit were a solifluction deposit, it would have
an orientation pattern radiating from the Pentlands.

(ii) The mechanical analyses give a texture similar to that of other tills
in the Esk Basin. An ablation moraine is generally regarded as being
more water-washed and therefore coarser-grained. Indeed, ablation
moraine often consists only of scattered large boulders and not a
continuous 'bouldery clay'.

(iii) The erratic stone counts are distinctive. Although the stone
counts cannot be considered conclusive, as the total number of stones
examined from several sites was only 750 (Table 4.1), the proportions of
particular lithologies are quite different from those in the intermediate
1ill beneath. If the Roslin Till were the ablation till of the Southern
Upland ice, it would be expected to show similar stone counts to the
intermediate till, with greywacke forming a high rather than a negligible
proportion.

(iv) The areal occurrence of the Roslin Till in relation to other glacial
features indicates a readvance rather than ablation deposition. The
till is not known to occur om the coastal plain, or inland much south of
Glencorse. It has been located east of the River North Esk in a very few
places, but does not obscure the meltwater channels on the Kingside-
Rosewell Ridge. It éoverl several of the Terraces in the middle part of

the idsk; if these Terraces were formed subaerially, as has been suggested
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glacial or glacially-modified valleys occur in small numbers around all
sides of the Pentlands, often as small notches. The large system of
glacial meltwater channels on the southeast side of the hills at Carlops
has been described and interpreted by Sissons (19634).

Occasionally in the Pentlands there are precipitous scree-covered
slopes, particularly forming the backwalls of what may be called small,
incipient corries., Much of the higher land is peat-covered or otherwise
ill=-drained, and given over to sheep. Reservoirs have been constructed
in several of the larger valleys, and the hills have considerable amenity
value for walkers from Edinburgh.

Eastwards from the Pentland Hills, the Esk Basin is a gently
undulating plain, traversed by the well-wooded valleys of the rivers North
and South E£sk and falling with slight gradient from the south down to the
Forth (fig. 2.2B). The section-line from Gladhouse northwards through
Dalkeith to the coast shows a drop of 900 feet in 12 miles., Except where
this line is crossed by the River North Esk, there is a remarkedly uniform
slope. This plain was recognized as part of a peneplane surface (Ogilvie,
1930) and a photograph and brief supporting statement were provided by
Linton (1951). Ogilvie described the higher Lowland peneplane as having
its greater area between 500 and 750 ft., but in places near the east
coast it may be less than 400 ft., and around the hills slightly over
1000 ft. Ogilvie also tentatively recognized & lower Lowland peneplane
between 100 and 500 ft. This comprehensive height range certainly
includes the Esk Basin but it can not now be called a peneplane in any
generic sense. The smooth appearance is largely due to glacial deposits

filling in a very irregular bedrock surface.
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above, then the Reslin Till cannot be an ablation till of the same ice
sheet.

The balance of evidence supports a readvance origin for the Roslin
Till, and this is accepted by the writer. In its thickness and vari-
ability, it is very similar to Wisconsin readvance till sheets described
by White (1952).

It will have been noticed that the presence of frost wedges at the
top of the sand below the Roslin Till has not been used in evidence.

The frost wedges probably indicate that the sand was exposed to the
atmosphere for a period before the Roslin Till was deposited, and there-
fore that a readvance did occur, but there is some current opinion (1966)
that frost wedges can be formed in sand beneath such a thickness of till.
The writer cannot add any weight to this argument, except to mention that
the details of the contact between sand and till suggest that in this
case, the frost wedging was produced subaerially.

It now remains to decide the source-direction of the readvance ice
sheet that lay down the Roslin Till. The two alternatives are clear from
the fabric evidence: mnorth-south or south-north. The dip pattern of
the fabric analyses does not particularly favour either direction, but
the pattern of orientations themselves luégenta the movement was north to
south, the ice extending around the northeast flank of the Pentlands and
southwards as a malient into the basin. Ice moving in the opposite
direction from the south would hardly have followed the flank of the
Pentlands northwestwards around up om to slightly higher ground, but
would have continued northeastwards downslope in the direction of

Dalkeith.
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Certain deglacial morphologies in the upper Esk also suggest the
movement was north to south. Neither the east-west Howgate esker system
nor the highest Lsk Terraces near FPenicuik appear to have been modified
by an ice readvance over them. The ice-contact slopes associated with
these features are all fresh and steep-sided.

The erratic stones in the Roslin Till give some further assistance.
In the original description of the Roslin Till by Anderson (1940), it is
stated:

"eeees the vast wajority (of boulders in the overlying boulder

clay) are igneous rocks, many of types common in the neighbour-

ing Pentland Hills, and Devonian and Carboniferous sedimentary

rocks, along with a small number of stones of Highland origin.

Southern Upland greywackes are rare (1%) and the few present

might well have been derived from the Pentland Hills."

(Anderson, 1940, p.471).
Anderson regarded the Roslin Till as forming & readvance moraine, but did
not offer an opinion as to its source. It was the opinion of McCall and
Goodlet (1952) that the Roslin Till represented the Southerm Upland
readvance moraine, the proof of a movement from the Southern Uplands via
Delphinton, West Linton and Auchencorth Moss, with a subsequent retreat
through West Linton and Dunsyre. The case for this substantial advance
and retreat was based in the Roslin area solely on an examination of 25
felsites. Almost all of these felsites were referred to Tintoe Hill,
which is at the south end of the Pentlands. The lack of greywacke was
not commented on.

The small size of the felsite sample does not give great confidence
in this result. Also felsite is difficult to refer to Tinto Hill
uniquely, even in thin section; there may be other felsite bedrock of

the Tinto type in other localites now buried by drift. And even il the

felsites examined were derived ultimately from Tinto Hill, they may have
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been derived in the meantime from other drift deposits and have reached
Roslin by an indirect route via the west side of the Pentlands.

It is concluded that the Roslin Till is the product of an ice
readvance from the north, and that the published evidence to the contrary
requires to be re-assessed.

Post~depositional glacial disturbance of either a till or a glacio-
fluvial deposit has been noted only in isolated cases. At Kirkhill on
the River South usk, the basal till along one section of 80 yards contains
faulting and minor folding over the full height of the section exposed,
about 15 feet. Sand overlying the till has been caught up in the
contortions. This section has been visited by a nuwber of experienced
glacial geomorphologists who agree that this appears to be an example of
glacial tectonics, the basal till and overlying sand being crumpled by the
movement of an ice-sheet over-riding the deposit. As the intermediate
till occurs in this section at a higher level, the necessary second ice-
sheet would appear to have been that from the south.

Observations on the periglacial features in the glacial drift have
added little to the reports of earlier workers. Frost-wedges and similar
phenomena have only been seen at the contact between the Roslin Till and
the underlying sand, an occurrence which suggested an interstadial
interval to Galloway (1958). No vegetation remains or even pollen grains
have been located in a stratigraphic position earlier than the latest
till. Vegetation remains at one site beneath Roslin Till have proved to
be of Zone VIIb age.

The cumulative impression from this study of the glacial drift

evidence is of a succession of ice movements, with ice-sheets invading the



250,

Lothians from different directions. The landforms show little of this
multiple glacial activity. Neither the erosional nor the depositional
morphologies show much more than one glacial event in any one district.
The treatment of these landforms in Chapters VII and VIII is by districts,
each district showing one particular suite of glacial morphologies. A
summary of each of these districts would involve a restatement of almost
all that has been written before, as the districts have little in common.
Inland most of the mappable forms relate to deglacial events; it is only
along the Firth of Forth coastal plain that active glaciation is
represented, by the crag-and-tails and the ice-moulded till plain itself.
The next section reconciles these different districts in a proposal for
the complete glacial history.

Regional glacial history. The till overlying rockhead on most of the
lower ground in the &sk and Upper Tyne Basins is taken t# be of Wurm age.
It was deposited by ice from the Scottish Highlands moving eastwards
through the Lothians, unaffected in direction by the Pentland Hills
aligned obliquely across its path but deflected east—-northeast by the
northern edge of the Southern Uplands, particularly in East Lothian.

The till filled up many low-lying depressions, for example, the valley
bottom of the River North isk.

Follewing this west-cast movement, there was a substantial ice move-
ment through the area from south to north. Although the direction of
movement within the Esk and Upper Tyne Basins is known, and the stone
count indicates a carry over some part of the Southern Uplands, the
ultimate source of this second ice sheet is not known. The most likely

source is the west-central part of the Southern Uplands, the ice taking a
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fairly straight course to the Lothians. From the thick sand between the
basal and intermediate tills at Red Scar, Keith Water, and elsewhere, and
the glacier tectonics at Kirkhill, it is inferred that the Southern Upland
ice movement was not contemporaneous with the Highland ice movement, at
least in the southern parts of the basins.

The magnitude of the glacial episodes indicated by the two tills is
difficult to estimate. To represent glacial episodes of interstadial
proportions, the two tills should cover a much larger area than the Esk
and Tyne Basins. But in fact the two ground moraines are not even found
Ithroughout this relatively small area. The basal till is best developed
along the coastal belt and in the central part of the basins below 750 ft.
U.D. The intermediate till is best developed at the southern end of the
basin on higher ground, and appears to be absent as an independent unit
near the coast. The only indications of more than one depositional unit
fﬁund near the coast are on the tail of DBlackford Hill, where till over-
lies sand, and at Park Burn, Dalkeith Park, where there is a multiple till
section (fig. 4.11). But both cases have been taken to indicate
subglacial temperature and pressure fluctuations rather than separate
glacial phases.

Although this part of the history will unquestionably be refined as
more drift observations and records are incorporated, the existing evidence
suggests that at first the Highland ice moved across the area, extending
" at least to the Southern Upland scarp. Ice with a source in the Southern
Uplands then thickened sufficiently to repel the Highland ice and
establish a south-north movement across Midlothian and Zast Lothian,

Joining with the Highland ice and moving eastwards along the Firth of
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Forth. The effect of this would be to have Southern Upland ice apparently
becoming thicker northwards on lower ground.

Morphological evidence effectively begins with the thick bedded sands
of the sk and Upper Tyne overlying the intermediate till. Through the
central part of the Zsk Basiny the sand forms a series of eleven glacial
outwash zones. It has been shown in Chapter VIII that these represent
halts in the recession of an ice~front northwards down the slight regional
slope to the Firth of Forth. The outwash material con;ista mainly of
shallow-bedded sands, with gravels confined to the upper parts of each
section. Ice-contact slumping of the beds is uncommon; by contrast two
of the larger sand-pits show excellent deltaic bedding with foreset bedding
at a moderate angle and about three feet of top-set deposit. So whereas
the frontal form appears to be ice-contact, the sediments are deltaic, a
fact noted by both G. Hoppe and J. Gjessing during personal visits to
these exposures. One possible explanation is that the outwash material
was often deposited in water ponded up behind the ice~front rather than
subaerially against the ice itself.

Associated with at least eight of the outwash zomnes or Terraces are
glacial drainage channels that carried water away eastwards. The three
highest of these channels (Table 8.1) drained water eastwards from the
Kingside-Rosewell Ridge towards Borthwick at the south side of Roman Camp
Ridgey and so into the Tyme system. The lower channels drained from the
Kingside-Rosewell or across Roman Camp Ridge at its lower northern end.
Altogether the channels across the two ridges form a sequence for east-
ward draining meltwater from 940 ft. to 150 ft. (.D.

The form and combined character of the outwash zones and meltwater
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channel allows fairly specific comment on the enviromment of their
formation, subglacial or subaerial. All the channels on the Kingside-
Rosewell Ridge are regarded as of subglacial origin. This includes
channel 18 at the south end, the large Howgate system of esker and
channel, and the further channels as far north as Rosewell.

Terraces A-D are associated with some of the channels in this group.
Nothing in the form of the Terraces absolutely contradicts their formation
subglacially, but the ice-contact margins and the general evenness of the
surfaces with only occasional kettle-holes suggests a subaerial environ-
ment. Terrace A, the highest depositional zomne at 735 ft. U.D., would
require to be formed subglacially if one of the stated possible outlets
for its meltwaters, channel 92, were the correct outlet. Dut an
alternative possibility, the use of channel 27, does not require that
Terrace A should be formed subglacially, and it does not seem necessary
to make an exception for the formation of this one Terrace. Correlating
channel 27 with Terrace A leaves channels 18, and 24-26 without correspond-
ing depositional zones. These channels must have been formed immediately
prior to Terrace A and channel 27 before the ice-sheet thinned down to the
ground and the northward retreat of the ice-margin took place.

Although the higher meltwater channels were cut subglacially, it is
not necessary that they should have been formed far under the ice. The
situation envisaged is of meltwater running laterally through the decaying
margin of the ice-sheet, being held in this zone by the regional slope and
by the relative competence of the thicker ice on the north side further
from its margin.

For the lower Terraces i-K along the Lak, the outwash surfaces in
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each case were formed subaerially, and the associated channels were
marginal or sub-marginal features. From a comparison of figs. 7.4 and
7.6 with fig. 8.1, it will be notliced that every outwash terminal zone
A-K along the Esk is located upstream of the meltwater channel associated
with it. It appears that the outwash material was deposited against the
ice-=front, sometimes in shallow temporary lakes, and that excess water
drained englacially or subglacially slightly forward into the decaying ice
before being diverted northeastwards.

The lowest meltwater channels have the appearance of being sub-
marginal, but only the small sections cut in bedrock on Roman Camp Ridge
are preserved, and it still requires an englacial water table to bridge
the gap between the terminal depositional zone and the present channel
reanant.

It is noticeable that all meltwater drainage is to the east or
northeast, and none is northwestwvards along the eastern flank of the
Pentlands. This must reflect the original slope of the ice, the retreat-
ing ice-~front being aligned west-southwest - east-northeast, rather than,
for example, northwest-southeast.

The source of water responsible for the ice-front depositional zones
of sand down the Hsk valley and the meltwater channels eastwards is, first,
the meltwater from the Carlops system and beyond to the southwest, and
second, the melting local ice-sheet itself. The Carlops system is a
regional trunk glacial drainage channel that poured large quantities of
water into the upper end of the iHak Basin. Some of this appears to have
been deflected eastwards via Borthwith subglacially and the remainder by

lower channels northeastwards as the ice-front retreated.
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Beyond the southern limit of the Lsk Basin, the paltern of
deglaciation in the Upper dddleston Valley and the VWest Linton Basin
would have brought meltwater into the Hsk for a period of time, but the
direction of final ice-retreat in these basins was to the south.

Assuming that the southward retreating ice-~front in the Hddleston Valley
and the northward retreating ice-front in the Lsk represented the decay
of the same ice-sheet, then it is necessary to postulate a split of the
ice-cover in the vicinity of the present watershed near Leadburn, and an
increasing gap as the ice-fronts moved apart downhill to the north and
south respectively. Critical conditions of the slope of the ice-surface
compared to the slope of the ground surface are necessary, but the
mechanism is similar to that described for central Norway (Strgm, 1956;
Gjessing, 1960). It has the merit that, not only would the two parts of
the ice-sheet be in the correct geographical position to produce the
meltwater forms, but the ice wasting southwards towards the Southern
Uplands would provide the meltwater flowing into the south end of the Esk
Basin. To explain the full suite of Terraces on the Esk, the ice to the
south must have continued to supply meltwater northwards until the
northern part of the ice-sheet has wasted down and back a considerable
way towards sea level, suggesting that the southern part of the ice-sheet
wvasted away rather more slowly.

There is a second possibility that broadly conforms with the morpho-
logical evidence of backwasting in the Lsk Basin. The deglacial halt
stages down the Esk were controlled by a mass of ice on the north side,
presumably thicker northwards than at its southern edge. An ice-sheet

thicker on the north side might well have been derived from the north.
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It could have originated as a resurgence of Highland ice pushing in a
tongue up the isk Basin and then retreating back down the basin.

Such a readvance from the north would have widespread implications
in respect of morphology and of stratigraphy. The evidence supporting
the concept of a northward retreat of an ice sheet partly derived from the
Southern Uplands has been given above. However, it has been argued
earlier in this chapter that the Roslin Till, the uppermost deposit of
all, indicates a readvance of Highland ice into the Esk Basin. Its occur-
rence is therefore of the greatest significance, and it is now necessary
to consider whether the deglacial morphologies need to be reinterpreted
in the light of this.

Apart from producing the ground moraine itself, a tongue of Highland
ice might have created proghcial deposits as it advanced; these deposits
would subsequently be covered by the advancing ice. Highland ice might
also have created terminal and lateral morainey to mark its maximum
extent; and it might further have left till or glacio-fluvial deposits
to mark its retreat stages. In fact no positive features composed of
till have been recognised, and the only possible marginal features are
the group of kames with steep ice-contact slopes between Glencorse and
Hillend (fig. 7.5) between 625 and 675 ft. C.D.

The case for certain of the lower glacio-fluvial spreads of sand
being formed by the readvance is much stronger. 0f the outwash ice-
contact stages on the [Isk, at least Terraces A-F were formed in order
downslope. This is clear from the pattern of the meltwater channels
draining from them and also from the structure of the Terraces themselves,

each Terrace being carved out of the next higher Terrace. If these
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At only two places does bedrock obtrude through the varied drift
cover of the Esk Basin to produce local bedrock relief. Between
Straiton and Edmonstone, the steeply dipping western edge of the
Carboniferous Limestone Series forms a ridge about a third of a mile wide.
This ridge falls in height over its three mile length from 450 ft. at
Straiton to 250 fit. at Edmonstone. It is referred to in this text as the
Gilmerton Ridge after the district of Gilmerton, which also gives its name
to the local member of the Lower Limestone Group.

The Gilmerton Ridge is cut across by several glacial drainage
channels. These have been discussed by Mykura (in Mitchell and Mykura,
1962).

The second obtrusion of bedrock in the Esk Basin is the Roman Camp
Ridge, previously referred to, which separates the Esk Basin from the
upper Tyne valley to the east. The Roman Camp Ridge like the Gilmerton
Ridge consists of the lower members of the Carboniferous Limestone Series
and its crest line similarly slopes down from the south, from 750 ft.
west of Gorebridge to 250 ft. seven miles north-northeast at Falside Hill
near the coast at Prestonpans. Its southern end is cut off from the
Moorfoot Hills by the valley of the Gore Water, in an area where the
drainage is considerably modified by glacial meltwaters (see Chapter VII),

The physical appearance of the Esk Basin is much affected by the
mineral workings. There are many coal mines and spoil-heaps, particularly
at Loanhead, Rosewell, Newtongrange and Bonnyrigg. Two large new
collierieas have bheen recently opened at Bilston Glen near Loanhead and at
Monkton Hall morth of Dalkeith. There has formerly been much open-cast

mining at the south end of Roman Camp Ridge and in adjacent areas. The
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depositional zones were formed proglacially to the advancing ice, they
would not be comnstructed in this manner. The same argument cannot be
applied for the thick deposits of sand nearer the Pentlands at Straiton
and Bilston. There is a height correlation at 4856 ft. 0.D. between the
terminal zone at Straiton and Terrace L, but the deposits at Bilston in
particular could have been formed proglacially to the Highland readvance.

Because Terraces D-F are covered by Roslin Till, it is not possible
that they were formed during the retreat of the Highland readvance ice.
Therefore all the Terraces A-F must have resulted from the melting of an
earlier ice sheet, the Southern Upland ice sheet being the obvious one.

Terraces G and H are not covered by Roslin Till but, as fig. 4.5
shows, Roslin Till blankets the flanks of T209 (Terrace H) and so post-
dates this glacio-fluvial deposit. Also Terraces G and H show up-stream
terrace remnants carved from higher Terraces in the way typical for A-F.
Therefore G and H are considered with A-F as one set A-H.

Terraces I-K are somewhat different in character, and there are
several factors which suggest they have a separate origin. There is a
fall of 130 feet between the terminal heights of H and of I (Table 8.1).
This is the largest gap between any Terraces; A-~H have an average height
interval of 60 feet, and I-K have intervals of 50 feet. A second point
is the lack of any upstream terrace development of I, J and K much beyond
the terminal zone of Hj although I-K are individually very large features
and each of the two lower Terraces is formed by dissection of the next
higher one, the set of three do not make any contact with the other higher
Terraces. Third, the Sheriffhall esker, which can hardly have survived

a later readvance and so must be a product of decay of the Highland
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readvance, may be associated with part of Terrace I. A final point is
that the Roslin Till has not been found anywhere near these three low
Terraces, either on top or below; the sections at Park Burn (fig. 4.11),
which underlies T228 (Terrace K), and elsewhere in this vicinity show that
the only tills are of the basal, far-travelled variety.

On this evidence, Terraces I, J and K are regarded as having been
formed during the retreat of the Highland readvance ice-sheet.

There is no recognisable southem limit to the readvance of the
Highland ice into the Lsk Basin., The limits of Roslin Till are ill-
defined (fig. 4.2), particularly where the till occurs over bedrock or
another till, West of the River North sk, Roslin Till is found at Bush
and Milton Bridge. It is also thought to occur just southwest of
Glencorse Burn near Glencorse House, and possibly extends to Mauricewood.
It is not considered to have extended as far south as Cuiken or to be
responsible for the ice-contact slope near this (6; fig. 7.2); this
feature is related to the melting of a much thicker and earlier body of
ice.

ifast of the River North £sk, there are few proved occurrences of
Roslin Till. Those patches of till that have been found are adjacent to
the Esk. The till has not been found east of the River South LEsk nor
east or north of Dalkeith.

Soil Survey officers have reported that the red soils that are
associated with the Roslin Till west of the Lsk have a southern limit
east of the Esk roughly east-west from Kirkettle to Carrington (pers.
comm., 1964). The only additional field evidence by the writer that

supports such en extension is in one section at Kirkhill on the South isk
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(fig. 4.2). In the sections where basal and intermediate tills occur
(till fabrics 67 and 68), there is a capping of stony clay with a stone
count similar to that of the Roslin Till, lacking the high proportion of
greywacke found in the 1nte§medinte till a few feet beneath.

Une meltwater channel related tc the melting Highland readvance ice-
sheet is that at Oatslie (fig. 4.6). This cuts through the Roslin Tilil
and underlying sand (terrace 152) before joining the North Lsk. Uther
smaller channels northeast of Roslin are of similar origin. cast of the
Lsk, the channels derived from the melting back of two-ice-sheets in the
same direction cannot be convincingly separated. The essentially north-
east subglacial drainage from Rosewell to Dalkeith may be a product of the
Highland ice rather than of the Soujthern Upland ice as previously
described. The lower eastern terraces of the outwash zone £ (T176-178)
have not been related to other Terraces, and may be more recent than T169
and 171 adjacent. These hypotheses can only be realistically investigated
if an elaborate programme of auéering is carried out to confirm the limits
of Roslin Till im this district.

On the basis of the available evidence, it is suggested that the last
Highland ice advanced into the lower Esk Basin from the northwest, and its
limit was approximately southwest-northeast along the lime Kirkettle~
Rosewell-Lskbank. Further work might enable this limit to be extended.

To condense the argument of the last few pages, it is suggested that,
foliuting the original movement of Highland ice west to east, Southern
Upland ice dominated in the 8outhern part of the basin, and that ice from
the two sources fused together in the northern districts. The thinning

of this ice-sheet produced an eventual split near the present watershed area.
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Southwards the ice-margin retreated towards the Southern Uplands; north-
wards it retreated towards the Firth of Fortli, this northward retreat
being interrupted by a slight readvance up into the basin.

For the Upper Tyne Basin in East Lothian, a similar glacial succession
may be postulated, if only because the events in the EZsk Basin were on too
large a scale for the effects to have been confined to so limited a district.
No systematic mapping of landforms was done inm the Tynme Basin, but the till
fabric evidence is a repetition of that for the &£sk Basin. Above the
basal and intermediate tills, there are outwash sand deposits similar to
those in Midlothian although more limited in extent to a belt between 550
and 750 ft. 0.D. This sand was deposited subaerially or in temporary lakes
against an ice-mass to the north, which eventually thinned, causing the
ice-margin to retreat northwards (Sissons, 1958a). It is suggested that a
subsequent readvance or oscillation of Highland ice which brought the ice-
Imnrgin back over Roslin at 500 ft. 0.D. would have alsc brought it over
Keith in EZast Lothian at the same height, but the nature of the top
capping of till at Keith has not been satisfactorily established as
readvance moraine.

There is not yet any accurate absolute chronology for the glacial
succession suggested in this chapter. No absolute dating has been
obtained from within the glacial deposits of the Lothians, and so the
succession can only be placed very roughly by relation to dated events of
other areas. A recently published date of 28,000 years B.P. from shell-
bearing sand beneath a till-sand complex on the Cheshire Plain (Boulton
and Worsley, 1065) gives an upper limit to the formation of the last till

in the Lothians area, as it is hardly possible to have an ice sheet from
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the Irish Sea passing over the Cheshire Plain without there being at the
same time an ice sheet over central Scotland. This date of about 28,000
years B.P.may be an interstadial period through Northwest Europe generally;
of the local deposits, the Roslin Till at least wust be more recent than
this.

The periglacial features from beneath the Roslin Till have been
described by Galloway (1958) as marking an interstadial period but, if
this is correct, it has still to be dated with respect to other events.

An extreme lower limit for final ice retreat is 5500 years B.F., the
date obtained for post-glacial peat deposits on the 30-foot (sic) beach
at Punbar by H. Godwin and W. W, Newey.

This thesis in glacial geomorphology contains certain conclusions,
on till fabric procedures, on landform measurement, and on the glacial
succession at large, which are entirely novel. To end the exposition, it
may be noted that one important conclusion is by no means novel, as it was
first presented by Charlesworth forty years ago. Considering the glacial
succession in the Lothians, Charlesworth envisaged an ice-sheet east of
the FPentlands that split and withdrew northwards and southwards as two
lobes, just as the present writer has suggested. Although opinion
differs on the source of the ice-sheet, an essential part of the
deglaciation is interpreted in the same way. Over four decades the style
of fieldwork has changed and the attention given to small detail has
increased. Charlesworth certainly did not fully appreciate the
complexity of the story. But then, the complexity is as certainly not

fully appreciated today.



262.

AFPENDIX A.

SAMPLING ERIROR OF STONE COUNTS

In Tables 4.1 and 4.2, 37 sets of stone counts are tabulated. The
sample collections vary from 79 to 348. In each case, the sample is
divided into 5 groups, expressed as percentages. The sample error for
each collection can ﬁe calculated by regarding the sample as a series of

binomial distributions. The formula for the standard error of the sample

is Ria sy Where:

p = percentage of chosen litheological suite
q = remaining lithologies = 100 - p

n = number of stones in the collection.

The true percentage at a given level of probability is then express—
ible as & range about the sample percentage. At an acceptable level of
probablity (taken to be 95%), the true percentage varies by 2 standard
errors (actually 1.96) from the sample percentage, and an estimate can be
made of the accuracy of the stone count. Two examples with different
sized collections make this clear.

Lxample 1. For Bilston (3); n = 100

Carb. Ls. Standard error = 30,70 = 4,58
100
Ign. voles. " " = 20.80 = 4,00
100
OQR-S. " " = 3097
100
Greywacke " " = 0,100 = 0,00
100
Others " " = [47.53 = 4.99
100

1.98
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Therefore the true percentages of lithological suites at the

95% level of probability are:

Carb. Ls. 30% + 2(4.6) = 89.2% to 20.8%
Ign. voles. 20% = 2(4.0) = 28% to 12%
0.R.S. 3% 2 2(2,0) = 7% to 0%
Greywacke 0% X 2(0.,0) = 0%

Others 47% X 2(5.0) = 57% to 8%

Lxample 2. For Lead Burn, Howgate (42): n = 300,

The true percentagesof lithological suites at the 95% level of

probability are:

Carb. Ls. 5% ¥ 2(1.3) = 7.6% to 2.4%
Ign. voles. 27% = 2(2.8) = 32.2% to 21.8%
0.R.S. 2% 2 2(0.8) = 3.6% to 0.4%
Greywacke 53% X 2(2.9) = 58.8% to 47.2%
Others 132 = 2(1.9) = 16.8% to 9.2%

Therefore a larger sample produces a correspondingly closer
estimate of the true percentages at the chosen level of
probability.

The main conclusion on the reliability of the stone counts is that
they give a general but very impreecise indication of true percentages.
By the nature of the standard error, small percentage occurrences show a
smaller range of true percentages than large percentage occurrences (ef.
Carb. Ls. and Ign. voles. in Example 2 above). The occurrence of zero
samples in any suite is more significant from a large population than
from a small population, although the standard error sampling does not
show this. The stone counts therefore only indicate the broad distri-
bution of erratics, and no significance can be paid to specific
percentages, except in the case of zero percentage based on n > 300,

Figure 4.18 should be considered with this in mind.
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APPENDIX B

TILL FABRIC ANALYSIS : BOUKING AND CALCULATION

OF CHI-SQUARE TEST OF ORIENTATION

The basis of the computation is derived from Harrison (1957&), a
paper to which reference should be made for a fuller description and for
the derivation of chi-square for a circular function.

The complete worked example of till fabric 53 (Park Burn, Dalkeith
Park) is given below. The steps in the calculation are straightforward.
First, replot the 360° distribution of the original till fabric plot as a
180° distribution. The contemplated (average) frequency in each 10°
class interval then exceeds the minimum of 5. The observed frequency
(column 3 in the worked example) represents the number of points in each
10° sector. Then evaluate two numbers C and S, and find TK?, where
“X? e 82. For this example, 'X? = 52.4, a value well in excess of
the value of “X? at the 99th percentile for 2 degrees of freedom (9.21;
from Lindley and Miller, 1962, Table 5). Therefore there is significant
departure_from a random orientation, in other words a strong preferred
orientation.

The penultimate step is to find the orientation from Tan 26 -% ’
the sign of the sine and cosine indicating the quadrant in which the
angle lies. Finally, add a class interval unit of 2° 30‘ to 6 to find
the apparent preferred orientation.

This class interval unit differs from that in Harrison's method, in
which 5° is added to o, 5° being the mid-point pf the first class interval.
Whereas Harrison plotted orientations to the nearest s (see Harrison,

1957b), the present writer has plotted orientations to the nearest 60,
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and it has been shown empirically that the addition of half the first
class interval in this case introduces a systematic error. Preliminary
tests using both field data and also ideal symmetrical distributions
around a known orientation, and plotting orientations to the neareat 50,
show that the value of 8 is influenced by the grouping arrangement
adopted. The values of ® derived from grouping the bearings as 0-90,
10-19°, 20-29° ...... and as 1-10%, 11-20°, 21-30° ...... differ by
exactly 50, the former style of grouping giving the nuserically higher

result. For example, till fabric 40 under test gives the following

results:

Class intervals TK? o) o + 5°
ke 2 D T | 120.9 86° 91°
2. 18302 11ROy sii'e 122.8 81° 86°

1

8: Mean of 1 and 2, 120.6 83% 30* 88° 30

being:

. . 0410 .. . 10420

B e 15 b S o & e

The correct ansvwer for apparent preferred orientation is therefore
taken to be the mean of the first and second class interval groupings,
being for the 0-9°, 10-18°, .... grouping:

(¢ + 5%) - 2230 or © + 2° 30

and being for the 1-10°, 11-20° ...... grouping:

(6 +5%°) +2°30" or o+ 7° 30,

For the present fabric orientation calculations, the class interval
grouping 0-9°, 10-19° ...... has been used, with the apparent preferred

orientation as € + 2% 30'.
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oil-ghale industry, now defunct in Midlothian, has produced a shale tip
at Straiton. Vorking of limestone, sandstone, ironstone, brick clays and
igneous rocks have all assisted in disturbing the natural landscape.

Although somewhat greater in altitude, the Tyme Basin in its upper
parts is similar to the Esk Basin in having a gradual fall in height from
the south, a similar sharp southern boundary (fig. 2.24), and a comparable
system of glacial deposits (see Chapter IV). It differs in being fronted
by the broad till plain of East Lothian, interrupted only by isolated
igneous intrusions.

In contrast to both these areas, the plain to the west of the Pentland
axis presents no such uniform gradient. The topographical features of
parts of this district are essentially those of & drumlin country on a
small scale. For example, between UYueenaferry and Kirkliston, the long,
low parallel ridges, dovetailed into one another and separated by slight
depressions, are characteristic of an ice-moulded country. True drumlins,
rock-cored drumlins and drift-free crags all exist. The nosi prominent
crags are those within the City of Edinburgh or its neighbourhood:
Arthur's Seat, the Calton Hill and the Castle Rock; to the west the
prominent landmark of Corstorphine Hill, further south the Braid, Blackford
and Craiglockhart Hills beneath the steep northern face of the Pentlands.
In addition to these crags and hills, there are many long ridges, such as
the George Street Ridge in central Edinburgh, which tend to increase the
undulating character of the lowland.

Similar in appearance to the igneous crags is Craigmillar Hill in
southeast Edinburgh. But this is composed of Cld Red Sandstone

conglomerate, and the Liberton-Craigmillar Ridge is really to be regarded
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Obs.-Contempl.

180° plot N = 100 x = T
10° intervals Contemplated = 5.6 Contempl.,
= 0.424 (Obs.-Cont.)
0-180°
intervals e Obg. Obp~Cont. X Cos 26 Sin 2@ xCos 26 xSin 20
0-10 0, 0 | =56 =237, 1.00 | 0.00 | =2:37 | - o-00
10-20 10 3 =26 | =140 | 0.9, | 034 | -1-03 | -0.37
20-30 200 6 +0:4 | +0:/]| 0.76 | 0.64 | +0-13 | +0://
30-40 30 3 ~2:6 | =1101 0,50 | 0.87 | ~0.55 | - 0.96 |
40=50 Lot 1D +7 4 +3. /41 0.17 0.98 | +0-53 +3.08
50-60 501 11 +34 1 +2:39)| 20,17 | 0,98 | =039 | 4 2.24
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90-100 0! 5 -06 | 025! -1.00 0,00 | +0-25 | - 0-00 |
100-110 ;100! 4 =16 | -04% 0,94 |03 | +0-64 | v0-23
110-120 | 110 | ~46 | 195|076 | 064 | + 148 | 4125
120-130 120 2 ~3b | -/53|-0.,50 |-0.27 | +0:76 | 4133
120-140 ;130! § =06 | 0.2y -3,17 [-0.98 |+0.04 | +0.24
140-150 1140 0 3 -26 - /00 | 0,17 -0.98 | —=0-19 + /.08
150-160 150 @ 2 -3:6 | -1.53] C.50 | 087 | -0:7¢ | + /- 33
160-170 ;10 ¢ ) e 195 | 076 | -0.64 | ~1- 48 | + 125
170-180 @170 © | ’ -4-6 S2% 3 0.94 | -0.34 . ~ /23 O vl .
Szl Yo 0FE7
2 xCos 26 —)1/8
g =’ g e e 3:73
I.;,COS 29) 2.9?.}4. C2 = !3‘?,
x3in 20 .5 . 3%.44
S :i z 2 -‘5 :""'e.,._?.. = 4= 6_20 c" - e i
3in° 29 2.99 ,
(28 ) b 2 . 24
mon g = S =620 _ _ [-462
Lan o c 3 73
Q0 = 58°5%’ ( ,2_“'3{ quadrant)
o = 80=5%8°¢8’ L6 P ”
2
pr L]
Apparent preferrcd orisentation = @ + 2030' = b 3 .
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APFENDIX C

COMPARISON OF TILL FABRIC STRENGTH OF ORIENTATION

The strengths of fabric orientation are given by the values of chi-
aguare (jﬁf} in Tables 6.1 and 6.2, From these tables, certain values
are tabulated in 3 groups; representing the basal till (b), the Roslin
Till (R or r), and the deposits showing slump movement including the head
(s)« By calculating the standard error of the difference and applying
Student's t Test for each pair of the 8 groups in turn, it can be seen
whether the between-group values are significantly greater than the range
of values within the groups. In this way can be calculated whether the
chi-square values are distinctive for the 8 groups to which they relate.

Bxample. Comparing the strengths of orientation of the Roslin Till

and the slump deposits.

£ 2
r o r-1r (r—"i")d 8=8 (a=m)"
49.5 ?U.O 7.9 62.41 -706 57076
31.0 11.3 -10.6 112,38 -06.3 4395.69
40 .4 120.9 4.8 28.04 43.3 1874.89
42,8 79.9 1.2 1.44 2.3 5.29
47.8 82.2 6.2 38 .44 4.8 215LE8
87.6 91.0 16.0 2566.00 13.4 179.56
42.2 0.6 0.36
~ 51.8 10.2 104.04
416.3 542.9 1390.59 6634.35 Totals
4] .6 T77.6 139.06 947.76 Means
T = 41,6 T = T7.6
e o 10 ns G
standard deviation W} = /139,086

q—' -k 847.76
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Then, standard error of difference:

] a2 Srieh - /139.06 . 947.16
g

S-ﬂc (? "'-g') =

n 10 7
r a8
= 12.2
T et s = . = 2.
Students t: t = (& 3) -i'g—g 2.94
S.E. of diff, o
Degrees of freedom = n + n -2 = 15.

From Table 3, Lindley and Miller (1062), the difference of 36
between the two means is about the 1% level of probability,
indicating that the difference between the fabriec strengths of

the Roslin Till and the slump deposits is significant.
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Terraces are listed in numerical order consecutively from 101 to

NATIONAL GRID REFERENCES OF HEIGHTED POINTS

APFENDIX D

TERRACES OF RIVER ESK 3

208.

In each terrace, the points are given as Bastings and Northings,

followed by height in ft. 0.D.

square N T.

All Natiomal Grid references occur in

Terraces absent from this list have not been heighted by levelling.

These terraces are either inaccessible or the heights have been so far

modified by building that the heights would not be representative.

T 101

2250
2262
2255
2258
2260
2262
2256
2258
2264
2265
2267
2271
2274
2278
2273
2276
2279
2281
2283
2285
2288

T 102

2283
2285
2287
2289
2290
2280

5994
5993
5991
5989
5988
5987
5980
5983
5990
5686
5985
5984
5983

5981

5968
5972
5075
5979
5980
5983
5986

5968
5973
5969
5964
5960
5963

737.8
738.4
738.6
739.5
739.7
739.7
738.8
740.7
737.2
738.9
738.7
739.5
741.0
741.3
739.3
742.9
742.1
740.0
740.7
738.5
735.2

735.4
734.4
735.5
735.2
734.9
729.5

T 103

2295
2296
2297
2297

T 104

22738
2274

T 105
2287 |

2289
2201

T 106

2413
24117

T 107

2410
2413

T 108

2368
2365
2362
2359
2357
2353
2351

5960
5963
5966
5972

5046
5948

5950
5951
59562

5779
5775

5793
5794

5752
57565
5759
5762
5765
5768
5771

722.5
T722.7
722.0
T17.7

730.1
727.2

690.3
689.7
688.4

764.7
765.2

781 .6
781.1
779.0
779.6
778.6
778.4
776.7



5812
5816

5923
5920
5918
59156
5912
5810
5907
5923
5922
5921
5820
5919
5918
5917
5916
5907
5911
5915
5918
5921
5924

5931
5930
5929
5928
5927
5926
5932
5931

5999
6004
6008
6019
6021
6025
6028
6031
60256
6027
6028
6029
6031
6031

777.2
176.5

720.5
721.8
721.2
72067
721.0
721 .4
719.6
721.3
721.0
720.7
721.6
718.2
717.6
716.5
715.8
719.9
718.3
719.8
721.7
721.0
719.8

688.5
686.7
686.9
686.1
684.0
683.3
684.5
684.1

678.7
674.3
672.3
673.5
670.7
669.8
671.6
670.0
672.3
670.1
671.3
670.9
670.6
669.5

T 123

2472
2474
2477
2480
2483
2485

2487
2485

2488
2489
2491
2494

6036
6040
6043
6036
6038
6042
6045
6048

5970
5973
5077
5980
5983
5986
5990
5993
5997
6002
6006
6009
6012
6015
6020

6022
6024

6026
6027
6031
6033

6035
6036
6039
6040

6056
6059
6062
6066
6069
6073

6075
6051

6054
6058
6060
6064

655.3
652.3
649.0
654.0
651.9
651.8
651.3
649.6

689.7
685.7
681.6
679.8
677.3
675.3
674.5
674.4
673.1
672.9
672.3
672.6
672.7
671.8
669.5

670.6
670.7

670.5
669.8
669.6
666.6

641.1
642.3
640.3
634.9

634.1
632.9
630.4
627.3
626.9
625.4

623.5
630.0

630.1
629,.9
629.7
628.3
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T.123 (cont,.)

2496
2499
2502
2491
2488
2484
2479
2477

T 1234
2460
2462
2464

T 124
2408
2501
2504
2508
2511
2515
2519
2522
2524

T 124A
2495
2408

T 1248
2476
2479
2482
24856

T 125
2497
2500
2502
2499
2494

T 125A
2491
2492
2492

T 126
2484
2487
2491

6068
6071
6076
6062
6065
6068
6071
6073

6061
6064
6066

6085
6089
6093
6097
6101
6106
6110
6114
6117

6108
6112

6084
6088
68092
6097

6121
6125
6128
6131
6126

6115
6118
6121

6138
6143
6149

627.0
625 .4
620.8
629.8
627.0
625.4
627.2
625.0

571.7
572.2
571.8

584.4
583.8
581.6
584.8
585.9
587.9
587.3
585.7
S8l.2

560.5
557.3

571.0
571.7
570.4
568.0

548.2
546,8
547.0
547.3
947.2

528.9
531.6
530.4

534.1
538.7
533.3

T 126 !cont.)

2494
2494
2487
2484

T 127
2489
2493
2497
2600
2497
2401

T 128
2492
2491

T 129
2497
2499
2500
2502
2504
2507
2509
2512
2515
2505
2508
25610
2511
2513
2515

T 129A
2526

T 130
2526
2528
2530
2532
2534
25627
2529
2532

T 133
2481
2480
2480

6154
6144
6145
6146

6161
6164
6167
6170
6162
6166

6196
6201

6190
6195
6198
6200
6196
6194
6193
6192
6190
6190
6183
6198
6187
6189
6193

6193

6183
6185
6188
6190
6192
6188
6186
6184

6110
6112
6115

533.1
532.2
533.6
534.3

522.4
523.3
523.8
522.3
523.5
523.3

550.6
548.8

530.7
531.1
531.7
530.6
530.9
527.8
524.4
621.3
519.8
524.5
524.6
523.0
521.6
521.5
521.8

614.4

501.1
500.2
501.0
501.9
502.3
502,.0
501.9
459.1

471.1
470.4
469.3

270.



T 133 !cont.)

2480
2479
2479
2478
2478
24717
2477

T 134
2470
2473
2474
2475
2477
2478
2480

T 134A
2466
2466
2468
2469
2472
2475

T 135
2509
2509
2507
2510
2512
a5117

T _137

2568
25568
25569
2560
2561
2562
2565
2569
2573
25177
2982

T 138
2546
- 2547
2548
2548

6118
6121
61256
6128
6131
6134
6137

6135
6144
6146
6150
6154
6157
6161

6140
6149
6152
6154
6158
6162

6164
6152
6148
6144
6141
6143

6174
6178
6183
6188
6193
6197
6198
6199
6200
6201
6202

6194
6182
6189
6185

469.5
468 .4
468.6
468.0
464.1
463.9
463.0

4682.5
464.8
462.3
460.5
458.9
457.1
452.6

458.8
457.8
456.6

454.2
453.0

494.4
490.5
496.1
494.8
494.8
490.4

550.9
551.5
549.7
548.7
547.5
547.2
540.1
345.3
543.3
544.2
540.2

502.4
503.9
502.5
502.9

T 138 (Cont.)

2547
2547
2546
2545
2542
2540

T 139
2555
2559
2563
2566

T 142A

6ig2
6178
6175
6170
6168
6167

6165
6166
6167
6168

6154
6156
6158
6160
6164
6166
6168
6169
6171

6164
6166
6169
6171
6173
6175
6177

6157
6158
6161
6163
6166
6169
6171
6173
6175
6177
6181
6182
6180
6182
6184
6186

507.2
507.4
507.9
504.4
500.0C
499.2

523.4
524.3
524.3
522.8

513.0
513.1
512.38
511.0
512.4
513.6
513.5
sla.l
512.5

497.9
500.4
499.7
50041
498.0
495.8
492.3

529.0
526.9
525.7
524.6
522.9
520.6
520.2
522.0
519.2
518.7
517.4
518.1
517.2
515.4
513.7
512.7

271.



T 143 (cont,)

2668
2671
2675

T 144
2613
2617
2621
2625
2628
2635
2638
2645
2649
2654

T 152
2604
2606
2607
2608
2610
2612
2014
2615
26117
2618
2611
2615
2622
2620
2621
2627
2609
2619
2623
2628
2631
2635
2638
26417
2649
2651
2653
2657
2660
2664
2667

6189
6191
6193

6140
6142
6145
6147
6149
6152
6154
6158
6160
6163

6265
6261
6256
62562
6247
6243
6239
6235
6231
6227
6224
6226
6228
6222
6218
6217
6257
6264
6269
6273
6277
6281
6285
6281
6283
6285
6287
6290
6293
6207
6300

511.4
510.8
507.4

570.4
569.0
566.9
560.3
556.7
555.7
553.0
550.8
548.8
545.9

557.7
555.3
585.5
5565.4
553.4
553.5
5561.6
550.7
549.7
549.6
549.4
551.3
546.7
548.4
545.5
542.0
556.9
5565.5
554.5
552.4
549.2
547.7
548.3
547.0
544.2
545.1
545.8
545.5
543.8
539.5
537.8

6287
6290
6292
6296
6297
6298
6300
8302
6286
6290

6217
6246

6216
6221
6225
6229
6233
6237

6229
6231
6233
6235
6234
6238
6240
6226
6229
6231
6236
6238
6235
6236
6238
6242
6246

6242
6248
6252
6255
6243
6247
6250
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443.0
443 .4
443.2
441 .5
438.9
437.7
437.3
437.3
441.6
444.2

6506.3
494.2

463.6
457.9
453.8
453.3
453.6
456.1

495.9
498.2
496.5
497.4
497.6
496.8
497.0
500.2
499.8
498.2
496.0
495.4
490.3
499.6
495.8
492.3
491.0

465.6
464.1
463 .4
465.1
464.9
465.6
464.1



6239
6243
6246
6250
6254
6258
6262

6252
6256
6263
6267

6272
6275
6274
6277
6279
6277
6282

6317
6322

6323
6333

6404
6406
6409
6412

6427
6431
6435
6441
6446
6451
6456
6461

534.6
532.9
530.8
531.6
531 .5
528.0
527.0

507.6
505.9
503.1
501.2

497.4
497.1
494.8
498.0
497.4
495.2
496.9

T 166
2824
2825
2820
2827
2828
2830

T.167
2818
2822
2826
2831
28356
2838
2841
2844

T 167A
2795
2802
2805

T 168
2836
2842
2846
2851

T 169
2802
2804
2807
2809
2812
2814
2819
2821
2820
2828
2822
2825
2828
2832
2834
28317
2841
2845
2849
2853
2856

6432
6437
6442
6446
6450
8456

6353
6358
6362
6365
6368
6375
6380
6385

6336
6346
6350

6345
6348
6350
6351

6292
6296
6300
6303
6306
6309
6326
6323
6315
6311
6316
6319
63a2
6324
6326
6329
6332
6334
6337
6340
6341

495.3

495,.0
493.5
4901 .8
403.3
492.6
4938.2
492.5
492.0
495.1
493.4
492.0
491.9
402.1
490.8
490.6
490.3
490.1
490,.8
490,3
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T.169 (cont.
28569 6343
2862 6346
2866 6348
2871 6351
2875 6354
2878 6356
2879 6352
2880 6349
2881 6345
2882 6342
2883 6339
2885 6335
28817 6332
2888 6329
2891 6325

T 170
2798 6262
2807 6277

T 179
2893 6376
2896 6380
2898 6386
2899 6391
2901 6395
2900 6379
2895 6379
2891 6380
2888 6380
2884 6381
28178 6381
2874 6382
2868 6379
2889 6382
2871 6389
2872 6392
2874 6395
2875 6400

T 179A
2865 6388
2865 6393
2867 6396
2869 6400
2873 6404
2876 6406

488.6
491 .4
491.8
488.6
486,9
486.7
487.7
489.9
485.6
484.3
486.1
488.2
490.0
489.2
489.5

523.0
514.0

477.9
475.6
472.3
468.8
466,.2
477.2
475.8
474.9
472.2
470.2
469.4
467 .4
464.8
465.9
465.0
466.8
464.2
460.9

433.9
432.5
431.6
430.6
424.0
419.4

6415
6410
6412
6414
6419
6408

6411
6415
6418

64056
6408
6412
6416
6422
6426

6418
6422
6426
6430
6435
6440
6444
6448

6438
6440
0443

6434
6435
0435
6434

6433

6432
6430

384,.3
384.9
385.4
385.2
382,0
386.2

288.2
284.7
281.9

309.7
310.6
dl2.1
311.0
311.7
311.4

282.4
281.2
280.0
279.3
274.5
272.5
274.8
273.8

dl11.4
311.0
310,0

278.0
278.6
276.4
275.1

267.9

262.2
261.5

274.



16.

as an extension at a lesser height of the Pentland Hills.

Examination of the rivers of the district (fig. 2.1) reveals the
uncomplicated nature of the drainage system. None of the rivers attains
any considerable size, and many tributaries represented on the map are
only tiny burns one or two feet wide. The three distinct drainage
systems, the Esk, the Water of Leith, west of the Pentlands, and the Tyne
east of the Roman Camp Ridge, all drain (o the northeast. An exception
is the South Esk which maintains a more northerly course until it unites
with the North Esk at Dalkeith. —

Most of the present river valleys are post-glacial; the rivers cut
inte glacial) deposits and their direction is controlled by the regional
slope of the surface of the drift. This has produced a regular dendritic
stream pattern. For example, the left bank tributaries of ilhe upper
North Esk all hegin on bedrock slopes of the Pentlands, pass over thick
drift and then cut into the drift to join the incised North Esk accord-
antly., Similarly, the right bank tributaries begin as sub-parallel
consequents draining the Auchencorth Moss, with their courses becoming
progressively more incised as they cross the glacio-fluvial depositional
zone south of Penicuik.

For the South lsk, the two left bank tributaries, Fullarton Water
and Dalhousie Burn, also join the main stream accordantly after gradually
cutting into thieck drift.

The main streams are often spectacularly incised into drift cor bed-
rock. In most cases, the present stream either occupies a glacial
drainage channel or occupies & valley whose cutting has been assisted by

glacial meltwatera. For example, the upper North Esk north of Carlops



6424
6421
6426
6428
6427

844
(approxy

6447
6453

6455
6459
6462
6466
6470
6474
6476
6479
6482
6485
6489
6492

6465
6467
6470
6473

6505
6508
6512
6515
6519
6522

65622
6525
6529

6530
65633

471.9
471.8
471.7
469.1
471.6

382.5

283.5
284.9

432,.9
434.7
432,0
430.4
430.2
429.6
428.6
426.8
425.0
424.5
423.8
422.9

283.5
283.7
283.8
284.9

230.7

- 228.4

227.7
224.17
223.7
222.4

283.9
280.6
274.9

2290,1
223.0

T 194A
2914
2917
2921

656356
6539
6542

6519
6521
6523
6526
6528
6531
6533
6536

65617
6519
6521
6523
6520
6526
6529
6528
6530
6533

6514

6546
6540
6541
6542
6550
6544

6568
6570
6572
6574
6576
6579
6582
6585
65656
6562
6558
6561
6564

246.7
238.8
238.0

223.7
222.6
221.0
219.4
219.1
216.3
215.5
215.5

267.6
266.1
265.3
264.3
267.3
263.38
261.1
26l1.2
256.7
253.9

246.6

220.5
220.5
220.4
219.2
218.0
217.6

370.8
370.0
370.2
368.6
368.4
367.4
365.5
364.3
370.7
371.0
371.3
371.6
369.5

275,



T 201 !cont.)

2928
2933
2938
2941
2943
2948
2952
2952

T 201A
2017
2920
2923

T 202
2061
29065
2969
2975
2981
2091
2086
2983
2981
2978
2976
2974
2971
2966
2962
2957
2965
2070
2974
2979
2083
2087
2992
2996
3000
3004
2093
2992
2992
2996
2000
3004
3008
3012

6565
6567
6573
6579
6584
6597
6605
6614

6612
6613
6614

6635
6636
6637
6638
6640
6646
6651
6655
6660
6664
6667
6670
6674
6682
6688
6694
6679
6680
6683
6684
6686
6688
6690
6691
6693
6695
6692
6695
6698
6700
6703
6706
6709
6712

364.0
362.0
362.2
363.9
362.4
364.5
362.0
364.4

430.6
428.8
425.2

363.8
364.2
364.1
364.1
361.6
355.3
3565.8
358.2
358.4
357.5
357.8
357.5
357.6
354.9
355.6
365.5
357.3
357.6
357.9
357.6
355.9
354.8
351.7
351.3
349.1
347.2
350.2
351.0
350.4
351.4
348.4
343.7
341.1
338.7

6736
6740
6743

6622
6620
6623
6626
6624

8625
6626
6631

6648
6645
6643
6642
6641

6585
6586
6590
6596
6603
6611
6617
6624
6629
6634
6639
6642
6645
6649
6651
6654
6656
6661
6666

6652
6650
6649
06648

344.2
339.0
333.5

339.1
335.2
332.6
335.7
334.1

258.8
251.5
250.0

182.7
181.4
181.0
180.2
180.3

347.3
344.5
341.1
345.6
344.7
344.6
341.1
341.6
340.3
338.4
337.0
330.9
327.1
315.2
303.1
296.0
287.7
274.7
266.9

186.0
185.4
184.6
183.1

276.



3080
3084
3089
3094
3100
3108

T 217
3089
3097
3095
3103
3110

T 217A
3106
3111
3119
3120
3127
3130

6651
6655

6660
6670
6671

6667
6667
6671
6676
6681
6686
6686
6690

6673
6674

6668

6687
6683
6681
6681
6683
6684

6690
6695
6687
6689
6694

6702
6698
6704
6709
6710
6712

186.0
193.8

193.8
193.8
193.0

177.8
178.0
175.4
173.6
172.0
170.1
168.2
167.6

180.8
179.38

183.3

168.2
172.0
170.5
169.8
168.9
167.3

167.0
170.4
163.6
162.6
160.6

167.4
165.2
161.1
164.6
159,17
158.8

T 218
3098
3108
3116
3123

6667
6674
6680
6687

6658
6661
6663
6665

6721
6721
6726
6728
6730
6722
6721
6725
6729
8732
6721
6719

6714
6714
6714
6714
6714
6710
6710
6711
6711

6708
6709
6710
6703
6706
6708
6710
6713
6715
67117
6720
6721
6724

237.7
235.7
228,.2
226,0

257.2
251.8
268.9
253.9

235.2
235.5
233.8
233.2
233.6
233.4
232.7
229.5
230.5
230.7
229.4
226.5

161.9
161.7
161.8
161.3
164.0
160.3
161.7
159.1
159.6

271.2
271.8
272.5
275.3
275.0
274.1
272.4
272.3
273.2
270.9
269.1
267.9
266,.2

a.



T 224 (cont.)

3087
3090
3093
3096
3099
3103
3106
3111
3119
31256
3134

T 225
3136
3141
3145
3149
3151
31585
3159
3164
3168
3166
3169
3173

T 226
J202
3206
3210
3215
3218
3223
3226
3232
3240

T 226A
32138
3213
3213

T 227
3264
32568
3262
3259
3264
3268

3271

6726
6728
6731
6733
6735
6738
6741
6744
8750
6755
6760

6766
6764
6761
6760
6758
6756
6754
6752
6750
6746
6745
6743

6737
6735
6734
6732
6730
6729
6728
6729
6734

6746
6748
6750

6772
6771
6770
6768
67173
6776
6779

265.0
264.4
263.8
263.5
262.8
262.7
261.0
257.5
254.7
251.6
244.6

241.0
240.2
241.0
239.8
240.5
239.2
240.6
240.0
239.1
230.2
238.7
238.5

233.8
233.2
232.6
232.2
2338.6
235.8
233.8
225.0
217.1

224.1
223.9
221.9

210.2
208.6
207.6
207.4
206.3
206.4
205.1

T 227 !cont.)

3255
3259
3263
3268
3271
3273

T 227A
3250
3261
3262
32538
3254
32556
3261
32568
3256
3253
3248
3257
3258

T 228
3222
3226
3229
3234
3236
3240
3243
3247
3251
3264
3257
3260
3264
3268
3272
3276
3279
3283
3231
3232
3234
3237
3240
3242
3244
3246
3248

6781
6787
6788
6784
6782
6779

6723
6727
6731
6736
6740
6744
6745
6746
6748
6748
6750
6751
6754

6773
6776
8780
6784
6786
6790
6793
6797
6800
6797
6798
6800
6802
6803
6806
6807
6809
6810
6807
6809
6812
6815
6818
6822
6824
6827
6831

206.5
202.9
204,1
203.9
202,95
201,.9

216.9
215.5
214.8
215.9
215.8
214.8
214.3
2l2.1
213.5
214.6
215.1
212.6
212.3

197.6
192.1
188.1
185.1
182.9
i8l1.1
179.1
177.3
176.3
178.2
177.9
177.5
177.2
176.7
175.6
175.9
174.3
174.0
184.4
180,.7
178,38
177.0
176.3
174.5
173.6
172.7
172.5

278.



T 228 (cont.)

3251
3252
3280
3284
3289
3292
3296
3299
388
3291
3292
3293
3293
3204
32906
3297
3299
3300
3300
3302
3304
3306

T 229
33156
3314
33138
3312
3311
3308
3309
3311
3313
3316
3318
3319
3321
3323
3325
3327
3328

6834
6836
6824
6824
6824
6824
6825
6825
6821
6830
6833
6837
6840
6844
6848
6852
6856
6860
68656
6869
6872
6875

6826
6832
6838
6842
6847
6846
6849
6852
6855
6859
6864
6866
6870
6874
6878
6881
6883

6819
6826
6832
6838

171.7
171.6
173.8
174.1
173.7
174.2
173.0
172.0
174.6
173.8
173.6
171.9
170.5
170.3
170.7
171.0
169.1
168.1
166.5
165.3
163.0
160.8

150.9
148.9
147.8
146.4
146.0
149.6
145.3
144 .4
143.6
142.7
142.3
141.7
140.4
139.0
138.8
138.5
137.4

137.3
134,6
132.6
131.5

6906
6911
6916
6913
6915
6918
6921
6924
6926
6929
6931
6932
6934
6936
6939
6941

6894
6899
8902
6905
6908
6911
6913
6915
éol8
6920
6922
6926
6928
6932
6936
6940
6929
6931
6933
6936
6939
6942
6945
6948
6951
6947
6950
6955
6960

173.6
172.6
169.3
172.2
169.7
167.6
165.8
165.4
163.8
162.7
161.9
160.1
159.0
159.6
157.5
155.6

136.9
136.1
136.7
135.3
134.0
133.0
132.2
130.5
128.5
128.2
128,2
129.6
128.5
127.0
126.2
125.6
129.4
128.7
129.6
128.9
129.4
130.2
130.2
129.8
129.3
122.6
125.7
125.0
125,0

279,



T 231 ‘cont.)

3382
3379
33176
3373
3369
3366
3364
3361
3334
3337
3841
3343
3346
3349
3362
3355
3368
3361

T 237
3354
3365
3355
33556
3356
3366
3356
3367
3367
33617
3358
3358
3358
3368
3359
3369
3359

T 237A
336
3339
3342
3344
3345

T 237B
3331
3333
3336

6964
6870
6972
6975
6979
6982
6983
6986
6962
6965
6968
6970
6972
6975
6976
6979
6981
6984

6800
6806
6811
6815
6819
6824
6827
6831
6835
6840
6845
6849
6853
6858
6863
6867
6871

3842
8845
6850
6852
6855

6845
68438
6850

123.9
122.8
119.6
116.0
113.9
114.9
112.9
113.9
129.2
125.2
122.4
121.7
120.8
119.2
117.1
115.1
113.6
112.7

164.8
163.5
162.7
161.2
160.8
160.7
161.8
161.4
161.4
160.1
158.7
158.9
158.4
157.6
157.8
157.1
154.9

131.4
129.0
125.7
123.9
123.0

106.0
105.1
103.8

T 2378 !cont.]

3338
3340

T 237C
3328
3330
3334
3337

T 237D
33380
3331
3383

T 238
3381
3378
3375
3372
3383
3384
3386
3389
3390
3392

T _238A
33563
3360
3864

T 239
3377
3380
3382
3385
3387
3389
3390

T 2394
3350
3354
3358
3363
3367
3372

6852
88556

6841
6843
6846
6847

6855
6856
68568

6868
6872
6874
6876
6873
6878
6884
6891
6896
6900

6873
6877
6878

6890
6883
6807
69800
6902
6905
6908

6876
6880
6884
6886
6889
6890

101.3
100.2

89.7
87.8
85.2
82.0

83.5
82.2
81.6

131.0
130.3
128.0
127.4
129.6
128.4
127.4
121.8
120.5
118.5

123.5
122.7
121.3

111.6
110.6
108.7
107.5
105.4
108.3
101.0

111.1
111.4
110.3
111.0
109.8
108.6



6885
6888
6580
6892
6894
68986

6889
6891
6893
6895

6923
6924
6924
6925
6032
6934
6936
6939
6942

69206
6929
6932
6935
6940
6945
6947
6952
6950
6947
6955
6959

6805
6807
6810
6812
6817
6821
6826
6828
6829
6830
6832
6833

03.7
91.5
90.7
90.8
88.9
87.9

8l.2
78.5
74.6
T3.6

109.0
108.5
107.5
107.2
102.8
101.8
99.4
98.3
97.4

113.4
112.8
112,2
111.3
110.5
109.4
108.2
109.4
108.2
108.3
106.2
103.38

138.6
137.6
136.8
136.1
134.6
133.7
132.5
131.7
132.5
131.6
131.6
131.6

T 242 !CUnt.]

3419
3428
3430
3431
3432
3433
3425
3425
3424
3424
3423
3422
3422
3421
3421
3421
3421
3420
- 3420
3426
3430
3435
3438
3442
3446
3449
3453
34560
3460
3463
3467
3469
3492
3475
3478
3482
3484
3486
3480
3477
3475
3472
3469
3466
3463

6834
6837
6842
6847
6851
6855
6860
6863
6868
6872
6876
6881
6886
6891
6896
6900
6904
6906
6910
6914
6017
6920
6923
6926
6929
6932
6034
6936
6938
6942
6944
6047
6949
6052
6954
6856
6957
6959
6934
6959
6942
6946
6951
6955
6960

6903
6907
6910

281.

130.9
130.7
130.3
129.1
128.4
128.9
128.2
127.2
126.4
125.8
124.8
122.6
122.2
121.5
120.7
118.8
118.2
117.7
116.1
115.0
114.7
114.6
114.1
114‘2
113.4
113.1
112.38
110.8
109.0
108.3
106.2
108.8
108.0
105.6
103.8
101.9
101.8
100.8
113.4
112.1
110.8
108.5
108.8
107.7
106.9

83.9
83.0
82,1



T 243A
3397
3389
3403
3407
3411

T 244
3428
3432
3435
3428
3439
3438
3441
3444
3447

6910
6912
6016
6017
6919

6933
6938
6944
6947
6939
6948
6952
6957
6960

6858
6862
6866
6871
6875
6879
6881

6856

6882
6884
6887
6893
6896

6905
6908
6912

6890
6895
6900
6906
6910
€216

60&2.

6926

81.9
80.3
77.9
17.7
77.0

97.2
97.7
95.6
94.1
03.8
92.8
86.9
85.5
83.5

93.0
91.3
92.8
92.4
90.9
956.3
92.9

112.1

114.7
114.4
111.5
110.2
106.7

84.0
82.2
84.8

132.8
130.5
128.8
126.7
125.6
123.9
121.9
118.6

T 248 !eont.)

3400
3407
3409
3410
3411
3413
3414
3415

T 249
3388
33817
3385
3383
3382
3381

T 2494
3391
3393
3396

T 249B
3408
3412
3415

T 249C
3377
3380
3382

T 250
3416
3416
3421
3417
3413
3409
3406
3418
3418

3421 .

3423
3425
3427
3426
3428

3429
3431

6930
6934
6937
6941
6946
6950
6954
6957

6780
6782
6786
6790
6795
6798

6822
6825
6830

6853
6860
6865

6846
6850
6862

6767
6771
6775
6775
6776
6776
6776
6779
6784
6788
6792

6796
6800

6767
6770
6773
6777

282,



T 250 ‘con )

3432
3434
3436
34317
3438
3441
3444
3446
3449
3453
3456
3450
3451
3452
3453
3455
3456
3458
3460
3461
3463
3460
3468
3470
3471
3471
3470

T 2561A
34561
3455

T 2518
3449
34562
3453
3454
3454

6780
6784
6787
6790
6794
6799
6803
6807
6810
6814
cgls
6822
6826
6830
68356
6839
6842
6848
6853
6858
6863
6867
6872
6877
6883
6890
6895

6968
6971

6971
6874
6978
6081
6084

166.5
164.7
163,06
165.9
166.8
166.5
165.7
165.6
164.6
164.3
163.7
164.9
163.0
161.6
162.1
160.7
160,0
158.6
159.¢
159.5
157.5
157.1
156.0
151.0
150.3
150.7
147.4

283.-
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17.

cuts a substantial gorge, the result of meltwaters from the southwest
(Sissons, 1963a). Further down-stream, the Glencorse Burm tributary
drains the large glacial drainage channels of the morth rentlands, and
occupies a substantial valley cut into drift and bedrock throughout its
length. On the South Lsk, there occurs a major example of glacial
diversion: the main right bank iributary, the Gore Water, has captured
the waters of Middleton North Burn and Middleton South Burn from the
River Tyne. A simple physical deseriptiom of this area is given by
Peach et al (1910) and an explanation of the capture by Cossar (1911-12).

Both the North and South Esk have counsiderable lengths of meanders
incised in their deep gorges. During and after the late-glacial period
of oscillation of land and sea level, the rivers in readjusting themselves
to present sea level, locally excavated these deep gorges im glacio-fluvial
deposits, till, and bedrock, and in so doing formed alluvial terraces at
successively lower levels. The terraces of the Esk are closely related
to changes in sea level; & topic which will be developed in Chapter VIII,

Along the coasts, the oscillations of sea level have produced two
main spreads of raised beach deposils, each tilted but being atl their
highest about 90 ft. and 30 ft. 0.D. respectively. ZLach old beach often
ends inland against an old coastal ¢liff or line of bluffs. At the
mouth of the River Esk, the raised beach deposits extend inland for two
miles, grading into.glaeio-rluvial and alluvial deposits.

The pre-glacial river courses have not been fully located, although
a great deal of evidence exisis relating to sections of buried channels,
for example, in the upper estuary of the River Forth (Cadell, 1881) the

River Almond (Cadell, 1903), and the Water of Leith (Tait, 1980). It is
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noticeable how the present stream courses of the Almond and Water of
Leith approximate to the former courses, often re-excavating buried
valleys. In the Esk Basin, borings for mineral exploitation have
revealed nine buried chamnnels, which have been described by Tulloch and
Walton (1958). Their locations are shown approximately on fig. 2.1,
Deep rock-—cut gorges, filled with till which is being re-excavated by the
present streams, occur in the Esk Baein; these gorges are also teken to
be elements of the pre~glacial drainage pattern. There is not yet
sufficient information te put the sections together as en integrated
pre-~glacicl drainage system as the sections are scattered and can be
related to the present drainage system only in the most approximate sense.
Recent bores mear the mouth of the River HZsk at Mussclburgh huve proved
aboul a hundred feetl of surface deposits, indiceting thet the flcor of
the buried river channel is here at least this depth below sea level.
Fuller discussion of the pre-glacial sk drainage pattern is included in

a later chapter.



CHAPTER IIIX

THE GROVWTH OF KNOWLEDGE OF LOCAL GLACIAL HISTORY

"To explain these (superficial soft) beds
has been the anxious effort of several
generations of geologists, and the
difficulty of the task may be measured
by the divergent theories which have been
forthcoming about them, and by the
further fact that they still remain in
many respects the despair of geology.”
Sir Henry H. Howorth, om the
Glacial Nightmare and the Flood, 1893.

First phase, to 1863: acknovledgement of glaciation. The Edinburgh

district has been the scene of investigation into glacial geomorphology
for one hundred and fifty years, a much longer period of investigation
than in almost all other formerly glaciated parts of the world. A
number of famous geologists made their more notable observations in the
area and, although scientific work has not proceecded continually from the
earliest period, much has been written on the local effects of glaciation.
Some of the earliest descriptions still prove to be accurate and useful
sources of information.

This early growth of geological investigation was due to plentiful
local enthusiasm directed to the investigation of particularly clear fiecld
evidence. From an early date, the city of Edinburgh had a tradition of
intellectual curiosity and scientific achievement, fostered by several

w10 »
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local societies, especially the Royal Society of Edinburgh (from 1783)
and the Geological Societies of Edinburgh (from 1834) and of Glasgow
(from 18503 officially constituted from 1858).

The simple fact that the landscape in the Edinburgh neighbourhood
had been subjected to some flow-movement west to east was first described
by Sir James Hall, after he had examined, labelled and then associated
"dressed rock", "craig and tail", ground mouldings, and stoss and lee
effects of striae and drift distributions (Hall, 1812). As examples of
crag and tail, Hall quoted Corstorphine Hill, Castle Rock; Ravelstone,
Craigleith, and Calton Hill, all notable eminences within the city.

These hills are now commonly gquoted as the type-examples of crag and tail
ice-moulding (for example, Charlesworth, 1957, Vol., 1, p.254), as the
voleanic necks and sedimentary flanks have beem particularly tnacebtible
to ice sculpturing into streamlined forms.

Although Hall's observations were acute for their time, the evidence
for a movement west to east im the neighbourhood of Edinburgh would now
be considered obvious. In the words of A, Geikie: "No one cam have
passed through this district from south to north without observing that
the region is deeply furrowed in an east-west direction. Long smooth-
backed ridges follow each other in endless succession and on these we can
trace every gradation of eminence, until we reach the true typical form
of crag-and-tail" (Geikie, 1863).

Following Hall after a comsiderable interval, records began of other
features related to the streamlined forms: striations were moted by many
obgservers, including Buckland (1840), Milne (1840), Maclaren (1849), and

Chambers (1852 and 1857); and further examples of ice-moulding of the
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landscape were mentioned by Chambers (1852). Supplementary evidence
came from new methods of investigation: for example, the pattern of
striations on boulders, and the direction (Miller, 1850) and dip (Fleming,
1859) of the long axes of the boulders themselves. This work showed very
keen observation, and was not improved upon anywhere until the 1930's.
To talke other examples, Fleming described how the decomposed ends of
exposed, upturned, Carboniferous bedrock are bent or squeezed in an
easterly direction (Fleming, 1859; fig. al). Also, Chambers noted that
much rock debris was littered to the east of its bedrock outcrop, for
example; greenstone from Arthur's Seat has been carried eastwards along
the slope of the hill, to the extremity of the Queen's Park (Chambers,
1857). More startling manifestations of this weat to east movement were
the mauny far-traveiled erratics eventually found throughout the area.
The first erratic to be described was accorded a paper to itself (Forbes,
1829). Another well-known early example was the 8-10 ton Highland
boulder of mica-slate discovered in the Pentlands at 1000 ft. and des-
ceribed in 1839 by Maclaren (see Maclaren, 1866). When the provenance
of erratics could be decided, it always proved to be from the west.
Taking the evidence together, the striations, the mouldings and the
indicator stones are comsistent in a direction east-northeast and "such
being the gemeral direction of the Forth Valley itself" (Chambers, 1830),
it vas obvious to assume that a single ice-movement along the valley was
responsible for all the effects. To yuote A. Geikie again: "When it is
recollected how exactly these ridges coincide with the general moulding
and striation, it seems reasonable to ascribe the whole to the operation

of the same great force acting steadily for a vast period of time in an
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east and west direction" (Geikie, 1863).

It was not immediately agreed that glacial ice was in fact the
agency responsible for the features noted. The academic controversy
between the 'diluvialists', seeking an explanation in terms of phenomena
then known to them; and the 'glacialists', guided by Agassiz into
comparing local signs with glecial markings in the Alps, lasted until the
death of some of the older protagonists. And in the history of glacial
geomorphology, this controversy is associated with Scotland, as the
arguments revolved around the local Edinburgh evidence.

Maclaren (1849), Chambers (1852), Jamieson (1862), and A. Geikie
(1863) in turn drew together the threads of evidence in a reasonable and
common-sense way, so that the argument for glaciation was effectively
prover by about 1863. Fleming's monograph in 1859, stating (p.268) that
water moved "over the surface in an easterly direction with great
impetuosity", was the last work upholding the diluvial doctrine. The
case for the action of ice-bergs rather than of land-ice continued to be
argued however, particularly by Milne-Home (1877; and earlier papersa).

Whatever the argument on the agency responsible for the movements,
the field evidence for a powerful scouring in a direction roughly along
the main axis of the Firth of Forth was noted at an early date. The
reliable field observations up until 1863 are shown om fig. 3.2. 1In the
light of later information, the mosat interesting facts shown by this map
are the strong evidence for glacial movement in one direction, and the
lack (apart from some striations) of any eonflicting evidence. Glacial
movement in other directions, now known to have occurred, was not

suspected at. this time.



23.

As fig. 3.2 shows, the accumulated evidence was almost emtirely for
the coastal area of the Firth of Forth through Edinburgh, and for the
Pentland Hills. There was little information relating to the interior
of the Midlothian Basin,

Second phase, 1863 to c. 19393 appreciation of main indications of
glaciation and deglaciation. The early descriptive writings om Scottish

glaciation were often of excellent quality. A, Geikie's extended essay
(1863) on the form and location of Scottish Pleistocene deposits gave the
complete sequence of the superficial deposite as well as & partial
interpretation of their origin. BPut his interpretation of the glacio~-
fluvial deposits as of marine origin spotlights the difficulties of
proceeding beyond simple description: what would now be regarded as a
reasonable interpretation had to await a much clearer overall appreciation
of the characteristics of glaciation and deglaciation, Through ignorance
of contemporary glacial conditions, Scotland lost its very carly lead in
knowledge of glaciation.

The second historical phase saw the necessary widening in appreciation
of Pleistocene conditions, based on the evidence recorded from the local
area, from adjucent parts of Scotland, and also from other parts of
Britain. The third edition of J. Geikie's The Great Ice Age (1894) gives
& balanced summary of the effects of glaciation as indicated by the most
obvious lines of evidence.

More facts were being brought to light. The second half of the
nineteenth century saw the introduction of railways intc the Edinburgh
district. As a result of this and the continuing building within the

city, there exist descriptions of very many temporary sections. Many of
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the papers of this period are little more than descriptive notes on these
sections, but the number of references to them in later chapters
indicates that they are still useful sources of factual information.

Although by 1863 the west to east ice-movement had been accepted
beyond serious argument, the magnitude of the ice body involved was
admitted only after some initial incredulity. Croll describes striations
from one of the morthern swmmits of the Pentland Hills "all in a uniform
direction, nearly east and west", as well as small particles of till, and
concluded that the ice flowing eastwards had beemn at leaat 1900 ft. thick
and 60 miles broad (Croll, 1870).

Evidence from the position of erratics suggesting two directions of
ice movement in the Pentland Hills is recorded by Somervail (1879). If
correct, these two directions, from the southwest and from the northwest
may represent mere variations in the direction of movement within a
single ice-sheet, and not the characteristic directions of movement of two
distinet ice-sheets. But the important fact that more than one glacial
episode had occurred during the Pleistocene, with its implications of
climatic change and fluctuvations in sea level, was suggested by several
other lines of evidence. Young's discovery of late terminal moraines in
the central Southern Uplands proved at least one ice readvance (Young,
1864).

From comparison with the terminal moraines in the SouthernUplands,
local valley glaciation in the Pentland Hills was proposed by Brown (1872
and 1874¢) and by Henderson (1874a), although only scanty evidence was

presented at this time, and has not been substantiated since.
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On lower ground, superposed tills were early taken as an indication
of multiglaciation. Croll and J. Geikie have been credited with
postulating glacial stages on the basis of inlerstratification of till
and glacio~fluvial deposits, and other workers associated themseclves with
this idea from local evidence (for example, Bemnie, 1868; Brown, 1874;

A. Geikie, 1901; Tait, 1916)., The logie of necessarily recognising in
every bed of till a separate glaciation was challenged at aan early date by
Somervail (1877), and some aspects of this problem are still umder
discussion. For example, the implication of interstratifications of till
and sands in Midlothian and East Lothian are discussed in the context of
observations by the writer, in Chapters IV and VI.

The presence of old preglacial river courses filled with glacial
drift and sometimes re-cxcavated was first noted in the Central Valley of
Scotland by Bennie (1868) and Cadell (1881) and for two rivers inm
Midlothian by Cadell (1908) and Tait (1930). An early paper by Henderson
(1873) suggesting an old river course at the Water of Leith deeper than
the existing course is not mow conclusive, and should be discounted
(Mitchell and Mykurs, 1962, p.108); the argument depends on till over-
lying river gravel, and it is possible that the till had slumped.

Although depositional evidence of deglaciation, in the form of
glacio~fluvial deposits, was identified at an early date, the correspond-
ing erosional forms, glacial drainage channels, were not identified until
the work of Kendall and Bailey in East Lothian (1908); work extending to
this area the principle developed some years before in the Cleveland Hills
(Kendall, 1902) and in the Cheviot Hills (Kendall and Muff, 1902). Two

minor papers by Anderson {1923a, 18238b) applied the ideas of Kendall and
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Bailey to channels in the vicinity of Edinburgh for the first time. But
here again, correct interpretation has lagged on description; and the
origins of many glacial drainage channels in southeast Scotland have been
re~interpreted, notably in a recent series of papers by J. B. Sisasons.
Also symptomatic of the lag of interpretation upon description is
the early paper by Charlesworth (1926) on & 'kame-moraine' along the
northern edge of the Southern Uplands, an interpretation since refuted by
several workers in the present phase of the development of our knowledge.

- Third phase, 1939 to present: attempts at summarising glacial history in
the Edinburgh area. When a full description and an approximate

interpretation of the glacial features had been made, the genmeral pattern
of glaciation and deglaciation became clear. The most recent phase in
the growth of knowledge has been a re-examination in detail of the field
evidence, linked with the application of new theories, particularly
Seandinavian and North American theories, in attempts at restating the
sequence of glacial events more exactly. Some features still excite
controversy, for instance, the position of many glacial drainage channels
with respect to the melting ice-edge, and the exact significance of
particular types of glacial drift; but the limits of disagreement are
being reduced by the current research methods. By these, the field
evidence is examined more closely, and attempts are made to form the
glacial features into compatible groups, for example, to associate sub-
glacial erosional and depositional meltwater forms.

The Geological Survey of Scotland has remapped all the area of
Sheet 32, the Edinburgh area, between 1937 and 1956, and mostly since

1947. The published six-inch sheets provide a very adequate source of
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data on the topmost drift deposits, as well as a summary of a few of the
vast numbers of boreholes on the site of the Midlothian Coalfield and the
City of Edinburgh.

The accompanying memoir "The Geology of the Neighbourhcod of
Edinburgh" was published in 1062 (third edition; Mitchell and Mykura,
1962). The first edition (Howell and Geikie, 1861) was written before
the role of land ice was realised, and the second edition (Peach et al,
1910) contains no systematic re-examination of the glacial deposits. In
the completely rewritten third edition, two chapters by W. Mykura, the
first on the Tertiary landscape and pre-glacial topography, the second on
glacial and recent deposits, are the most important work of reference to
the present research, complementing and sometimes anticipating much of
the work contained in this present study. These chapters are much more
than standard compilations of field observations; the latter chapter
includes a comprehensive account of the glacial history based on examina-
tion of all types of local evidence.

Most of the recent papers (to 1960) on the local glacial phenomena
are listed in the above memoir. The contents of these papers frequently
have as a theme the relationship betweem Highland and Southerm Upland ice
along the southern edge of the Central Valley and this is a principal
point of interest in the present study also.

Viewed in the context of all Scotland, the Esk Basin is a small
piece of low ground in the east-centre. It is seventy miles southeast
of the main Highland glacial source, the southwest Grampian Mountains,
and about thirty miles north-northeast of Broad Law at the core of the

high ground in the Southern Uplands. Each of these areas has contributed
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to the glaciation of east~central Scotland, but in spite of much research
by & variety of methods, the relative impact of the two sources and the
chronology of invasions is not fully known.

Highland ice passed through the central valley of Scotland in an
easterly direction. The Pentland Hills lie obliguely across this
easterly movement and if the Highland ice were thin, might be expected to
have deflected it northeast into the Firth of Forth axis. But the ice
was sufficiently thick to overtop the Pentlands without being deflected
(see fige 3.2). The southern flank of ice as thick as this must have at
least abutted against the Southern Upland edge, and could have been
sufficiently far to the south to have passed up the Clyde valley and east—
wards around the southern end of the Pentlands through the Biggar-Dunsyre
gap. This then was in fact proposed in varicus papers by Kendall and
Baeiley (1908), Charlesworth (1926), and Linton (1933),

Charlesworth argued (1926) that Highland ice had invaded the Southern
Upland hills to a height of over 1000 feet in places. The limit of move~
ment was marked by "kame-moraines", extending discontinuously along the
Southern Upland edge from coast to coast of Scotland. Furthermore, as
Highland erratics were found beyond the limit of this kame-moraine belt,
the erratics must denote an earlier glaciation from the Highlands, and the
kame-moraines a readvance from the same quarter.

Even if the identification of the kame-moraine forms had been correct,
this theory discounts the possible effect of ice from the Southern Uplands
itself., The Southern Uplands source area is much smaller than the
Highland source, but the ice divide is nearer. That the Southern Uplands

had been a primary source of gluacier ice was recognised from the beginning
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by A. Geikie (1863 and 1887). In the third edition of "The Great Ice
Age" (1894), J. Geikie, writing of the deflection of ice-currents in the
Central Valley of Scotland, came immediately to the present problem:
"There was a 'debatable ground' between the morthern and southern
currents, over which sometimes the ome (Highland ice) and
sometimes the other (Southern Upland ice) prevailed” (J. Geikie,
1894, p.77).
Southern Upland ice moving north into the Central Valley would have been
able to restrict Highland ice to low ground, evea though it was deflected
eastwards by the more magsive Highland outflow when both were at their
maximum,.

Charlesworth's interpretation is discounted by more recent work
suggesting that much of the kame-moraine belt is related te Southern
Upland ice and does not mark the limit of a Highland readvance. The belt
is of glacio~fluvium fermed in association with dead ice. Furthermore,
the east and central parts are even of different agesa. In didlotlhian,
remapping by the Geological Survey has also not confirmed the distribution
of Charlesworth's morainic belt (Myiura, in Mitchell and Mykura, 1862).
The argoments are elearly stated by Sissons (196ia), and depend on
several individual studies, most of them alsoc by Sissons. In the middle
Clyde area, the Thankerton esker system is derived from glacial meltwaters
of ice that had been moving northeaatwards, that is, from the Southern
Uplends {Sissons, 1961b), and the Carstairs ridges are re-interpreted in
the same way as a complex esker system derived from Southern Upland ice
(Sissons 106la). Investigation by Goodlet of the most recent excavations
in the Carstairs ridges leads him to suggest the forms are a combination
of termipal moraine and kames, rather than esker, but still derived from

Southern Uplend ice (Goodlet, 19064). It is suggested from the proportions
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of erratics that Southern Upland ice had advanced over ground earlier
occupied by Highland ice.

In the &ddleston-Dolphinton area, south of the E£sk Basin, the last
ice~movement is thought to heve been from the Southern Uplands. This is
proposed by McCall and Goodlet (1952) and by Eckford (1952) on the basis
of indiecator erratics; by Bailey and Eckford (1956) from drift
lithologies; end by Sissons (1958b) from the regiomal slope of glacial
meltwater channels and the bedding of glacio-fluvium.

In the upper Tweed valley just to the west of Broad Law, the movement
is still found to be from the south, on the evidence of the slope of
glacial meltwater channels (Price, 1960).

From the conclusions given above, the kame-moraine of Charlesworth
(1926) in the Zddleston-Dolphinton area can more reasonably be interpreted
ag due to wastage of the last ice to invade the area from the Southern
Uplands. Put Highlapd ice is not precluded entirely. According to the
erratic indicator evidence of McCall and Goodlet (1652), the Southern
Upland ice was preceded by Highland ice advancing eastwards through the
Punsyre-diggar gap and then retreating. In East Lothian, the kame-
moraine has been interpreted again as glacio~fluvium, but asscciated im
this case direetly with wasting Highland ice (Sissons, 1958a).

In all the recent work summarised above, the relative influence of
Highland and Southern Uplands ice has heen of prime concern. Attempts
at swmerising the glacial history in the Edinburgh area revolve around
this relationship. The simplified interim summery of events is that
Highland ice advanced, retreated and was succeeded by Southern Upland

ice extending into the southern part of the area. Finally, small valley
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glaciers in the central Southern Uplands extended down to about 1000 ft.
elevation. There is as yet no direet correlation with the glacial
sequences described from the north and west of Scotland. And the
various glacial and interglacial stages that hove been reeognised in

England and in continental Europe camnct as yet be distinguished.



CHAPTER IV

THE DRIFT COVER

"It differs entirely from any other thing

on the earth's surface." DMr. Robert Dick

of Thurso, om Till. (No date).
Introduction. Mention has been made in the previocus chapter of early
writings on superposed tills and interstratificaticns of till and glacio-
fluvium. Accurate descriptions of drift stratigraphy date from the mid-
nineteenth century and often stress this variety of drift types.

The range of local drift types was first recognised and put into
order by A. Geikie (1863), as has been related. A simple summary of the
sequence of events accounting for the deposits is given by MacGregor
(1945), and need not be repeated here. Till, the direct product of
glacial movement, is usually present in any inland drift section extending
down as far as bedrock. Washed till, which is a maturally-occurring
stage in a continuous series from non-size-sorted to well-size-sorted, is
uncommon.

Glacio-fluvial deposits (glacio~-fluvium), representing the retreat
stage of glaciation or a period with available meltwaters, are present in
large quantity, mainly in fairly definite belts. Some of these belts
trend alomg the major river valleys; while others bear no relation to the

- 32 -
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present drainage system, and may be situated at any altitude above sea
level.

Associated with FPleistocene fluctuations in sea level, beds of gravel,
sand, and laminated silt and clay were deposited in the Firth of Forth.
During and after the period of oscillation of land and sea level the
rivers, in readjusting themselves, cut down through the glacio-fluvium,
locally excavated deep gorges in till or bedrock, and in the major valleys
formed terraces of alluvium at successively lower levels.

Most recently, some raised beach deposits have become covered by
wind-blown sands. Inland, there are small iscolated pockets of loess.
Many of the numerous lakes left in kettles or drift-blocked hollows have
been filled in by accumulation of clay, marl, or peat, or have been
artificially drained.

All drift materials have been influenced by periglaciation in inter-
glacial, interstadial and immediate postglacial times, and by mormal
wveathering, soil formation, and human interference since this time.

Just as glacial drift is classified both in terms of its composition
and structure as a sediment, and in terms of its morphological form, so
likewise any description of glacial drift relies both on structural and
morphological evidence. This is particularly so of glacio-fluvial
deposits. This chapter investigates drift deposits with the aim of
deciding on their origin, taking into account the evidence of internal
composition and structures. The morphology and fuller inter-
relationships of the drift types are treated separately in Chapter VII.
Basal till. Of the several identifiable tills in the Esk Basin, the

basal till is most easily recqpised and described. Basal till is the
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term used to identify the till immediately overlying bedrock. This is
not necessarily all one stratigraphic unit, but it is a lithological
horizon.

From geological drift maps, borehole evidence, and field observations,
the basal till is seen to cover almest all the low ground but little of
the upstanding hills. The altitudinal limit of the basal till is a
function of steepness rather ihau of absolute height. Till is preserved
on the highest flat parts of the Pentlands above 1500 ft., but on the
sides may be represented only by smears of exigenous drift or by erratic
stones. Nothing more than a skeletal till is present on the Roman Camp
Ridge within about 200 feet of the top; or on the nmorthern part of
Gilmerton Ridge. In certain other areas the till appears to have been
eroded away, as, for example, on the west side of the River North Esk in
Dalkeith Park where later glacio-fluvium overlies bedrock.

The basal till in thick, unweathered scctions is a tough, dark
deposit. 1In the EHsk Basin the matrix is usually dark bluish grey, the
colour Pettijohn (1957) regards as normal for unoxidized till.

Maclaren describes this till exposed in section during the construc-
tion of the railway from Edinburgh to Dalkeith:

"The lowest bed, which reposes on the rock, was an extremely stiff
black or bluish clay, in which were thickly interspersed rolled
stones of all sizes up to four or five feet in diameter; but those
exceeding eighteen inches were not abundant. The lower bed at
Whitehall Mains was about 24 feet thick, and the stones were pretiy
equally disseminated through it, both as to size and number, from
top to bottom." (Maclarem, 1866, p.288).

The basal till is nowadays seldom as finely exposed as this. An
exceptional present-day exposure is the three hundred yard cut at Kirkhill

providing a diversion for the River South Esk. In this exposure the
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basal till is scen immediately overlying Carboniferous bedrock. The till
in this position is not the usual grey mature deposit with a uniform
matrix and eonsiderable lithological variety. Instead it is extremely
immature in appearance: the large particles are moreangular, while the
matrix is mndy and clayey in patches. It is several feet up into the
till before the matrix becomes uniform in colour and texture.

At most sites, the quantity of large stones in till is not so great
that they are jostling together. In the Esk Basin all analysed samples
of the basaltill contained at least 47.5 per cent of silt and clay com-
bined, a proportion sufficient to produce a massive, compact formation
(Flint, 1957, p.112). The unweathered till is in fact often so tough
that spade or pick will omnly remove small chips at a time. Till with
exceptionally high stone content forms the strongly drumlimized area west
of Edinburgh: rounded boulders were calculated to occupy as much as a
sixth of the total volume and, with a high proportion of sand, the till
here is very loose and workable.

About a half of the basal tills examined in section showed a fissile
structure, or irregular plates of till, roughly horizontal, 2-8 cm. thick,
and of no definite area. The plates are veneered with a black film
resembling coal dust. Such fissile structures have been mentioned
repeatedly in the literature, Miller (1884) describes them as "an
incipient sort of cleavage, a rude stratification"; and J. Geikie (1894)
as pressure-planes. They are thought by Virkkala (1952) to be an
original feature of till placement, the thin irregular plates being
successively plastered down in the process of deposition. Coal dust is

always separated out by free water in sedimentary deposits and, in this
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instance, may indicate that moisture has been pressed out of the plates
during the process of accretion. 1In a photograph shown by Virkkala, the
coal dust is replaced by minute amounts of sorted fine sand. As & more
local example, Tait describes such foliation in till exposed during
building in George Square, central Edinburgh:

"There can be seen a faint horizontal cleavage or foliation... the

(boulder) clay came away in rough slabs, one or two inches thick,
with undulating nearly parallel surfaces. ... This seems a
structural character given to the boulder clay by the movement of
the ice over it". (Tait, 1939, p.458).
There is a coarser form of fissile structure, called by Virkkala (1952)
the bed limit, which Virkikala describes as the first stage in an
interruption of the till sedimentation. Such a form is mentioned later
in connection with till and glacio~fluvial interstratifications.

Apart from the sub-horizontal fissile structure, a few sections of
till show faint vertical cracking. This is thought to be due to
desiccation; as the cracks are more evident on old sections exposed for
a long time to the air,

Where the local bedrock is of a friable red sandatone, as in parts
of the Pentland Hills and in East Lothian between Soutra and Humbie, the
till becomes more reddish in colour. This colour characteristic may on
occasion be used to distinguish tills, but there is a certain danger in
this. The typical leaden colour of the basal till in the Esk Basin and
dark chocolate brown of East Lothian is true omnly of the unweathered
material. The top 3-8 feet below an exposed surface shows varying
amounts of leaching. In 12 feet of basal till at Jerusalem in East

Lothian, gley markings and vertical cracks exist to a depth of 5 feet.

The colour gradually changes below the soil layer from red-brown through
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& grey and red leached zome to finally become the original dark brown colour
at 64 feet (fig. 4.1).

A horizontal fissile structure exists in this till at Jerusalem
below about 4 feet depth; the plates and all large stones have a finme
black veneer. The fabric of the till (see Chapter V) is preserved up to
within 1-2 feet of the surface at such sites, pointing to limited
penetration by large roots.
Roslin Till. A thin weathered till occurs as the uppermost drift deposit
over several miles of Midlothian. Although this is a distinctive local
deposit, it has not pre+ionaly been given & specific label; the loecal
Geological Survey Memoir (Mitchell & Mykura, 1962) refers to it as the
Upper Boulder Clay, a term that invites confusion with the drift
succession in other districts. Accordingly, in this text, it is named
after the locality of Roslin where it is well exposed in several sand pits.

The Roslin Till was first describéd by Andersom (1940), although an
earlier reference by Peach et al (1910) to an "overlying reddish brown
boulder clay" im the vieinity of Eskbank and Newton g range may be to this
deposit. Its recognition in the Roslin district depends on the fact
.that it everywhere overlies thick glacio~fluvium, from which it is
immediately distinguishable. The exposures of the Roslin Till as located
by Anderson and later Geclogical Survey mapping are givem by Mitchell and
Mykura (1962, Plate IV) and repcated with additions by the writer on
fig. 4.2.

The Roslin Till varies im thickness from one foot up to about eight
feet., In a large exposure at Burghlee, the thickness was only 14 inches,

but increased to 3 feet in another part of the game face. At Clippens
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and New Pentland, the thickness was more consistent at about 4 feet; and
at Oatslie usually 5-6 feet. It seems likely that on occasions the
deposit of Roslin Till is too thin for the till to be confirmed to exist
at all.

As it overlies permeable sands and gravels; the Roslin Till has been
oxidized throughout its thickness to an ochrous red-brown colour. Grey
clay-lined vertical cracks often extend 4-5 feet down into the till,
producing a secondary columnar structure. Vorm casts and root remains
penetrate to 8 feet, and hair-roots to 44 feet. No fissile structure
like that common in basal till has ever been moticed., The oxidization
has affected the stones as well as the matrix of the till. All the
particles have a rust-brown veneer and only the fine-grained igneous
lithologies are not to some extent decomposed. The softer lithologies
have & decomposed outer shell while some grits and mudstones have dis-
integrated completely. It is estimated that of the stone content in the
Roslin Till at Bilston sand pit, 35 per cent disintegrated when dug out.
Identification of the particles proved to be much more difficult than
vith unwveathered till.

A number of fabric analyses were carried out in the Roslin Tillj;
all gave consistent and unexceptional resultis, indicating that the leach-
ing and other disturbance of the till was moi accompanied by any
significant physical movement.

A thin till forming the uppermost layer of drift and separated from
any basal till by thick glacio~fluvium has been found at a number of
places outside the area of known Roslin Till. Because of stratigraphic

position and similarity in appearance to the Roslin Till, these tills
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were all originally taken to be the same deposit, and the occurrence of
Roslin Till correspondingly extended (fig. 4.2). Sites will be described
at Haveral Wood, South Melville and Easter Bush.

The exposure at Haverel Wood is illustrated in fig. 4.3. The
glacio~fluvial ridge of sand between Loanhead Farm and Wading Burn is
capped by a few feet thickness of till. A sand pit at the Wading Burn
end of the ridge (opened in November 1961) exposes the drift across the
width of the ridge. In the section illustrated, the till averages 2 feet
but thickens to 4 feet on a slight shoulder in the underlying sand. On
the south side the till has slumped into a glacial meltwater channel which
cuts through both the till and sand, The till is visually identical to
that atRoslin; being very leached with vertical grey cracks. There are
numercus small sandy pockets. The junction between till and underlying
sand is clear-cut, the till peeling up off the sand quite cleanly.

Apart from some small silty layers in the top few feet, and some coal dust,
the sand is very uniform. The current-bedding in the sand is parallel

to the surface where seen. Stone counts, mechanical analysis and till
fabriec analysis at this site will be described later.

At South Melville, on the east side of the North Esk gorge, a
temporary 8--foot section (open January - May, 1964, revealed a complicated
arrangement of beds, including till overlying thick sands (fig. 4.4).

The drift deposits were examined by the writer and several colleagues,
and the beds heighted by levelling. The higher ground on the southeast
of the section is the edge of the high flat area occupied by Lasswade
golf~course, and known on other evidence to be composed of thick glacio-

fluvial sand. This sand is exposed at the top of the section and re-



40.

appears again lower down. Till occupies & position plastered onto the

10° slope of the gorge-side, on top of the sand. The till is dark brown
and less leached than the Roslin type. The lower part of the till appears
to have slumped, probably as the result of under-cutting when the adjacent
glacio~fluvial river terrace was being formed. The lower exposure of the
Lasswade sand grades laterally into alluvium underlying this terrace. In
the more recent valley of the present River North Esk, basal till is
exposed as a bluish grey clay. The drift sequence at the top of this
section (fig. 4.4) is repeated on the southeastern flank of the Lasswade
sand feature (fig. 4.5 and photo. 1).

Where the Reoslin Till was suspected to ocecur, but no section existed,
it was sometimes possible to prove its presence by augering. A heavy-
model serew-auger was used, with extension pieces after the fashion of
gas-piping. This will penetrate sand, stoneless clay and leached till,
a8 long as it avoids large stones. DBy augering, the Roslin Till was
proved at Easter Push, where 43 feet of till overlies 7T+feet of sand;
and alse north of Pentland Mains Farm where 4 feet of till overlies 6+
feet of sand. At several other sites where Roslin Till was suspected to
ocecur, the nuger was held up by stones, or continued im till to a depth
greater than Roslin Till usually exists, suggesting the auger had passed
into a lower till. In either case, Roslin Till could not be proved to
exist at the surface,

A further result of augering into the Roslin Till may be mentioned
at this point. The flat surface (terrace 152: Chapter VIII) at Oatslie,
composed of thick glacio-fluvial sand overlain by Roslin Till, is

interrupted to the southwest by a small subglacial drainage channel
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falling towards the present river North Esk. Augering proved the

fellowing drift at the sites indicated on fig. 4.6:

Site 1 Site 2 Site 3
1 ft. soil 2 ft. soil, becoming 2 ft. soil
24 ft. till sandier at base with 13 ft. till
2+ ft. sand stones 3+ ft. sand

At Oatslie the Roslin Till is usually 56-6 feet thick; it also tends to
fill in original depressions in the underlying surface. The very thin
till in the base of the channel at Site 38 (fig. 4.8) appears to be the
result of solifluction or slumping down the steep eastern slope of the
chaanel. The channel is interpreted as being cut through both till and
glacio-fluvium by meltwaters from the ice depositing the Roslin Till.
Other channels in the area are similarly interpreted as post-dating the
Roslin Till.

The limited aree of Midlothian where Reslin Till can be shown to
exist could not represent the full extent of this deposit unless its
source vere immediately adjacent in the Pentland Hills. There is no
morphelogical evidence to suggest this is the source; much more likely
is a more distant southerly source or even a northwesterly source (see
Chapter IX). Roslin Till has net been recognised outside its type-area,
partly because it is overlain by its own meltwater products and partly
because it often directly overlies another till, and the division between
the two tills is mot found., TFor example, at New Pentland, in a
continuous 6-foot temporary tremch over 400 yards long (open May 1963),
the Roslin Till was found overlying a variety of other drift types (see
figs. 4.7A, 4.78; photo. 2). In the middle of the section, the Roslin

Till is 83 feet thick and overlies 2 feet of bedded sands and silts in
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turn resting omn dark grey till. The Roslin Till is visually similar to
that elsewhere, being red-brown and gleyed throughout with some particle
decomposition. At each end of the trench, the Roslin Till was seen to
be underlain directly by clay and till; at these poimnts it is much less
leached, as water is less able to drain freely right through it. The
junction between Roslin Till and underlying clay and till waas clear mear
the central sand lens, because the sand thins eway laterally into a
darker line of silt. But where this ceeases, therec was nc break visible
between the Roslin Till and the underlying basal till. Where the trench
was 13 feet deep at its northern end; the twoe Lills are not separately
distinguishable, but darken downwards as onec unit as weathering becomes
less.
Superposed tills in Csk Uasin. In the section described above at New
Pentland, the Roslin Till and underiying basal till could not be
separated by their field appearance when in direct contact. However,
they were later differentiated by the aid of fabric analyses and stone
counts. Other cases of superposed tills were recoganised directly in the
field, because of different appearance oxr slight textural variationa in
the beds. In the examples of superposed tills deascribed below, meither
of the tills can be directly correlated on stratigraphic evidence with
the Roslin Till, but one or other may subseguently be equated with it
from other evidence.

Fresh sections were made aveilable om both the northwest and the
southeast flanks of Gilmerton Ridge during the period of field study.
On the northwest flank a temporary 8-foot trench section (epen January -

March 1064) extended N80 W obliguely down the slope. The ground surface
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slopes at 5° to N60°W. The section showed at the surface 3 feet of till
overlying 8+ feet of darker till. Separating the tills is a layer of
sand 6-12 inches thick (see fig. 4.8; photo. 3). This sand thins up-
slope to a series of sand lenses at the same depth, and is absent at the
higher end of the section, which was below the road along the ridge-crest.
The upper till is gleyed and shows vertical cracks and worm holes through-
out; many particles are decomposed. The lower till is distinguishable
from the upper till even when the sand layer is absent by its darker
colour and greater compaction. The sand layer, which contains fine bands
of coal dust, is sloping at 6° where measured, suggesting it accumulated
in sequence with the two tills beneath ice. | x

At a similar distance along the Gilmertom Ridge om the southeast
flank, an opencast shale working provides & long drift section. The
section was fresh when examined in July 1961 but is mow (1965) deterio-
rating. The succession (fig. 4.9) is similar to that described above for
the other flank of the ridge, with the addition of 4 inches of black
earthy material occurring beneath the sand. Although it is tempting to
consider this as a soil layer (sece section on Vegetation Remains, below),
no distinctive vegetable matter could be isolated; the layer is most
probably fragmented bedrock washed down the slope. The lower till is 53%
feet thick, resting om black Carboniferous oil-shale.

At a second site in the shale working, 140 yards further northeast,
no sand or black earthy layer was seen.

The western edge of Penicuik townsite extends up onto the edge of a
broad bench or terrace composed of till and roughly paralleling the

Pentland Hills. The Cuiken Burn descends to Penicuik across this terrace.
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In its centre part where it turns along the length of the terrace, the
burn cuts down through till to a depth of 18 feet. A borehole datum
showing 20 feet of drift and the exposures nearby at Cronbank estate
during house building (July-September 1964) indicate that in this centre
part of the terrace the 18 feet of till is about the total thickness and
further stream incision is limited by bedrock. The transverse profile of
the burn suggests movement laterally southeastwards of the stream bed.

The 18 feet of till forming the Cuiken terrace consists of two
separate deposits, a lower till 12 feet thick being separated by a 2-inch
sand layer from an upper till 6 feet thick (fig. 4.10). The lower till
is grey-black, unweathered, tough, and shows good fissile structure.
Particles in the till seem to be aligned very markedly in & common direc-
tion. The upper till is red-brown and gleyed in light grey and ochre.
Vegetation roots extend down to 3 feet depth, and worm holes to 5 feet.
This till has no fissile structure but does have wertical fissures,
probably secondary. The texture appears sandier than that of the lower
till, and small lenses and narrow layers of sand occur down to its base.

A striking case of superposed tills is intermittently exposed at
stream level along Keith Water (NT 44 63). Two tills of completely
different colour are im direct contact, the lower being grey-black basal
till and the upper a clayey brick-red till. Four feet of the red till
is preserved under river alluvium.

A gimilar succession of two tills in direct contact may be seen at
Pogbie in the same district (NT 46 61). A section in a deep drainage
ditch at the edge of a field shows 3 feet of reddish till overlying 4+

feet of dark till. The contact betweem the tills is undulating but
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distinct, and marked for a short distance by a lens of sand. The red
till in each of the above East Lothian sections is known as Humbie~type
till by the Soil Survey of Scotland.

Superposed tills occur much more widely than the limited number of
examples above would suggest. There are other cases where, although
visual inspection may show only one unit, further tests indicate
significant divisions.

When there is & separating layer of washed deposit between two
thicknesses of till an immediate division is possible, but the further
problem then arises in deciding whether the washed deposit represents a
ma jor change in conditiomns of deposition or is an isolated insignificant
variation. Every gradation is found in the Esk and Tyne basins from
thin wisps of sand caught up inm till, as has been described from some
sections above, to beds of sand and gravel 50 feet thick. Apart from
looking for variation between the layers of till directly, a partial
decision on the meaning of the oscillations in the type of deposit can be
made from the thickness and continuity of the beds and the degree of
vertical gradation between them. These factors are comsidered together
in a later section. An interstratified deposit is taken to be one
containing more than one of each of alternating layers of till and glacio-
fluvium; some of the best examples are now described.

In Dalkeith Park, an excellent exposure in drift occurs as the right
bank of Park Burn, three hundred yards before it enters the River North
Esk. The section shows an alternating sequence of till and sands, the
individual beds generally thinning upwards except for the topmost bed,

which is of sand and quite thick. Five layers of till are exposed
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(fig. 4.11), the top ome at the base of a wooded slope being weathered
and not well revealed. At the base of the succession is exposed 5% feet
of basal till. Slumpage conceals the 4 feet below this down to stream
level, but it is almost certainly the same basal till, the total of 9%
feet representing the total thickness of basal till: from local evidence
in the gorge of the North Esk nearby, Park Burn must be near or on the
bedrock, being a tough, unweathered, dark grey deposit with fissile
structure. Boulders cccur up to three feet in length.

The basal till grades upwards into 8 feet of various water-sorted
deposits. The gradation takes place over a distance of a foot, the
material in this distance being grey silt, sand, and a 3-inch till layer.
In other words, there is a transitional state as regards colour, grain-
size, and the degree of water-washing. The 8 feet of glacio~fluvium
consists, from the base, of 3 feet of yellow-grey sand containing coal
fragments, 3 feet of gravels and sandy gravels, also containing coal
fragments, and 2 feet of fine sand, yellow-brown and cleaner than the
beds beneath.

Following this glacio-fluvium, the section shows three further layers
of till varying from 3 to 15 inches in thickness, and a final layer of
till 1+ feet thick. The tills have the same appearance as the basal
till. Separating the layers are thin bands of clayey sand, sand, and
gravel (fig. 4.11). The remaining 24 feet of the river bank is sloping
and tree-covered. Sand is exposed at the top surface, which is an out-
wash terrace (terrace 229), and in a rabbit-hole at 12 feet below the
surface.

Glacio~fluvium denotes temperatures high enough for running water.



Chapter VIII. TERRACES OF THE RIVER LSK
Terrace mapping and height measurement
Details of individual terraces
Method of correlating terraces
History of terrace development: Terrace A
Terrace B
Terrace C
Terrace D
Terrace &

Terraces I and G

Reoslin Till coverage of Terraces
Terrace H

Terraces I and J

Terrace K

Terrace L

Former course of River North Lsk

Chapter IX. GLACIAL HISTORY OF THE ESK BASIN
Sunmary of main systematic conclusions
Regional glacial history

Appendix A.  SAMPLING ERROR OF STONE COUNTS

Appendix B. TILL FABRIC ANALYSIS: BOOKING AND
CALCULATION OF CHI-SQUARE TEST
OF ORIENTATION

Appendix C. COMPARISON OF TILL FaBRIC STHRLNGTH
OF ORIENTATION

Appendix D. TERRACES OF RIVER ESK: NATIUNAL GRID
REFERENCES OF HEIGHTED POINTS

References cited.

VOLUME TW0 - ILLUSTRATIONS
Till Fabric Diagrams
Maps and Diagrams

Photographs
Aerial Photographs

264

268

268
284



47.

The alternations of glacier-deposited till and water-de,osited bedded
sands represent fluctuations in the temperature conditiomns at the time of
deposition. These fluctuations can be local, and related for example to
release of pressure or movement of ground heat beneath a small part of an
ice-sheet; or they can be regional, representing a considerable change in
climatic or water-table conditions. In the latter case, the associated
deposit is more likely to be thick and occur widely. In the Park Burn
section, none of the water-lain deposits is very thick or coarse~-grained,
and so only small,; short-continued rises in temperature meed to be invoked.

Immediately above the basal till the grey silt represents the tran-
sitional period with an increasing amount of available water. The
coarsest bed is the 3~feet gravel bed representing the condition of
maximum available water. Decrease in temperature brings a decrease in
available water, shown by a 2-foot deposit of finer material, Finally
there is a junction zone sand-to-till of 1-2 inches. Thereafter glacial
deposition is re-established.

This alternating cycle is repeated twice more. The presence of
gravel rather than silt in the thinner water~lain deposits of the later
cycles suggests briefer episodes of the same intensity rather than periods
as long but with less temperature variation.

A small piece of field evidence provides further informatiom om the
deposition. The till layer 15 inches thick is cut almost in two by a
gully trending N10°E almost at right angles to the exposed face (see fig.
4.11 - inset). The gully extends from the top surface of the till almost
to its base. It is of square cross—section with vertiéal walls. There

is an abrupt junction between the surrounding till and the filling of the
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gully, which is fine washed gravel and sand. The gully extends 34+ feet
into the face, narrowing slightly to the rear. At the top of the gully,
the gravel filling extends laterally as a 3-inch layer to separate the
host till from a very marrow band-till, only 3 inches thick, on top. The
#-inch layer of sand amigravel would not have been noticed, were it not
for the gully associated with it.

This gully is interpreted as a wash-out, formed by meltwater running
over a surface of freshly deposited till. The shape makes it unlikely to
be a desiccation crack; mnor is it a frost-wedge as again the shape is
wrong, and the sand bed beneath is undisturbed. Differential compaction
explains the slight bulges of the floor, roof and left hand side of the
gully. The gully was formed after the deposition of the host-till and
before the thin overlying till. Therefore the deposition of till was
discontinuous, and the section as a whole illustrates a microcosm of
glacial deposition in phases, with sub-glacial fluctuations in temperature.

Stone counts from the two lowest tills give very similar results,
sugpresting that the 8-foot glacio~fluvial deposit is not separating two
different tills. As the other interstratified bedded deposits are much
thinner, and there is no vegetation or weathering evidence in the section
to suggest major climatic breaks or subaerial exposure between the tills,
it might be concluded that the higher tills are also of the same origin
as the basal till. In any event, the evidence is sufficient to indicate
that the comment that "the basal boulder clay shows no evidence of
separate phases of ice-movement" (Mitchell and Mykura, 1962, p.11l1),

should be modified.
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The highly relevant till fabric analyses carried out in each of the
till layers in the Park Burn section are described in Chapter VI.

A section showing interstratification of till and washed deposits,
and one that provides interesting analogies with tho Park Burn section,
occurs as a river bank cutting of the Black Burn, on Auchencorth Moss.
This is a right bank section facing north, about a half mile upstream of
Halls Bridge and the junction with Lead Burn.

The base of the section (fig. 4.12) shows 123 feet of dark red-brown
till. A further 9 feet of slumpage almoat certainly conceals the same
till, as seen in other nearby sections at stream level. The stream is
now cutting into the surface of the Millstone Grit bedrock. The basal
till is a tough, homogeneous, unweathered deposit containing large
boulders. At the top of the basal till, there is & gradation in texture
over about a foot; the till becomes more silty and loses its large
particles. The silty layer is followed by 1 foot of bedded sands
containing coal particles. There is no change in colour from the basal
till up to this sand layer.

The top of the red-brown sand is marked by am abrupt break, followed
by 37 feet of grey till., The grey colour is retained as this till in
turn grades upwards to 9 inches of bedded sands. The texture is then
retained but the colour changes: the grey sand is succeeded by 6% feet
of brown washed deposits, a suite of very variable sediments comprising
six distinct beds. The succession is completed by 13 feet of a uniformly
fine, light brown silt resembling loess, and a soil layer.

The abrupt change in texture and colour midway up this section

suggests two separate tills rather than a pause during the depositiom of
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one glacier load. The basal till and grey till each grade upward into

meltwater deposits of the same respective colour, but there are no beds

linking the two colour units. To this obvious difference in appearance
will be added in a later sectiom the results of stome counts and fabric

analyses from the two till layers.

At this section on Black Burn, the 6] feet of brown washed deposit
is of local occurrence, There are small spreads of sand and gravel
along the burn, remnants of the deglacial phase when the stream was
initiated. These are shown on the apyropriale six-inch geological map.
The topmost deposit, of silt and fine sand, is also of local occurrence.

An interatratified deposit of quite a different type has been
visible for a number of years below Kirkhill cemetery within Penicuik
townsite. It occurs om the southwest flank of a large area of outwash
sands, subsequently dissected by the River North Esk and Loan Burn.

Most of this dissected surface is now built up. The deposit was formerly
worked for sand, but digging reveals that as well as sand; the 40-foot
section includes a 3-foot band of till, rather less than half way up

(fig. 4.13). The till is an unweathered compact deposit,; rather sandy

in texture and with some sand lens inclusions. Boulders up to 13 feet
long were noted. There is & clear-cut junction with bedded sand both at
the top and bottom of the till layer. The sand above and below the till
is uniformly medium in grain size and contains coal fraguents. The only
variation is a 2-foot band of laminated silt and clay in the upper part,
dipping north.

The type of bedded deposit suggests relatively lomg-continued

deposition by meltwater under quiescent conditions. This was interrupted



61.

by a period of glacial deposition and must all have been preceded by a
glacial episode, although the basal till is not revealed. In particular,
the thickness of the lower bed of sand seems more likely to be separating
two distinct glacial phases than marking a temporary sub-glacial cessation
in till emplacement.

Superposed tills in Tyne Basin. In idast Lothian, a number of sections

along the tributaries of the River Tyme show successions of drift
including more than one till. The best~known section is Red Scar, an
abandoned river cutting at Costerton. This section was first described
by Kendall and Bailey (1908) and remains as clear today as when they
examined it (photos. 4 and 5). Four main deposits occur above river-
bank level (fig. 4.14). Thirty-two feet of dark till at the base is
succeeded by about 15 feet of bedded sands, the two deposits merging and
being interbedded over about three feet. The sand is medium grained
except for a l-foot thickness of laminated clays and silts near the top
(fig. 4.14, layer a); there are about 30 thin laminations, including
both red and chocolate-coloured layers. Pollen analysis from the
laminated layers, ear:ied out by W. W. Newey, showed them to be lacking
in organic material. No pollen grains were observed; the only
identifiable remains were derived spores of Carboniferous type.

The top of the sand is marked by a sharp break, and then follows 13
feet of dark till grading upward into the top formation which is 54 feet
of bedded sands with some gravel bands. There is a transition over 1%
feet between the upper till and the topmost sand: the till changes colour
upward from dark brown to light brown, and then loses its texture, becoming

clean silt and finally sand. There is no distinct line marking an
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interruption in the sedimentation process. Within the upper till there
is a distinctive 1l-foot band of black shale and black and ochre clay
(fig. 4.14, layer b). This was shown mot to be a scil layer by pollen
analysis which eagain produced no identifiable remains of post-
Carboniferous type and no recognisable macro-fragments.

The Red Scar sequence of deposits can be traced along the course of
Keith Water for a half mile downstream and at least one mile upstream of
this site through occasional smaller sections and by examing the
vegetation of the valley sides. The upper till is marked very clearly
by a wet zone and by reeds forming a discontinuous belt along the slopes.
In the Routing Burn tributary of the Keith Water just north of Fala both
tills are exposed in a clean section; elsewhere either one or other till
is exposed.

One of the downatream sections along the Keith Water, previously
described by Kendall and Bailey (1908) is not now as clear overall as
formerly (photo. 6). An estimated 17 feet of dark basal till grades up-
ward into silty till and then into bedded sand (fig. 4.15). Near the
base of the sand are inclusions of red till and higher up a 3-foot bed of
red till. The sands are fine~ and medium-grained and thin-bedded. The
15°-20° dip of some of the bedding indicates post-depositional movement,
by slumping against melting ice. The included pieces of red till appear
to have been washed rather than dropped into the sands, as shown by the
bedding around them. The presence of pieces of till at a lower horizon.
than the till from which they are apparently derived may be explained in
twe ways. In the first place, they are not necessarily derived directly

from the till above, but can have been washed and slumped into their
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present position during the sub-glacial dissection which accompanied
deglaciation in this area. Alternatively the pieces of till may have
been washed into the sand in front of a re-advancing glacier which
subsequently covered the sand and deposited the bed of till., This pro-
glacial explamation is less satisfactory in this location as it requires
the sand to be the product of the re-advance glacier. The fact the sand
grades up from the basal till, and so is associated with the melt phase
of the first glaciation rather than with the approach of the second.

The extreme top of this section shows 7 feet of a further bed of
till. From field examination this till appears to be a weter-modified
equivalent of the red Humbie-type till, although the colour iz less
distinctive. There is & sharp juncticu between this till and the under-
lying sand, but the sand does have 14 feet of silty layers near the top.

Two further secticns from the same area add to the information from
Red Scar and Keith Water above. These are exposed in old sand pits
ad jacent to the B6371 road, one each side of Keith Bridge (figs. 4.16 and
4.17). As these sections are only & quarter mile apart and their top
surfaces are at 506 and 508 ft. 0.D. respectively, as wmeasured by aneroid,
they cam be directly linked. Also they probably show beds equivalent to
those in the Keith Water section (fig. 4.15) further upstream, the top of
which is at 527 ft. 0.D. Eoch gection shows only the upper part of the
complete succession; in cach case, at least the basal till is not
exposed, but may reascnably be inferred. Thick herizontally-bedded sand
is overlain by beds of till of varying thickness, interstratified with
sand and stonecless clays. This thin-bedded sequence is not consistent

from section to section; in particular the twe exposures in the Keith
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Marischal sand pit do not fit together, at one point the bedded sand being
truncated against red till as the result of ice-contact deposition. Imn
general the sections show 24 feet of till grading into sand at its top
and base. Above this occcurs a further bed of till, distinctively red
where it is preserved unweathered.

These sections in East Lothian showing mmltiple tills can be supported
by many more showing just ome or two formations, and from these the glacial
stratigraphy can be established. This is attempted after the till fabric
analyses and stone counts from some of the sections have been considered.

Stone counts from till. As an independent method of investigation of the

till layers in the Esk and Tyne Basins, stone counts were made at 39 sites.
Tables 4.1 and 4.2 swmmarige the details of the stone ccuats, and fig. 4.18
shows the location of the sites and the proportion of reck {ypes at each.

Suitably-sized particles for hand examination were collected. In the
collections totalling exactly one hundred the particles were those used in
the till fabric analyses at these respective sites, to be described in
Chapter VI, There is a slight possibility with these that the proportion
of different lithologiea is not truly representative of the total particle
population because, as only elongate particles were used, a rock type
characteristically producing rounded pebhbles for example, would have beenm
passed by. However, it is thought that the collections are atl least
breadly indicative of the proportions of the lithoclogies in the till
(Appendix A). The particles extracted were usually only a fow centi-
metres long; these are better indicators of long-distance movement than
large boulders, locally derived.

Because there are so many different bedrock lithologies in the

Edinburgh area, particularly to the southwest, it would have been



TABLE 4.1

STONE COUNTS FROM TILL -~ ESK BASIN
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Lithological suites () and sources

Total Carb.ls., Ign. ©G.R.3. (Grey- Others

Location and collec~- ®#s., blaes. Voles. Fent- vacikes Wide-

t.f. site number tion Esk Basin Pent- lands S. spread

and West lands Uplands
Bilston (3) 100 30 20 3 0 47
Qatslie (4) 100 34 22 7 3 34
Boghall Burn (6) 120 25 33 12 4 26
Boghall Burn (22) 79 10 34 7 1 48
New Pentland (29) 122 10 18 5 0 67
Glencorse House(32) 100 23 41 9 11 16
Milton Bank (33) 100 21 21 12 23 23
Haveral Wood (34) 100 8 15 5 2 70
Black Burn (35) 100 25 34 1 12 28
Black Burn (39) 214 18 17 8 40 17
Bsperston (40) 94 61 0 1 24 14
Cﬁzﬂp;:;;land (ig{ o %0 18 ¢ : "
L;::EE::“’ (42) 300 5 27 2 53 18
Flotterstone (43) 219 13 48 7 7 25
Braidvood Burn(44) 202 0 45 5 28 22
N. Esk,

Auchendinny (45) 148 36 38 3 1 24
D:it;fe Mill, (46) 261 19 24 10 27 20
Sﬁiﬁidﬂfi“’ (47) 236 22 14 1 48 15




TABLE 4.1 (Cont.)
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Dalhousie Burn (48)

FPark Burn,
Dalkeith Park (53)

Park Burn,
Dalkeith Park (54)

Cuiken Burn (60)
Cuiken Burn (68)
Black Burn (65)
Fullarton Water(66)
Kirkhill Bank (67)
Kirkhill Cut (68)
Silverknowe (s)

Prestonfield (P)

Roslin (R)

Newbigging
Onneer (2)

140

100

100

185
122
343
204
170
166
322

318

192

11

16

16

26
10
a9
22
44
30

17

13

15

35
33

62

i8

15

- L L @&

(=

11

10
16

74

50

25

5

78

17
30

27
78
a3

11

16
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TABLE 4,2

STONE COUNTS FROM TILL - TYNE BASIN

57.

Lithological suites (#) and sources

Total Carb.ls. Ing. 0.R.S. Grey- Others
Location lcollec~ 8s., blaes. Voles. Pent- wackes Wide-
t.f. site number | tion Tyne Basin Pent- lands S. spread
and West lands & E. Uplands
Lothian
Keith Water (9) 173 39 8 2 21 30
Red Scar
Coitadtin (10) 286 50 0 1 43 6
Milton Bridge (51) 223 30 16 3 1 50
Birns Water  (52)’| 378 33 16 6 21 24
Keith Water (69) 232 16 1 13 64 6
Keith
M ki (70) 220 46 7 3 14 30
Partridge Burn (71) 309 48 4 5 26 17
Cotty Burn (72) 151 44 12 9 11 24
* Comprising
Birns Water (524) 223 32 17 5 25 21
(528B) 150 33 18 8 15 28
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impossible in this essentially subsidiary line of investigation to
identify every particle; short of thin-sectioning it. What is possible
is either to plot the location and frequency of ovecurrence of a particular
indicator erratic or, considering the total particle sample-population, to
divide it into suites of rocks according to local stratigraphical
provinces.

In this work, on the advice of E. K. Walton (pers. comm., 1963), the
second course was followed and ne particular indicator erratic was
selected. The population was divided into suites, comprising : greywackes,
monotonously characteristic of the Southern Uplands; the Devonian extrusive
igneous rocks of the Pentland Hills; the 0ld Red Sandstone outcropping at
the northern tip and over much of the southern part of the Pentlands; and
the considerable variety of Carboniferous grits, limestone, sandstone, coal
and blaes forming both the Midlothian Basin and the low ground west of the
Pentlands.

All lithologies not identifiable as one of these four categories were
grouped together im an "others" category, which therefore contains scores
of individual rock-types, particularly fine-grained igneous rocks that can
be identified only by thin-sectioning, but alsc occasionally pieces of
Highland granite and schist.

No thin-sections were made: the specimens were compared by eye against
a collection of about 80 rock samples taken by the writer from identified
bedrock exposures. As the reference collection was by no means complete,
particularly for volcanic rocks, the "others" category also includes all
specimens that could not be recognised at all, but were not from the four

described suites. Many of the erratics in the basal till are known to
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have originated in the west of Scotland (for example, Peach, 1909); as
the division stands, paucity of the four local suites of rocks indicates
& distant source by default.

Tables 4.1 and 4.2 show that the proportions of all the rock suites
fluctuate considerably according to site. The most consistent suite is
the Pentland igneous volcanics which occur at all sites except Silverknowe
northwest of the Pentlands, and Esperston under the Moorfoot Hills in the
southeast. 0ld Red Sandstone is also consistently present but in smaller
proportions.

As most of the sites are located on Carboniferous rocks, the propor-
tion of these lithologies is lower than might be expected. Carboniferous
rocks from the f£sk Basin were not found at Braidwood Burn (44), five
hundred yards east of the Pentland Fault, but do oecur in small proportion
at Flotterstone (43) a rather greater distance on the other side of the
fault-line, and so must have been carried into the Pentlands from the
south or east.

The proportion of Southern Upland greywacke varies a great deal.
Greywacke becomes less common northwards away from its source area, but
the quantity by no means diminishes at a regular rate. In the southern
part of the Esk Basin the distribution of greywacke shows several
anomalies. At sites 33, 40, 42, 44, 46, 47, 48, { and R, all in basal
till, greywacke forms a considerable proportion of the total stome count,
rising to over a half of the total at Lead Burn, Howgate (42) which is
within a mile of greywacke outcrop. But there are several other sites
also in basal till and as close to the Southern Uplands with a much lower

proportion of greywacke. At sites 32, 35, 43, 45, 60, 65 and 68
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greywacke does not contribute much more than a tenth of the total stonme
count. At Glencorse House (32) and Flotterstome (43), this may be the
result of local over-representation by the Pentland volcanic rocks; at
least greywacke is present as 11 and 7 per cent respectively. At North
Esk, Auchendinny (45) and Cuiken Burn (60), sites a mile closer to the
Southern Uplands and further removed from the Fentland lithologies, only
one particle of greywacke was found in & combined stome count of 333
particles. No explanation of over-representation appears valid and, im
any case, site 45 is adjacent to site 46 where greywacke is abundant.

The five stone counts west and east of Howgate providq further
information. 0f these, numbers 35 and 65 are from the basal till and 39
from a thin higher till, all. exposed at Black Burn. The basal tills
each have a low proportion of greywacke in spite of their short distance
from the greywacke outcrop, suggesting that the depositing ice moved from
the southwest rather than from the south. The reverse appears true form
the greater proportion of greywacke in the higher till at Black Burn (39)
and from site 42 on Lead Burn. The fifth site at Fullarton Water (66)
revealed only 16 per cent greywacke, although half-ringed by this bedrock
to the south. The mixed lithologies suggest an ice movement from the
southwest, avoiding a long carry over greywacke exposures.

If any conclusion is to be drawn from this limited evidence on the
stone counts of the basal till, it is that the basal till is not a
homogeneous deposit but is derived from different sources, travelling by
different routes, It is not clear whether the variations in the astone
content occur laterally in one horizon, or indicate separate beds, each

bed having its own characteristic suite.
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The contrast in stone counts between different tills at the same site
is strongest at Kirkhill by the River South Hsk. The raw bluish-grey
bloecky basal till exposed in the river-diversion cutting contains a mixed
lithology, with local material dowminating and only 7 per cent greywacke.
The sections at the very top of the South HEsk gorge show a red-brown till
with a quite different stone count. Greywacke now comprises three-
quarters of the total number of stones counted. Loeal bedrock is repre-
sented by only a tenth of the total and the proportion of Pentland
volcanics is also much reduced. The proportion of local bedrock may not
be a good indicator, because of local over-representation, but from the
contast between Pentland and Southern Upland proportions, the two tills
appear to result from two different directions of ice movement, an earlier
movement with a dominantly westerly compoment; a later one with a
southerly component.

Stone counts from the Roslin Till were taken at sites 3, 4, 6, 34 and
19/41. These have in common a moderate proportion of igneous volcanic
rocks and small gquantities of 0ld Red Sandstone and greywacke. The four
~ gites nearest to Roslin also give between 25 and 40 per cent of Carbon-
iferous lithologies. The proportion of rock suites does not suggest any
particular origin. In marked contrast, site 34 at Haveral Wood has only
8 per cent of Carboniferous lithologies, and the collection does not break
down into the normal suites. The great variety of material, which
includes only 2 small particles uncertainly attributed to the Southern
Uplands, suggests an origin for this till which is neither local nor from
the scuth.

The remaining sites in the northerm part of the area, at Boghall Burmn



(22), New Pentland (29), Park Burn (53 and 54), Silverknowe (S) and
Prestonfield (P) all have a high proportion of rocks outside the four
named suites. (Greywackes are very uncomaon. Both of the lithologies
were recognised as of western origin; for example, quart-dolerite of
Dalmahoy type was picked out. The large amount of Carboniferous types
at Prestonfield (P) are of the type produced from the Calciferous
Sandstone Series,; widely exposed west of the Pentlands. Apart from some
Calciferous Sandstone Series, the site at Silverknowe (S) yielded only
the "other" category of material, largely mafic igneous material. No
schistose Highland rocks were noticed.

A western source for many erratics in this northern area is of course
certain, as seen in many previous records (for example Peach et al, 1910).
Not only the basel till (sites 53, S, and P) shows this westernm influence.
It is seen also in the band till at Park Burn (54), the skeletal basal
till at New Pentland (29) and, as has been stated, in the Roslin Till at
Haveral Wood (34). The origin of the till at Haveral Wood as Roslin Till
seems doubtful.

The method of stome counts has previously been applied to Southern
Midlothian by several other workers. The results as sc far described in
this text to some extent only reinforce earlier conclusions. Anderson
I(1940) gives the results of a stone count from the "overlying boulder clay"
near Roslin (the Roslin Till), this being the same exposure as Oatslie,
site 4 in Table 4.1l. His conclusion is that the vast majority of rocks
are either igneous, many being local from the Fentlands, or Devonian and
Carboniferous sedimentaries. Greywackes were found to be rare (1 per

cent). This agrees tolerably with the Catslie atome count (4).
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Anderson considered that the few greywackes present may have been derived
from the Pentlands rather than from the Southern Uplands, an origin for
greywackes which would explain the presence of the few im the northern
sites in this study.

Anderson does not draw any conclusion as to the origin of the Roslin
Till. Mykura wrongly attributes him as concluding (in Mitchell and
Mykura, 1962, p.114) that the till bears evidence of a readvance of
Highland ice.

More detailed evidence on the lithologies represented in the local
tills has been presented by McCall and Goodlet (1952). This paper
decides on directions of ice noreuent.from a study of selected indicator
erratics rather than by dividing the whole sample-population into suites.
In the Roslin Till (referred to as the Midlothian Upper Beulder Clay), the
presence of felsite from Tinto Hill to the southwest, and the absence of
Highland rocks (contrary to Anderson, 1940) is taken to indicate a carry
from the south. The status of Southern Upland greywacke is not considered.
But the principal formations below the Roslin Till, the basal till and the
"Middle Sands and Gravels", are found by McCall and Goodlet to contain
Highland rocks fairly frequently and common occurrences of felsites (refer-
able) to North Black Hill, at the north end of the Pentlands. This is
taken to mean that the twe deposits are directly related. The original
ice movewent was postulated as from the Highlands around the north and
south ends, and subsequently over the top of the Pentland Hills. During
retreat of this Highland ice the Middle Sands and Gravels were deposited
and following this the Roslin Till was deposited from the mouth.

The results of McCall and Goodlet are & valuable contribution to the
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background of the present study and not only because their paper is one of
the few directly concerned with Midlothian. Indicator erratics studied
in large numbers cffer a much more precise method of determining direction
of ice movement Lhan does the simple division into suitee performed by
Anderson and the present writer. JNevertheless, as Mykura points out
(Mitchell and Mykura, 1962, p.112), a really detailed study of the boulder
content of these driftis has yet toc he carried out. McCall and Goodlet's
paper is merely introductory, and limiting in the respect that the
divisions and regional variations within the Roalin Till and the hasal
till are not recognised. It is obviously rash to asseciate material from
differént horizons of the basal till and from different localities without
extreme caution., [Exemining the content of the basal till at Black Burn,
an area where sectioms show two tills (see fig. 4.11), McCall and Goodlet
remark that "greywackes are common but seem to come mainly from the upper
part of the secticn" (1952, p.406). Also, that "felsites were not found",
at Black Burn, "but were collectled from the boulder clay in the North Bsk
at Roslin, and proved all to be referable te¢ the North Black Hill of the
Pentlands™. Roslin is five miles north of Black Burn, and the same hasal
till cannot be assumed to oceur at each. The absence of the North Black
Hill felsite and the presence of greywacke at Black Burn suggests that inmn
the upper part of that section, the source is much more likely to be
southerly or southwesterly than westerly, contrary to their general con-
clusion., The stone count sites 35, 39 and 65 at Black Burn do support
McCall and Goodlet's comment on the greywacks distribution; greywacke is
much more common on the higher site 39 tham in either of the sites in the

thick basal till. Examination of the stone counts adds considerable
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weight to the visual impression, already described, that there are two
distinet tills present. This point of detail and other previous remarks
on the anomalous proportions of rock suites at some sites will be referred
to again following the till fabric analysis results in Chapter Vi.

The main points of interest relating to the sites ia the Upper Tyne
Basin (fig. 4.18; Table 4.2) is their nearneas to the Southern Uplands
edge, and to a loecal outerop of 0ld Red Sandsiume. lce movements from
the southerly quadrant would be expected to produce till with a high
content of greywacke and red sandstone. Only one of the {ive stone
counts, from the red till at Keith Water (69) previously described shows
this. ©On the other hand, most of the olher stoue counis in the Upper
Tyne Basin include about 20 per cent greywacke. Twoe stone counts from
ad jacent sites that show a contrast are anumbers 51 and 58 aiong Birns
Water; the figures from Table 4.2 suggest there are twe Lills present here.

The stone gounts in themselves are not conclusive on any major points.
They generally confirm earlier conclusions on directions of ice movement,
although indicating that the ideas were rother simplified. Dut it will
be seecn that the stome counls comsiderably enhance the fabric analysis
results, and themselves ihen take on more significance. The two will be
shown to be meaningfully related in alwosi all cases.

Mechanical analysis. The division of vills into their perticle size

components is a standard method for differenitiating and correlating them.
As there were known to be different {ills presenl in the sk Basin, it was
considered that particle sigze might be a useiul parameter in identifying
them. Twenty-seven samples were asnulysed mechanically. These comprised

twenty samplea of till oand seven of various other deposits. The till
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samples included basal till, an intermediate-depth till, and the Roslin
Till.

All samples vere subjected to the some fine-grain sorting procedure

\
to separate the sand, silt and clay fractions; and the sand fraction was 3

further broken down by sieving in five of the till samples. After each
field sample.had been thoroughly air dried; the larger aggregates were
broken down by erushing the sample gently with a rubber sheathed pestle.
Gravel and all larger particles (particles over 2 mm.) were abstracted by
dry sieving through & B.S. number 8 sieve, The sample was then coned and
quartered.

For fine-grain analysis, it was found empirically that & teat-sample
of about 50 grams of till and 30-40 grams of other deposiis was most
suitable. The method used is the hydrometer method as described in
D.S.I.R. (19562) pp.39-49 and 60-62. The +test sample was dispersed for
25 minutes using 150 ml. of 27 solution of sodium hexametaphosphate (Calgon).
To this was added a further 200 ml. of water {o prevent splashing from the
dispersing cup. The dispersed sample was then transferred to a litre
cylinder, topped up and shalken for 1 minute. Hydrometer readings were
taken after 30 sccs., 40 secs., 1 min. and with incrcasing iatervals 1o
24 hours. The calculated percentages finer by weight were plotted in the
usual way on semi-logarithmic papar and from the pletier curves the total
percentages of sand (0.06 to 2.0 mm.),; silt {0.002 to 0.06 mua.) and clay
(less than 0.002 mm.) were tebuleted (Table 4.3) and transferred to a
triangular diagrem (fig. 4.194). Duplicate analyscs were rum on two of
the till samples and two of the various other deposits. The good agree-
ment between the dupliecate runs indicates that a single znalysis was

adequate.
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Sample

1
19
20
21
24
32
34
35
36
37

43

&

47

48
49
50
60

63

TABLE 4.3

MECHANICAL ANALYSIS OF TILL AND OTHER DEPUSITS

Location
Bilston
New Pentland
New Pentland
Burghlee
Oatslie
Glencorse House
Haveral Vood
Black Burn
Liberton Hospital
Blackford Hill
Glencorse Burn
Braidwood Burn

River N. isk,
Auchendinny

Dalmore Mill,
Auchendinny

Shiel Burn,
Rosedale

Dalhousie Burn
Gilmerton Ridge
Gilmerton Ridge
Cuiken Burn

Cuiken Burn

Material

Roslin Till

" "
" L
" L]

Intermediate Till
Upper Till
Intermediate till
Upper Till
Basal till

Intermediate till

" "

Basal till

Intermediate till

Dasal till
Upper till
Basal till

Intermediate till

Percentage by weight

Sand
43.7
49,0

47.0

48.5
46.4
46.3
50.0
45.8
53.0

51.8

43.0

46.9

47,3
39.0
38.2

40.3

31.5
28,9
37.0

26.0

28.5
32.0
31.9
32,6
26.5

27.0

Clay
24,0

21.5
21.5
18,6
18.3
25.5
24.5
26.7
21.3
23.7

22.0

23.4

26.3

24.2
29,0
29.9
27.1
23.5

22,3

67.



101
102

103

104
105

106

107

2.

3.

Straiton
Straiton Moss

Park Burn

Easter Burn
Middlaton

Shiel Burn,
Rosedale

Goodie Water,
Lake of Menteith

TABLE 4.3 (cont.)

Kettle filling

LU n

Glacio=-lacustrine
deposit

Kettle filling

Colluvium

Estuarine Carse
deposit

Percentages are average of duplicate rums.

30.3

19.4

8.1
46.0

34.8

20,1

1.0

54.2

49.8

49 .4
31.8

46.0

51.0

47.5

Complete sample contains no particles larger than 2 mm.

68'

15.51°2

30.8'°

42.5
22,2

19.2°
28.9

51.5

Complete sample contains small number of pebbles up to 4 cm. long.
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In addition to the above procedures, five of the till samples were
subjected to a coarse—grain analysis by dry-sieving through a short set of
sieves, B.S. numbers 8, 30, 72 and 240. Test samples of about 100 gr.
were used, each fraction trapped being pestled and sieved repeatedly until
it was thought all concretions had been broken down. Duplicate analyses
were run on two of the test samples and showed moderate but not good
agreement.

Comparison of the fine-grain and coarse-grain analysis shows that the
latter must contain a considerable systematic error. The coarse-grain
analysis gave much too low values for the residual proportion of silt and
clay. It is concluded that with dry sieving, clay and silt aggregates
remained on the 240 sieve as concretions and attached to coarser particles.
The results of the coarse-grain analysis were accordingly rejected.

The results of the fine-grain analysis are shown on fig. 4.19A; an
enlargement of the centre part of this diagram containing the till
percentages is shown as fig. 4.198. In several investigations by other
workers, mechanical analysis has had varying success in showing significant
differences in the composition of tills. A distinect difference in grain
size was found between the Cary and Valders till of northeastern Wisconsin
(Murray, 1953) and between the upper and lower tills along the north shore
of Lake Erie in southern Ontario (Dreimanis and Reavely, 1953). On the
other hand, Jarnefors (1952) describes two tills from Northern Sweden,
well distinet in structure, colour, stone content and size of their large
boulders, yet showing by mechanical analysis to be almost identical in
grain size. In another example, from central Minnesota, a total of

thirty-two analyses of three tills indicated that the tills are texturally
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similar; it was found impossible to separate them by the mechanical
analysis (Schneider, 1961). '

From fig. 4.19B it can .be seen that the different tills from the Esk
Basin have very similar textures. For all the types of till, there are
no significant differences in the proportion of sand, but the Roslin Till
and related types of till have a slightly greater proportion of silt than
the intermediate~depth till. The basal till is represented by only &
samples, too few for firm conclusions. A further conclusion is that,
unlike the tills described by Schneider (1961) there is no textural differ-
ence between two tills in stratigraphic contact: for example, the two
tills previously described on Gilmerton Ridge (samples 49 and 50) have
matching particle size analyses. Similarly the distinctly different
superposed tills at Cuiken Burn (samples 60 and 63) have almost identical
composition.

The lack of any distinguishing criterion from the mechanical analysis
greater than slight differences in silt content is disappointing,
particularly as the fines analysed repreasent the far-travelled component
of the ground moraine, with part probably from the Highlands or Southern
Uplands. Mechanical analysis of the cobbles, pebbles and gravel fraction
might produce significant contrasts; but this coarser material may be
presumed to be of more local origin and, considering the variety of bed-
rock types, any differences could be attributable to more local factors.
Other standard laboratory methods, such as determination of pH and
carbonate content, would also be expected to reflect locﬁl bhedrock factors.

Several samples of drift other than till were subjected to fine-grain

mechanical analysis. These analyses provide a comparison with the till
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analyses (fig. 4.19A) and have also helped in their own identification.
Six of the samples are silts (as defined on the basis of most systems of
nomenclature of sand, silt and clay mixtures), containing 45-55 per cent
of silt. Samples 105 and 106 are defined as colluvium, probably aeolian
deposits. Two more samples, 101 and 102, although deposited in kettle-
holes probably also have an aeolian origin. Samples 103 and 107 are a
clayey silt and a silty clay respectively, the latter being estuarine
carse material from the upper FortL Basin west of Stirling. This is out-
side the area of study, but the sample analysis is included for comparison.
The final sample, number 104, has percentages of sand, silt and clay
typical of till, but the deposit from which the sample was taken éontaina
nothing coarser than sand; it occurs as the infilling of another small
kettle surrounded by till and glacio-fluvium.

Washed tills. Part of the till near the surface over the coastal plain

of Bast Lothian and the lower Lsk valley has e distinctive washed appear-
ance. This is not confined to till of a particular horizon or texture,
but appears to be a modification of all the tills in certain localities.
The water-washed appearance was first pointed out to the writer by members
of the Soil Survey of Scotland, who are more specifically concerned to
locate and explain it as a distinctive soil-forming unit. Washed tills
have only recently been recognised, and their origin cannot yet be
explained.

The typical basal till of the coastal plain is a tough, dark brown
deposit, as already described from Jerusalem (fig. 4.1). The surface
layers of this till are lighter in colour due to weathering but remain

clayey. Elsewhere the till is more water-modified and the surface layers.
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are more sandy. The difference between the normal (clayey) and the
water-modified (sandy) tills is appreei;ble, and immediately noticeable in
the hand. floth can show gleying near the surface and decomposition of
larger particles. But the clayey or sandy texture is independent of
this. Usually sections show either one or other type of till, but the
water-modified layer is thought from limited evidence to occur above
normal till. The ground surface where the two types of till ocecur is
usually featureless and so does not help to distinguish them. In East
Lothian, later tills are also recognised in the normal and water-modified
varieties.

Whether the modification is a glacial or post-glacial effect is not
known. VWashed till can be either an original deposit under conditions
where a moderate amount of water is present, as in an ablatiom till, or a
secondary formation where the fine content has been altered (Flint, 1957;
Kirby, 1961b). In the Lothians, the washed till is mainly located on
low ground, (J. M. Ragg, pers. comm., 1961), suggesting it is the result
of water-logging. However, it covers only a part of the low ground, and
has also been found on slopes and hill-tops, suggesting a subglacial
depositional environment.

The washed till is sufficiently distinctive to receive its own
appellation from the Soil Survey of Scotland. For example, the basal till
near Tranent is identified either as Winton-type till, the unmodified
variety, or Macmerry-iype till, the water-washed type. These give rise
to distinctive soils, the Winton and Macmerry Series respectively.

Further examples are provided in the local Soil Survey Memoir (in prepara-

tion, 1965).
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Within the fsk Basin, the most notable example of washed till occurs
on the southern outskirts of Dalkeith at Hardengreen. The eastern flank
of the high glacio-fluvial spread occupied by Lasswade golf-course (fig.4.5)
is covered below about 200 ft. by 6+ feet of a sandy till in which most
particles are decomposed. This was seen in temporary trenches between
the railway lines in the fields southwest of llardengreen Farm, and
continues down to the upper edge of the River South HEsk gorge. It is
plausible that here too the washed rotten till indicates water-logging
conditions, and so points to the former presence of a body of standing
water. No independent evidence in support of this, for example, morpho-
logical shoreline evidence, has been found.

Junction between beds of till and glacio-fluvium. In some cases the

Jjunction or contact zone between the individual bedded and unbedded
deposits is quite precise and definite; in other cases, there is a
gradation between the deposits extending over several feet. This fact
will already be clear from descriptions of sections, but the topic is
considered sufficiently important to warrant some separate comments.

It has received little attention in the modern published literature on
glacial deposits.

In terms of general glacial regimen, a single ice-sheet glaciation
should be indicated by till, as the product of active ice-movement,
covered by glacio-fluvium, representing relatively high temperatures and
the ablation of the ice-sheet. The pair of deposits represent a unit
for the single glaciation. A tripartite depositional unit including at
the base glacio-fluvium as proglacial outwash is possible in some cases;

but for ice-sheet conditions, the two-member unit is more usual. In the
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unit of two deposits, the till is everywhere beneath the glacio-fluvium
although not necessarily with the same horizontal extent. The running
water at the deglaciation stage is controlled extra-glacially by the
topography, and sub-glacially by the relief, by structures in the ice, and
in certain cases by the subglacial hydrostatic pressure (for example,
Gjessing, 1960). If sedimentation of till and glacio-fluvium is con-
tinuous, as for example, in a@ntur&l depression beneath the ice-sheet,
then a very slight temperature rise will produce at first only slight
ablation, and till still being deposited from the ice will be progressively
washed. The washing and water—sorting will increase with the amount of
free water, and a graded succession results, with the higher beds increas-
ingly water-sorted. This hypothesis is equally possible with either the
lodgment theory of deposition, which is the long-established majority
opinion, or the englacial theory, which suggests that till is developed by
the slow melting out of the debris-charged basal zones of glacier ice, an
alternative theory of which Carey and Admad (1961) are the most recent
proponents.

The reverse argument, that the absence of gradation implies two
deposits not ultimately derived from the same glacier-ice, does not hold,
as sedimentation may not have been continuous, or the finer glacio-fluvium
may have been re—sorted later by greater volume of water. The lack of the
upper member of the pair at one site is also not significant in a regional
setting.

Further glaciations should ideally produce further units of glacial
deposition, each composed of a till overlain by glacio-fluvium. There is

much more likelihood of an abrupt break between the units, that is, at the
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base of a till, than betlween the members composing the units as, during
interglacials, interstadials and oscillations of an ice-front, the pattern
of sedimentation will be broken.

The passage upward from glacio-fluvium to a higher till may be marked
by some exogenous sign indicating a major break in climatic conditions,
perhaps periglacial phenomena, soil formation and vegetation remains in
the case of an interglacial or interstadial break. Where such signs are
absent, the reverse argument again does not hold, although only a minor
break, less than an interstadial, can be assumed. Where the units are
thin, it is safer to regard even a minor break as unproven, and consider
the beds as indicating slight oscillations in subglacial temperatures
during deposition of the load.

A clear description of the gradation upwards between the till and
glacio-fluvium members within a single depositional unit, as seen during
excavations in central Edinburgh, is given at an early date in Fleming's
Lithology of Edinburgh:

"Towards the top of the bed the (boulder-) clay becomes of a lighter
colour, the proportion of sand increases, and distinct traces of
horizontal stratifications are readily discernible. see this
transition from stiff clay withinnumerable boulders, and of an
unstratified appearance, into sandy clay, with small stones or
rather gravel, and this again into fine stratified sand, may
frequently be observed." (Fleming, 1859, p.58).

At contemporary sections, the details at the junctions between member
beds and between depositional units were particularly noted. The section
previously described from Black Burn (fig. 4.12) shows two depositional
units, internally graded, with a precise ungraded contact between them,

which suggests an interstadial break. The section at Red Scar, Costerton,

(fig. 4.14) similarly shows two units internally graded with a sharp break
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between them. At Keith Water, the main section (fig. 4.15) shows one
depositional unit internally graded and the lower member of a second unit.
The 3-foot bed of red till and the inclusions lie within the lower full unit.

Between thin band tills, the style of junction is thought to be a
critical factor in deciding on their origin. At Park Burn (fig. 4.11),
the basal till grades into the overlying glacio-fluvium. Thiqifines up- 7
ward, ending with 1-2 inches of silt which in turn merges into the next
till. iven the thinnesti beds above this show a slight gradation, proving
there is not even a minor break in deposition.

The thin bands of till in the Last Lothian sand pits at Keith Bridge
and Keith Marischal show both sharp and graded junctions with adjacent beds.,
The lowest beds in each case are graded, suggesting the till is ablation
material deposited on the subglacial glacio-fluvium. The half-dozen very
thin layers of till that succeed this, each separated by sand or stoneless
clay, are not individually graded, but the group taken together represents
transitional conditions of deposition. At the top in two sections is
further red till at least 3% feet thick. This succeeds after a clear-cut
Junction which indicates at least a minor break in deposition. If a
greater thickness of the topmost red till could be established, this till
could be taken as the lower member of another depositional unit.

In the Esk Basin, the base of the Roslin Till is frequently exposed
in contact with glacio-fluvium of a lower depositional unit. The glacio=-
fluvium is in some areas as much as 50 feet thick, suggesting a time-
interval of at least interstadial proportions between the Roslin Till and
the next lower till. The nature of the junction is very well exposed;

it is usually so precise that a knife-blade can be inserted between the
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two beds. This is the case at Haveral Wood (fig. 4.3) and at Bilston.
In contrast to the glacio-fluvium at Park Burn, for example, the glacio-
fluvium below the RHoslin Till shows no increase in fines content as the
base of the till is approached. There is no silt layer of a few inches
thickness to provide a merger in grain-size between the two. The break
in sedimentation suggests that the Roslin Till and the sand beneath are
not from one depositional unit.

At Burghlee, although the Roslin Till and underlying sand are pre-
cisely separated, there are small lemses of till within the topmost few
inches of sand (photo. 7). The lenses are distinct units with sharp
boundaries, as though they are inclusions rather than natural concentra-
tions within the sand. It is partly the occurrence of these sand lenses
that resulted in the correspondence between Anderson (1941; 1942) and
Carruthers (1941; 1942) concerning the origin of the sand and overlying
Roslin Till, Anderson drew attention to the till deposit (Anderson,
1940), and subsequently both persons inspected the deposits and interpreted
them differently. Carruthers argued that there were lenses of till with-
in the sand, which is what the present writer noticed at Burghlee;
Anderson described sandy layers within the till. Sandy lenses do exist
in the Roslin Till, which is expectable for a ground moraine partly
derived from sand by movement over it; but the till lenses in the sand
which occur near the junction are explained by a slight disturbance and
reworking of the top inches of sand by the readvancing glacier. The
minor inclusions are not equivalent to a grading of the ddposits, which

would suggest a continuous sand-to-till deposition. Carruthers! opinion

of one set of subglacial melt deposits, as set out in his paper on northern
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glacial drifts, (Carruthers, 1939) is not supported on this avidénce.
Mylcura describes minor overfolds with thrusts in the top of the sand
at Burghlee sand pit, suguesting overriding ice from the south (Mitchell
and Mykura, 1962). A similar phenomena was seen in a temporary trench
section (open February, 1964) at Straiton. A large boulder had become
slightly embedded in the sand and acted as a roche moutonnee (fig. 4.20).
Just adjacent to the boulder is a lens of unbedded sand 4 feet long and
1 foot deep. This contains wisps of the overlying Roslin Till, and repre-
sents a zone of disturbance behind the boulder resulting from the ice re-
advance. Direction of movement could not be judged with any accuracy.
Along the remainder of the open trench, there was a sharp break between
sand and till with no disturbance,
Glacio-fluvial and glacio-lacustrine deposits. In contrast to the almost
complete coverage of till in the Esk and Tyne Basins, glacio-fluvial and
glacio~lacustrine deposits cover only about a third of the low ground.
The glacio-fluvial deposits are commonly 20-40 feet thick and composed
mostly of bedded sands rather than of gravels or of silts and clays.
They occur in many different associations, from massive single units with
a variety of internal structures and composition to thin layers alternating
in a series with till, as already described. The glacio-lacustrine
deposits overlap with them in facies and are composed of finer materials.,
A clear map showing the distiribution of glacial sand and gravel and
of lake deposits (sic) is included in Mitchell and Mykura (1962; Plate IV).
In the bLsk Basin, glacio fluvium occurs as an almost continuous belt from
Carlops down the course of the River North Esk to merge with raised beach

deposits at Whitecraig; it also continues in a broad belt eastwards from
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Penicuik through Carrington and Temple to Borthwick in association with
glacial drainage channels on the southern slopes of the Midlothian Basin.
A further belt extends close to the Pentlands from Fenicuik northeastwards
to Liberton. In Zast Lothian the main belts are along the northern slopes
of the Lammermuir Hills and down the Tyne and its tributaries. Glacio-
fluvium is notably absent from the River South isk and from the western
slopes of Roman Camp Ridge.

The main points of interest in the glacio-fluvium as indicative of
the regional deglacial history are its present regional setting and the
specific forms represented. Studies of the internal structures and
composition of the deposits are only relevant in this context where they
help towards identification of the forms. Current classifications of
stratified drift (for example, Flint, 1957, Ch.8) incorporate both genetic
and morphological yardsticks, and there is such a variety of composition
and form that working classifications must continue to be of this style.
Hence some investigation of structures and composition is inevitable.

This investigation of stratified drift is a degree less critical than
the study of till. Whereas till occurs only as a featureless ground
moraine and the studies described in this chapter and Chapter VI are
concerned to distinguish possible variation within the ground moraine,
the corresponding examination of stratified drift is to produce a genetie
label for each form. A comparative study of the stratified deposits
remains to be carried out. The specific forms of stratified drift are
described in a regional setting in Chapter VII. The present sectiom is
confined to comments on internal features in so far as these help to

identify the forms more preeisely.



80.

Although the glacio-fluvial deposits in the usk Basin have a variety
of forms, the good sections are confined to sand pits, and do not occur
in river-banks. Almost all of the sand pits are cut into flattish-
topped spreads of sand (Haldane, 1948); the similarity of form is re-
flected in certain common characteristics of internal structures and
composition.

The size range of washed materials is dominated by the sand grade.
Although every size from clay to cobbles occurs in bedded form, there is
a preponderance of sand. Sand pits are by their very nature not repre-
sentative of all the bedded deposits, but their location and spread
indicutes.hov great is the proportion of sand overall. The bedded
deposits may be best seen at Clippens sand pit, currently the deepest pit,
and at Melville Mains sand pit, currently the most extensive. At both of
these, there is little other than sand present.

The succession of drift at Clippens sand pit is shown in fig. 4.21A.
The form of the ground is controlled by the thick bedded deposit; the 4-7
foot cover of Roslin Till has no effect. The bedded material is 35-50
feet thick, mostly thick-bedded sands. Although details vary inmn
different parts of the pit, the southwestern end is representative: the
visible succession is 10 feet of sand, 3 feet of silt, 12 feet of sand and
finally 12 feet of thin-bedded gravel and sand. It was possible to
examine the complete succession down to bedrock for a short period in
April 1962 when part of the floor of the pit subsided into an old mine
working. The subsidence hole revealed several feet of bedded grey silt
below the thick sand (fig. 4.21B; photo 8). The silt grades up into the

sand and is not a separate formation. The bottom bed is a skeletal basal
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till, less than a foot thick and sharply marked off from the grey silt.
The till is dark grey but more sandy than is usual with basal tills; the
bottom few inches are washed.

The 3% feet of grey silt consists of two sets (fig. 4.21B; X and Y)
identical in lithology, colour, and thickness, as indicated. The upper
set is without inclusions, but set Y contains pebbles scattered through-
out in considerable numbers and in positions with respect to the bedding
suggesiing they have been dropped from above. The pebbles are well-
rounded and occasionally striated. A collection was made from set Y and
from the skeletal basal till. From small samples, the pebbles are seen
to be from the same population, with a low proportion of local bedrock
(see Table 4.1; New Pentland (29)).

The style of bedding at Clippens becomes coarser upwards from silt to
sand and gravel, the coarser-grained beds being generally the more massive.
The top of the bedded deposit is truncated by the preasent ground surface.
Bedding is not regularly developed (figs. 4.21C and 4.21D). There is much
cross—-bedding; fine, current-bedded sand may be abruptly terminated by a
thick gravel bed which in turn may specdily merge into sand and silt
laminations, all in a way suggesting shallow-~water deposition with a
braided current system. However, ripple marks, which are generally con-
sidered to be formed in water only a few inches deep (Allen, 1963} are not
commonly found at Clippens. The bedding is mosatly at a very shallow
angle. Examples can be found of beds dipping in all directions, but from
measurements on two of the more continuous silt horizons, it is judged
that the preponderance of dips are to N30“E at a low angle.

The two general chamcteristics illustrated from Clipypens sand pit,
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that sand is the dominant grain-size and that the beds in thick vertical
section coarsen upwards, are true also for the Melville Mains sand pit.
In this case the top of the succession is complete and not truncated by
later meltwaters or covered by any readvance till. The base of the
succession is not exposed, although there is lkmown to be an impermeable
layer above bedrock holding up vadose water. There is a continuous
section of 1500 fecet aligned N70°C and at the western end a further 400
feet at right angles to this (photos. 9 and 10). The average exposed
height of the deposit is 40 feet at the western end and 25 feet at the
eastern end,

Although there is tremendous variety in the grain size and structure
at Melville Mains, sand is the normal constituent, with thin-bedded sand
dominating. Thick-~bedded sand occurs near the base of the face in the
central section (photo. 11); gravel occurs in pockets throughout and also
as a thin capping overall (photos. 9 and 11). At the western end, the
bedding shows broad shallow festoon cross-bedding (Pettijohm, 1957, p.170),
as seen in trunsverse-section (western face) and as seen in side-section
(northern face). As the sand thins eastwards on the long northern face,
the confused cross-bedding develops into a number of continuous sand beds
dipping consistently northeast at angles of up to 20° (photo. 12). The
gravel capping 1-3 feet thick is bedded parallel to the surface and so
truncates the bedding in the sand beneath.

There are a number of other sand pit exposures in th§ Esk Basin of
similar appearance to the upper part of Clippens sand pit, being predomi-
nantly of sand, showing mild near-horizontal cross-bedding, occasionally

with ripple marks. The sand is generally devoid of stiriking internal
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structural features, and at no sections other than the two already
described is it possible to say that the deposits become coarser upwards.
In & number of cases, as at Haveral Wood and Oatslie, the existing surface
truncates the bedding in a way that proves the feature has been dissected.

Bedding structure in sedimentary deposits is clearly related to the
velocity of the water currents involved. The presence of delicate lami-
nations, for example, points to guiet-water conditions such as could
exist in extensive or deep glacier-dammed lakes, while weak cross-bedding
is indicative of fluvial deposition under mildly turbulent conditions.
Also, the amount of cross-bedding is determined by the regularity and
persistence of the current in one direction. Cases with much cross-
bedding suggest braided outwash, with the bed load at the limit of the
carrying capacity of the stream for the grain size present.

Both glacio~lacustrine and outwash deposits are characterised by
cross—bedding and inclined bedding, although the stratificgtion of
deposits in marginal lakes may be more irregular due to the proxiunity of
an unstable ice-margin (Ukko, 1955). Ideally, glacio~lacustrine deposits
also become coarser upwards, and show a deltaic arrangement of bedding.

In Midlothian, the main stratified drift both of the Fenicuik-
Liberton belt and along the River North Lsk, was deposited under conditions
of moderate current velocity, either subaerially or in shallow water. In
sections along the Esik, the mild cross-bedding suggests braided stream
;atterns and a valley-train form of outwash. At some of the sites away
from the river, the increasing coarseness of sediment towards the top,
characteristic of marginal lakes, suggests deposition in shallow water.

There is less physical restriction at these sites than along the Esk
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Valley, so a more spatulate form of outwash or lake deposit is possible,

The material at Melville Mains is that of a glacio-fluvial outwash
delta, strictly, a glacio-lacustrine deposit. The main mass of thin-
bedded sand represents the foreset beds with large-scale cross-bedding,
and the coarser top layer of gravel represents the topset beds. Features
with sections very similar to that at Melville Mains are illustrated by
Flint (1957, p.143) and Okko (1962, p.72). The ground surface at
Melville Mains slopes to the mnortheast at the rate of 1 in 105. This
surface slope is rather higher than average for outwash deltas in the Esk
system (see Chapter VIII). It may be compared with 1 in about 180
(53 m./km.) for the slope of a larger glacial outwash plain measured by
Sissons (1963h),and with very much gentler slopes of tilted raised beach
shorelines.

The rhythmic grey silt at the base of the stratified drift at
Clippens is only exceptionally exposed. This deposit is considered
glacio-lacustrine, with deeper water than in other cases, the pebbles in
the lower silt being ice-rafted. As the lake filled, the sediment
becomes more typical of the coarser glacio-fluvial deltaic sediments.

Rhythmites occur also within the gorge at the River North Esk at New
Saughton Hall. As fig. 4.22 illustrates, there are eighteen couplets in
a height of 15 feet. The set occurs above an estimated 20 feet of basal
till, the junction being concealed. The top of the succession is inter-
rupted by river alluvium forming a river terrace (terrace 193) on the side
of the gorge. The rhythmites are very ccarse and variable in character
by normal standards. Each couplet consists of a unit of silt or fine

sand coloured grey, and a unit of fine or medium sand coloured rusty brown.
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There is no regularity in the thickness of the couplets. The bottom
couplet exposed is several feet thick, while those in the middle of the
succession are commonly 9-12 inches thick (photo. 13). The couplets XI
to XIV (photo. 14) are all thin and exhibit considerable involutions,
often the sand layer being extremely contorted between layers of silt
that have been just buckled gently. The topmost couplets are also thin
and poorly preserved.

This set of rhythmites is thought to have been produced in the normal
way as the product of glacial meltwaters entering a pro-glacial lake.
There is no direct evidence that the eightecen units represent annual layers,
although this verdict would be acceptable. The involutions in the upper
couplets indicate either differential compaction of the sediments; or
frozen ground conditions, possibly the freezing of a shallow lake through
its base with hydrostatic differences in the different-sized sediments.

At other sections of stratified drift in the Zsk and Tyne Basins, the
structure and composition of the bedded sands indicate fluvial deposition
with moderately turbulent conditions but whether this deposition is sub-
aerial or in shallow-water is not clear from internal evidence alone.
Subglacial, ice-~coatact stratified drift may be distinguished from outwash
by its greater heterogeneity as well as its deformed bedding. The only
example showing marked ice~contact deformaetion is at the southeastern end
of Burghlee sand pit where the twenty feet exposed sand, normally horizon-
tally bedded, is replaced by slumped sand and gravel bands in thin-bedded
alternation. Ice-contact deformation of the bedding has to be distinguish-
ed in this district of Scotland from recent disturbance due to mining

subsidence. At the Haveral Wood sand pit, settlements of over two feet
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along a zone through the pit has produced numerous small faults and slumps
in the sand.

Considering all the stratified drift in the tsk Basin, there is no
obvious variation in grain size between different districts or along the
distinct glacio-fluvial belts. On the contrary, most locations exhibit
a range of grain size. Thus it is not possible to infer directly that
one set of meltwaters deposited the sediment of an entire system, the
sediment becoming finer away from the source. In the vicinity of Melville
Mains sand pit however, there is a local variation, the material becoming
finer to the northeast. The Wadingburn sand pit immediately to the west
contains more gravel and cobbles than sand, and is clearly part of the
same glacio-fluvial deposit, with meltwater from the west or southwest.
This gradation in grain size does not continue over a wide area: the
Haveral Wood sand pit 500 yards further southwest again beyond the gravel
and cobbles consists entirely of sand. Any horizontal grain-size |
gradation of stratified drift appears to occur in local spreads rather than
over a district.

In terms of the significant dips within the stratified drift, there
is more of a common design. In spite of the large range of dip direction
in the cross-bedding, the larger beds dip to the north, as for example as
seen at Kirkhill (fig. 4.13). On aggregate, there is a regionally con-
sistent pattern of north-dipping beds, indicating the glacial meltwater
flowed from the south.

Stone counts were made from glacio-fluvial deposits at three sites,
at Melville Mains and Clippeha sand pits and in the esker of Cameron Wood

at 0ld Pentland. The sites are indicated in fig. 4.18 and the results in



